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Abstract 

Air pollution caused by ambient fine particulate matter (PM2.5) is a significant 

global environmental problem. Pollutants that adhere to PM2.5 may be transported 

into human respiratory system and perturb the redox equilibrium through the 

generation of reactive oxygen species (ROS), thus leading to myriad health effects. 

This mechanism has been proposed to be related with the high redox-active 

components in PM2.5, such as transition metals, quinones, and humic-like 

substances (HULIS). This thesis aims to improve the scientific understanding on 

the sources and health impacts of PM2.5 especially its HULIS fraction. Thus, both 

chemical characterization and redox activity measurement of ambient PM2.5 

samples were conducted. Positive matrix factorization (PMF) was then performed 

to apportion the source-specific contributions to PM2.5 and its oxidative potential. 

The HULIS fraction of PM2.5 was also quantified and source apportioned regarding  

their mass concentration and oxidative potential. 

The main findings are summarized below: 

(1) In Chapter 2, 66 PM2.5 samples collected in Hong Kong during 2016-2017 

were analyzed, including carbonaceous components, major ions, metals, and some 

source markers. The oxidative potential of PM2.5 were measured using dithiothreitol 

(DTT) assay. Results showed clear temporal trends for both PM2.5 mass 

concentration and its major fraction, with higher levels observed on days under 
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regional pollution than on days under long range transport (LRT) pollution and 

local emissions. The DTT consumption of PM2.5 on the contrary, only showed 

slightly higher activity on regional and LRT days than on local days, possibly due 

to the comprehensive effects of different sources and species concentrations under 

different sampling days. We then conducted source apportionment using PMF 

model. Five primary sources (i.e. marine vessels, Cu-related source, Fe-Mn-Zn-

related source, vehicle emissions, biomass burning) and one secondary source were 

resolved for both PM2.5 mass concentration and DTT activity. Secondary formation 

was found to be the most significant source responsible for PM2.5 mass 

concentration (30.3%), followed by Cu-related source (24.8%), marine vessels 

(17.9%) and vehicle emissions (14.5%). Biomass burning (6.8%) and Fe-Mn-Zn-

related source (5.8%) were two minor sources contributing to PM2.5 mass 

concentration. For oxidative potential of PM2.5, Cu-related source was the 

predominant contributor (39.1%). Secondary formation (23.7%) and marine vessels 

(20.1%) were also two significant sources responsible for the DTT consumption of 

PM2.5. For intrinsic oxidative potential, PM2.5 emitted from marine vessels and Cu-

related source showed highest value, indicating more toxic feature of PM2.5 derived 

from those sources regarding DTT activity. 

(2) In Chapter 3 and 4, the mass concentration, optical properties, and ROS-

generation potential of HULIS were investigated in PM2.5 samples collected in 
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Hong Kong during 2011-2012. They all showed higher levels on regional days than 

on LRT days and local days. PMF analysis was conducted regarding the mass 

concentration and ROS activity of HUILS. Six sources were determined, including 

four primary sources (i.e. marine vessels, vehicle emissions, industrial exhaust, and 

biomass burning) and two secondary sources (i.e. secondary organic aerosol 

formation and secondary sulfate). Most sources showed higher contributions to both 

mass concentrations and DTT activity of HULIS on regional days than on LRT and 

local days, except that marine vessels had a higher contribution on local days than 

the other two synoptic conditions. Secondary processes were the major contributor 

to HULIS (54.9%) throughout the year, followed by biomass burning (27.4%) and 

industrial exhaust (14.7%). As for the DTT activity of HULIS, biomass burning 

(62.9%) and secondary processes (25.4%) were found to be the top two contributors. 

Intrinsic ROS-generation potential of HULIS was also investigated by normalizing 

the DTT activity by HULIS mass in each source. HULIS from biomass burning 

were the most DTT-active, followed by marine vessels; while HULIS formed 

through secondary processes were the least DTT-active. For the optical properties 

of HULIS, multiple linear regression model was adopted to evaluate the 

contributions of various sources to the light absorbing ability of HULIS. Biomass 

burning was found to be the only source significantly associated with the light 

absorbing property of HULIS. 
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(3) In Chapter 5 and 6, the predominant species of water-soluble fraction of 

PM2.5, HULIS, were measured in samples collected in Beijing from 2011 to 2012. 

Various HULIS species, and the redox activity of HULIS were quantified together 

with certain source markers of PM2.5. HULIS and their redox activity showed 

similar temporal trend, with higher levels measured during the heating season 

(November to March) than during the non-heating season (April to October). 

Source apportionment of both HULIS and their redox activity was performed using 

PMF. Four combustion-related primary sources, namely coal combustion, biomass 

burning, waste incineration, and vehicle exhaust, and one secondary factor were 

resolved. In particular, waste incineration was identified as a source of HULIS for 

the first time. Biomass burning and secondary aerosol formation were the major 

contributors (>59%) to both HULIS and associated DTT activity throughout the 

year. During the non-heating season, secondary aerosol formation was the most 

important source, whereas during the heating season, the predominant contributor 

was biomass burning. The four combustion-related sources accounted for about 70% 

of HULIS and their ROS activity, implying that future reduction in PM2.5 emissions 

from combustion activities can substantially reduce the HULIS burden and their 

potential health impact in Beijing.  
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Chapter 1 Introduction 

In recent years, China’s economy has enjoyed sustained and rapid 

development. The large number of industrial construction and energy consumption 

led to high concentrations of pollutant emissions and caused serious air pollution 

problems. Fine particulate matter (PM2.5), which plays an important role in 

atmospheric chemistry, air quality, global climate and health effects, has become 

the focus of public and government concerns. Because the aerodynamic equivalent 

diameter of PM2.5 is smaller than 2.5 µm (Figure 1.1), it can travel deep into human 

lung and lead to various diseases, such as lung cancer, respiratory dysfunction, 

cardiovascular disease and so on (Becker et al., 2005; Nel, 2005). Thus, the 

comprehensive understanding of the chemical composition, emission sources and 

toxicity capacity of PM2.5 is necessary. 

 

Figure 1.1 Schematic diagram of different size of ambient particulates 

(https://www.epa.gov/pm-pollution/particulate-matter-pm-basics) 
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1.1 PM2.5 composition and sources 

 PM2.5 is considered as a key air pollutant in many cities. To gain a 

comprehensive understanding of its chemical and physical properties, researches 

regarding PM2.5 concentration, chemical composition, and sources are necessary, 

and the results are essential for the establishment of pollution management policies.  

 

Figure 1.2 Chemical composition and source apportionment of PM2.5 

collected during the high pollution events at multiple megacities in China 

(Huang et al., 2014) 

Major components of PM2.5 can be classified as inorganic and organic portions 

according to their chemical properties. As shown in Figure 1.2, major inorganic 

constituents include sulfate, nitrate, and ammonium. Remaining inorganic species 
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contains other ionic species, elemental carbon (EC), and metals. The organic part 

of aerosols could comprise about 40%~80% of PM2.5 mass (Huang et al., 2014a; 

Huang et al., 2014b; Zhang et al., 2007). Numerous studies revealed the important 

roles of organic aerosols in both atmospheric processes and health effects. However, 

their chemical composition was too complex to be fully qualified. 

The sources of PM2.5 could be classified as primary and secondary regarding 

their emission processes and formation pathways. Researches have been conducted 

to identify the primary and secondary sources of PM2.5 and quantify their 

contributions to PM2.5 mass concentration. Two receptor models, i.e. positive 

matrix factorization (PMF) and chemical mass balance (CMB) were usually be 

adopted (Huang et al., 2014a; Guo et al., 2012; Song et al., 2007). However, the 

accurate interpretation of CMB largely depends on a priori knowledge of major PM 

sources and their related emission characteristics in the study area. Unlike CMB, 

PMF does not require the emission source profiles, it only relies on ambient 

measurement data, thus is much easier to be performed. Based on numerous studies, 

primary sources of PM2.5 mainly include fuel combustion, biomass burning, coal 

combustion, residential cooking, crustal dust, plastic burning, and so on. The 

volatile organic compounds (VOCs) emitted into the atmosphere could undergo 

oxidation and generate either semi-volatile products that can participate onto 

existing ambient particles or small molecular oxygenated products that can actively 
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get involved into the heterogeneous aerosol phase reactions. These are considered 

as the secondarily formation of PM2.5 (Huang et al., 2014b). 

1.2 PM2.5 toxicity 

Epidemiological studies have found that exposure to atmospheric particulate 

is related to increased disease morbidity and mortality (Burkart et al., 2013; Liu et 

al., 2013). However, the mechanisms underlying these PM-associated diseases are 

still difficult to be fully addressed due to the complex composition of ambient 

particles. Still, many studies have linked many adverse health effects of PM with 

the oxidative stress effects derived from the generation of excessive reactive oxygen 

species (ROS) inside affected cells (Akhtar et al., 2010; Verma et al., 2015a, 2014).  

ROS are species containing oxygen and have strong oxidizing abilities. 

Generally speaking, hydroxy radical (·OH), superoxide anion (·O2), and hydrogen 

peroxide (H2O2) are the main species (Henry, 2003; Jung et al., 2012). Low levels 

of ROS formed in biological systems are important characters involved in normal 

physiological functions. Yet excessive production of ROS could cause the 

imbalance between the free radicals and antioxidants in human body, leading to 

various pathological events (Chen and Nadziejko, 2005). The disturbance of redox 

equilibrium is called oxidative stress. 
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Previous studies have demonstrated that ambient PM and various combustion 

generated PM can catalyze the production of excessive ROS (Rodriguez et al., 2004; 

Verma et al., 2014; Vreeland et al., 2016), but the mechanisms are still not well 

understood. Studies have shown that particle size and surface area are important in 

determining the ROS generation capacity of PM2.5 (Hussain et al., 2009; Brown et 

al., 2001). Moreover, chemical composition of inhalable particles was another 

important factor related to intracellular oxidative stress. For example, soluble 

transition metals (i.e. copper and iron) present in fine particles can react with 

hydrogen peroxide to form the extremely reactive hydroxyl radical through the 

metal-catalyzed Fenton reaction or Haber-Weiss reaction (Sørensen et al., 2005; 

Valavanidis et al., 2005). Both in-vivo and in-vitro studies have demonstrated that 

the increase of ROS generation and lung injury were positively related to the 

concentrations of transition metals in ambient aerosols (Verma et al., 2009). 

Quinoids or quinone compounds are another important PM fraction contributing to 

oxidative stress (Kumagai et al., 1997; Shinyashiki et al., 2009). However, the 

amount of identified metals and quinone compounds are only responsible for very 

little PM2.5 mass concentrations in the atmosphere. More recently, an abundant 

water-soluble organic component, i.e. humic-like substances (HULIS), have been 

recognized to be highly redox-active and contributing to the oxidative potential of 
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PM2.5 (Dou et al., 2015; Lin and Yu, 2011; Verma et al., 2015b), detailed 

information was described in section 1.3. 

1.3 Air pollution: Humic-like substances (HULIS) in PM2.5 

HULIS is a poorly defined fraction of organic matter extracted from 

atmospheric aerosol particles or isolated from fog/cloud waters. Based on previous 

studies, HULIS had a significant contribution to water soluble organic matter 

(WSOM, 30%-80%) in PM2.5 (Graber and Rudich, 2006; Kuang et al., 2015; Ma et 

al., 2019, 2018b), thus should be an important component leading to both 

environmental and health impact of PM2.5. 

1.3.1 Definition and distribution of HULIS in atmosphere 

The name HULIS was derived from their similarities to terrestrial and aquatic 

humic and fulvic acids in Fourier transform infrared (FTIR), ultra-visible (UV-VIS), 

and nuclear magnetic resonance (NMR) characteristics (Aiken et al., 1985; Duarte 

et al., 2007; Graber and Rudich, 2006; Sannigrahi et al., 2006). However, multiple 

lines of evidence suggest that atmospheric HULIS showed different properties from 

terrestrial and aquatic humic substances. For example, average molecular weight of 

HULIS is much smaller, which is between 200 and 300 Da. Moreover, when 

compared with humic and fluvic acids, HULIS have lower content of aromatic rings, 
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greater surface activity, higher water solubility, weaker polarity, and so on (Graber 

and Rudich, 2006; Zheng et al., 2013).  

Spectroscopic results suggest that HULIS are a group of compounds consist 

of aromatic rings, aliphatic side chains, and other functional groups, such as 

hydroxyl, carboxyl, methoxy, carbonyl, and so on (Figure 1.3). More recently, 

biogenic secondary organic aerosols, such as organosulfates and oxynitrides, were 

also found in atmospheric HULIS (Claeys et al., 2012; Lin et al., 2012). However, 

considering no standard analytical methods were agreed on HULIS definition by 

researchers, the determination and definition of HULIS are therefore operational, 

that is, based on separation, purification and/or detection methods applied on them. 

 

Figure 1.3 Typical structure of atmospheric HULIS 

Studies related to atmospheric HULIS in China emerged in the past decade. 

Lin et al. (2010) first quantified HULIS in multiple cities along the Pearl River 
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Delta (PRD) region in China, and found that only 7% of atmospheric HULIS 

existing in coarse particle mode (4.0-5.7 µm) during biomass burning seasons. Over 

80% of HULIS were detected in droplet mode (0.63-0.87 µm) and 12% in 

condensation mode (0.23-0.28 µm). Similar results were found in other regions of 

the world, such as Amazon (Lin et al., 2010). These results suggested that HULIS 

in PM2.5 could account for over 90% of total atmospheric HULIS. We then 

examined the concentrations of HULIS in PM2.5 in China and other cities around 

the world (Table 1.1). Compared with other countries, the mass concentrations of 

atmospheric HULIS in China are much higher, and it accounts for a larger fraction 

of WSOM in PM2.5 than those collected in other cities around the world, indicating 

a more significant role of HULIS played in Chinese atmospheric environment. For 

cities located in China, the HULIS/WSOM ratio were very similar (~50%), except 

for those collected in Weizhou Island (76.8%) (Zhou et al., 2018). Since the PM2.5 

collection in Weizhou Island was conducted during a biomass burning period, the 

higher percentage of HULIS in WSOM observed at Weizhou Island may be 

explainable.  
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Table 1.1 Concentrations of HULIS in PM2.5 in different cities 

Sampling Site Sampling Date Concentration  

(µg m-3) 

HULIS/ 

WSOM 

Reference 

China 

Hong Kong 2007-2008 4.9 - (Lin et al., 2010a) 

Weizhou Island 2015 Spring 5.00 76.8% (Zhou et al., 2018) 

Nansha 2009 4.71 48% (Kuang et al., 2015) 

Guangzhou 2009 4.83 57% (Kuang et al., 2015) 

Shanghai 2013-2014 4.96 50% (Zhao et al., 2016) 

Lanzhou 2012-2013 4.73 45.6% (Tan et al., 2016) 

Others Countries 

New Zealand, urban 2001, summer 0.66 51% (Krivácsy et al., 2008) 

New Zealand, urban 2001, winter 4.01 47% (Krivácsy et al., 2008) 

Six background sites 

in Europe 
2002-2004 0.08-1.8 9.0-24% (Feczko et al., 2007) 

Hungar, urban 2008, summer 2.2 48% (Salma et al., 2010) 

Hungary, rural 2008, spring 1.65 35% (Salma et al., 2010) 

1.3.2 Importance of HULIS in atmosphere 

Given the large percentage of HULIS in PM2.5, their important roles in both 

environmental and health aspects have drawn attentions of aerosol scientists.  

Due to its water-soluble and surface-active properties, HULIS is perceived to 

affect aerosol hygroscopic growth and cloud condensation nuclei (CNN) formation 

in the troposphere (Dinar et al., 2006; Fors et al., 2010). HULIS possesses a lot of 
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poly-conjugated structures and usually displays orange to brown in color. Hence, 

studies proposed that HULIS could be an important contributor to light absorption 

(Dinar et al., 2008; Hoffer et al., 2006). In fact, the relative contribution of HULIS 

to light absorption was estimated to be 6.4-8.6% in the entire solar spectrum, yet 

the absorption substantially increased towards shorter wavelengths, causing a 

relatively high contribution to the light absorption at 300 nm (~50%, Hoffer et al., 

2006). Moreover, the higher absorption of HULIS in UV light than visible light, 

implying HULIS may have an active role in photochemical processes in the 

atmospheric aerosols.  

HULIS is characterized to contain a high density of quinoid units and 

carboxylate groups. The quinoid units can serve as an electron shuttle and 

substantially accelerate the transfer of electrons from ferrous to ferric (Chen and 

Pignatello, 1997). Furthermore, the complexes of ferric with carboxylate groups 

can undergo reactions faster than the complex of ferric with water molecules 

(Sedlak and Hoigné, 1993). In another word, ferric oxidation can be accelerated in 

the presence of carboxylate ligands. As a result, HULIS may enhance the aqueous 

phase oxidation of organic pollutants in the atmosphere via its ability to promote 

the Fenton reaction (Moonshine et al., 2008).  

Besides the important roles of HULIS in atmospheric environment, HULIS 

could also serve as an important active component in catalyzing the generation of 
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ROS, resulting in health damage. Previous studies show that aquatic humic 

substances (HS) were biologically reactive, they could act as electron acceptors and 

donors in microbial metabolic processes and directly oxidize and reduce a variety 

of organic compounds and metal ions (Nurmi and Tratnyek, 2002). Since 

atmospheric HULIS possess similar carbon functional groups to aquatic HS (Duarte 

et al., 2007; Sannigrahi et al., 2006), questions were raised whether HULIS have 

similar biological reactivity. With further research, Lin and Yu (2011) firstly 

demonstrated HULIS could serve as one major redox active constituent of the 

water-extractable organic fraction in PM2.5. It is plausible that HULIS contains 

reversible redox sites, thereby acting as electron transfer intermediate to catalyze 

the continuous production of ROS (Lin and Yu, 2011). Dithiothreitol (DTT) assay 

is frequently applied to evaluate the oxidative potential of PM2.5 components, 

especially for organic compounds (Xiong et al., 2017). By adopting this method, 

Verma et al. (2015b) found that HULIS caused approximately 45% of DTT activity 

of the water extract from PM2.5 sampled in Atlanta, USA, 5% higher than that 

induced by water-soluble metals (Verma et al., 2015a). As suggested by previous 

research, the DTT activity of HULIS is about 79% of the whole WSOM fraction in 

PM2.5 samples (Lin and Yu, 2011), indicating a substantial health threat induced by 

HULIS. Moreover, recent studies have demonstrated that HULIS could chelate 
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transition metals and cause synergistic, additive or antagonistic effects in ROS 

formation (Lin and Yu, 2020a, 2020b; Lin and Zhen, 2019). 

1.3.3 Ambient sources of HULIS 

Considering the significant roles of HULIS played in both environment and 

health problems, discussions were made on sources and possible mechanisms of the 

formation of HULIS (Graber and Rudich, 2006; Zheng et al., 2013). 

Generally speaking, HULIS could be directly discharged into atmosphere by 

primary sources such as soil, marine droplets and so on. Given that atmospheric 

HULIS mainly exists in the fine particle mode, soil emission source is negligible. 

The contribution of marine droplets to HULIS is also very low and confined to 

coastal areas and oceans (Cavalli et al., 2004). Recent field studies and laboratory 

investigations suggest that HULIS has other primary origins (Graber and Rudich, 

2006). For example, the chemical characterization of carbonaceous aerosols 

collected in the burning season and the dry-to-wet transition season in Amazon and 

PRD region provided conclusive evidence that biomass burning is one of the major 

sources of HULIS in ambient aerosols (Lin et al., 2010a; Mayol-Bracero et al., 

2002). 

In addition to primary emissions, atmospheric secondary reactions could also 

generate HULIS. Studies show that the secondary production of HULIS includes 
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those following ways: acid catalyzed heterogeneous reactions; the degradation of 

anthropogenic emissions and naturally occurring organic wastes; further oxidation 

of soot particles in atmosphere (Decesari et al., 2002); aldol condensation of 

acetaldehydes catalyzed by ammonium sulfate (Nozière et al., 2007); the 

evaporation, condensation and polymerization of polar, low molecular weight 

degradation products (Gelencsér et al., 2000); and atmospheric oxidation of small 

organic molecules such as benzene, toluene and cresols (Figure 1.3) (Harrison et 

al., 2005; Sato et al., 2012). Furthermore, the liquid phase reactions during cloud 

formation process, such as hydration reaction, could also lead to the formation of 

atmospheric HULIS. Overall, secondary formation could serve as a major 

contributor to HULIS in the atmosphere.  

 

Figure 1.4 Oxidation pathway of the secondary formation of HULIS in 

atmosphere 
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Receptor models were adopted to identify the sources of HULIS. Kuang et al., 

(2015) successfully applied PMF model to apportion HULIS in PM2.5 samples 

collected in Guangzhou and Nansha in PRD region (Kuang et al., 2015). They 

found that secondary generation is the main source of HULIS in both cities (49-

82%), followed by biomass burning (8%-28%). Their quantitative results supported 

that major origins of HULIS are secondary formation and biomass burning, 

consistent with previous speculations. 

1.4 Work in this thesis 

From the above literature reviews, we could see that both chemical 

components and emission sources are responsible for the oxidative potential of 

PM2.5. However, although there are studies carried out to explore the PM2.5 

chemical components, the related oxidative potential, and use source apportionment 

models to quantify source-specific contributions to PM2.5 mass, limited studies have 

been conducted regarding a more comprehensive research on toxicity-oriented 

source apportionment, which could not only provide source information for control 

of PM2.5 mass, but also give instructions on source control strategies to reduce the 

oxidative potential of PM2.5. HULIS, as one major components of PM2.5, have been 

proposed to contribute a large part of carbonaceous fraction of PM2.5. Their redox 

activity also leads to a large increase of the oxidative potential of PM2.5. Biomass 
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burning and secondary formation have been suggested to be the major sources of 

atmospheric HULIS. However, studies on their quantitative source apportionment 

are still limited, and information on the source-specific contribution to their redox 

activity is still lacking. 

Regarding the mentioned lacking knowledge, the present thesis is trying to 

provide useful information for further researches, and the main body of this thesis 

consists the following chapters: 

Chapter 2: The mass concentration, major chemical compositions, and redox 

activities of PM2.5 in Hong Kong were quantified. Toxicity-oriented source 

apportionment of PM2.5 was conducted using PMF model to provide useful 

information on both air pollution control policies and public-health related benefits 

in Hong Kong. 

Chapter 3-4: Optical properties, ambient levels, and ROS generation potential 

by adopting DTT assay of HULIS in Hong Kong were measured. PMF model was 

applied to quantitatively evaluate source contributions to both mass concentrations 

and DTT activity of HULIS. Results in these two chapters could provide a more 

health-oriented approach to assist the future establishment of PM2.5 mitigation 

control policies in Hong Kong. 

Chapter 5-6: In these two chapters, our major objective is to investigate the 

ROS-forming ability of HULIS in Beijing, the capital of China. Totally different 
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meteorological conditions of Beijing with Hong Kong may cause a different source 

contribution feature to both HULIS mass and their oxidative potential. This may 

be useful for the future studies of HULIS and help to develop source-targeted air 

pollution control policies in Beijing .
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Chapter 2 Source apportionment of PM2.5 and its oxidative potential in Hong 

Kong 

2.1 Introduction 

PM2.5, together with species attached on it, were responsible for severe health 

effects after transported into human lung. As discussed in Chapter 1, one major 

mechanism of PM2.5 related health problem is the excessive reactive oxygen species 

(ROS) produced. Those ROS could trigger oxidative stress and causing 

proinflammatory effects at the cellular level. Thus, numerous studies have adopted 

the oxidative potential of PM2.5 as one assessing index of the health effects of PM2.5. 

Both in-vitro acellular assays and in-vivo cellular assays could quantify the 

oxidative potential of PM2.5. Compared with cellular assays, in-vitro acellular 

methods are faster and less resource-demanding. Dichlorofluorescein (DCFH) 

assay, ascorbic acid (AA) assay, and dithiothreitol (DTT) assay were the most 

commonly used well-developed acellular methods. Of all these assays, DTT could 

mimic the role that nicotinamide adenine dinucleotide phosphate (NADPH) plays 

in cells and response to a wide spectrum of chemical species, thus is the most widely 

used one. 

Previous studies have examined the correlations of different PM2.5 

components with the oxidative potential of PM2.5 (Cesari et al., 2019; Fang et al., 
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2016). Metals, elemental carbon (EC) ,and water-soluble organic carbon (WSOC) 

were found with high redox activity (Cesari et al., 2019; Cho et al., 2005). Thus, 

many studies use water extracts of PM2.5 samples in DTT assay. However, other 

studies have pointed out that the water-insoluble fraction of PM2.5 could also 

generate ROS (Gao et al., 2020; Yi et al., 2012). Different extraction methods could 

be adopted to cover both water-soluble and insoluble fraction of PM2.5, and organic 

solvents were normally used to extract water-insoluble species. This study focuses 

on the oxidative potential of the soluble part of PM2.5. Thus, we extracted both 

water-soluble and lipid-soluble fractions and combined them together as the total 

PM2.5 extract, and used DTT assay to assess their related oxidative potential. 

Besides understanding the oxidative potential of PM2.5, grasping the 

information of different source contributions to the PM2.5-related redox activity is 

more important in the effective control of PM2.5 emissions from sources with high 

oxidative potential. Recent studies have been conducted regarding this aspect by 

adopting source apportionment models to assess the specific source contributions 

to the oxidative potential of PM2.5 or its certain fractions (Cesari et al., 2019; Ma et 

al., 2019, 2018a; Verma et al., 2014). Thus in this Chapter, after the measurement 

of DTT consumption ability of PM2.5, we adopted positive matrix factorization 

(PMF) model to apportion both mass concentration and the oxidative potential of 
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PM2.5. Those findings could provide useful information for policy establishment of 

emission source reduction regarding PM2.5 oxidative potential. 

2.2 Methods 

2.2.1 Measurement site description 

Samples were collected on the rooftop of the Oen Hall Building at Ho Sin 

Hang Campus of Hong Kong Baptist University (HKBU, 114°15E, 22°13N, ~40 m 

above the ground). HKBU located at a site surrounded by commercial and 

residential areas, thus it represents for an urban environment. PM2.5 samples were 

collected on both pre-baked quartz fiber filter (550°C, 12 h) and Teflon filter. The 

sampling was started at 09:00 local time in the morning and continued for 24 h. A 

high-volume air sampler (Tisch Environmental Inc., Village of Cleves, OH, USA) 

at a flow rate of 1.13 m3 min-1 with a 2.5 µm inlet was used to collected PM2.5 

aerosols on quartz fiber filters (20×25 cm, Whatman, UK). Simultaneously, a 4-

channel ambient particulate sampler (TH-16A, Tianhong Instruments, Wuhan, 

China) was used to collect PM2.5 aerosols on Teflon filters (47 mm, Pall 

Corporation, Ann Arbor, MI, USA) at a flow rate of 16.7 L min−1. Finally, a total 

of 66 samples were collected from December 08, 2016 to December 27, 2017. After 

sampling, filters were wrapped with aluminum foil, sealed in a zip bag, transported 
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back to the lab in a cooler with ice packs, put into a sealed container and 

immediately stored in refrigerator at -18°C for further analysis. 

Hong Kong has a typical monsoon-influenced subtropical climate with an 

annual median temperature around 26°C (range: 14.5–31.5°C). Previous studies 

found that the ambient levels of both PM2.5 and organic compounds on days mainly 

influenced by regional transport and local emissions were clearly different (Hu et 

al., 2008; Hu and Yu, 2013). Based on that finding, we carefully examined the 

backward trajectory of air masses. The backward trajectory analysis was performed 

using the National Oceanic and Atmospheric Administration (NOAA) HYSPLIT 

model with meteorological data from Global Data Assimilation System (GDAS). 

For each sampling day, seven 24-h trajectories were calculated at 500 m level with 

a time interval of 4 h. We further examined the spatial distribution patterns of SO2 

and PM2.5 across the network of air quality monitoring stations in Hong Kong to 

confirm the airmass transportation characteristic. Finally, the 1-year sampling 

period was classified into three groups as shown in Figure 2.1. These groups were: 

1) regional days, when air quality was mainly influenced by continental air masses 

from the more polluted PRD region; 2) long range transport (LRT) days, when the 

northeast coastal air masses coming from northern part of China affected by both 

continental and ocean environment predominated; and 3) local days, when the 

southern wind brought much cleaner air from over the ocean into Hong Kong, and 
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local emissions were the major pollution sources. Generally speaking, regional days 

were mostly occurred in autumn and winter, while local days were more frequently 

observed in spring and summer. 

 

Figure 2.1 Backward trajectories of air masses on local, LRT, and regional 

days 

2.2.2 Chemical analysis 

The PM2.5 mass concentrations were obtained by gravimetric analysis. The 

Teflon filters were weighed before and after sampling using an analytical 

microbalance (± 1µg, Sartorius, German).  

A comprehensive chemical analysis of major PM2.5 components were 

conducted using collected quartz fiber filters, including organic carbon (OC), EC, 

WSOC, total nitrogen (TN), major water-soluble ions (S2O42-, NO3-, C2O42-, NH4+, 

K+, Ca2+, Na+, Mg2+), total metal (ion (Fe), magnesium (Mn), zinc (Zn), copper 

(Cu), vanadium (V), nickle (Ni), plumbum (Pb) ), tracers of monoterpenes 
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secondary organic aerosol (SOA, 3-hydroxyglutaric acid, 3-hydroxy-4,4,-

dimethylgutaric acid, 3-methyl-1,2,3,-butanetricarboxylic acid, 3-

isopropylpentanedioic acid, 3-acetyl pentanedioic acid), levoglucosan, polycyclic 

aromatic hydrocarbons (PAHs), hopanes and steranes.  

For the determination of OC and EC, a punch of 1.45 cm2 of filters were loaded 

into the thermal/optical transmittance aerosol carbon analyzer (Sunset Laboratory, 

Tigard, OR, USA). The thermal analysis conditions were referred to Schauer et al. 

(2003). For WSOC and TN, 15 cm2 of quartz fiber filter was extracted under 

ultrasonication and filtered by a Millipore 0.45-mm pylytetrafluoroeehylene (PTFE) 

hydrophobic Teflon filter (Advantech MFS, Pleasanton, CA, USA). A TOC/TN 

analyzer (Simadzu TOC-VCPH, Japan) was used for quantification by using a 

thermo-catalytic oxidation approach. An aliquot of 50–80 µL solution was 

catalytically burned in oxygen at 680°C and the evolved CO2 was quantified with a 

non-dispersive infrared detector. The calibration was performed with standard 

solutions of sucrose (>99.5%, Sigma Aldrich, St. Louis, MO, USA) for WSOC and 

potassium nitrate (>99.0%, Sigma Aldrich, St. Louis, MO, USA) for TN, 

respectively. 

For the measurement of major water-soluble ions, 16 cm2 of filters were used 

under a 30 min ultrasonic extraction. After extraction, the 0.45-mm PTFE Teflon 

filter mentioned before was used to remove filters. Aliquots of the extracts were 
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used to determine the concentrations of cations and anions separately. For cations, 

an ion-chromatography (IC) system (ICS-90, Diones, Sunnyvale, CA, USA) was 

adopted using an IonPac CS12A column (4.0 mm×250 mm) with methane sulfonic 

acid (MSA) as an eluent in gradient mode. For anions, another IC system (Metrohm 

882, Switzerland) using a Metrosep A supp 4 column (4.0 mm ×250 mm) and 

NaHCO3 and Na2CO3 as eluent solvent was used for separation.  

The measurement of total metal contents in PM2.5 was carried out 

by mineralization method. Briefly, 15 cm2 of each sample was cut into small pieces 

and put in Teflon microwave vessel. 6 mL of 30% HNO3 was added into vessel, 

and extract using microwave extraction (pressure raise up to 50 psi within 2min, 

hold 10 min). After cooling down, add 3 mL of 10% H2O2 to the vessel and extract 

one more time using microwave filter mineralization (pressure raise up to 100 psi 

within 2 min, hold 10 min). The digested sample was filtered through 0.45 µm 

syringe filter, and made up volume in a 25 mL v-flask with DDI water, then the 

solution was filtered through 0.2 µm syringe filter before injected into an 

inductively coupled plasma-mass spectrometry (ICP-MS, Agilent 7900, Santa 

Clara, CA, USA). The calibration using the multi-elemental standard solution had 

R2 =0.99 for all elements. Recoveries of heavy metals were carried out by spiking 

standards onto blank quartz filters, followed by the same sample extraction and 

analysis processes, and ranged between 93% to 115%. 
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For measurement of SOA tracers and levoglucosan, two punches of 10 cm2 

sized pieces were removed from each quartz filter and ultrasonicated 3 times in 10 

mL of acetonitrile. The extract was filtered through a Millipore 0.45-mm PTFE 

hydrophobic Teflon filter and transferred into a 50 mL round flask. After rotary 

evaporation, the extract was then blown to dryness at 40°C under a gentle stream 

of ultrapure nitrogen. Then 100 µL N,O-bis(trimethylsilyl)trifluoroacetamide 

(BSTFA, with 1% trimethylchlorosilane; Sigma Aldrich, USA) and 50 µL 

pyridine  (>99.5%; International Laboratory, CA, USA) was added for 

derivatization at 70°C for 2 h. After derivatization, samples were analyzed using 

gas chromatography-mass spectrometry (GC-MS; Agilent 7890A-5975C, Santa 

Clara, CA, USA) in electron ionization (EI) mode. A HP-5MS column (30 m, 250 

µm i.d., 0.25 µm film thickness, Agilent, Santa Clara, CA, USA) was used to 

separate individual species. The GC oven temperature program was set as follows: 

held at 80°C for 5 min; 3°C min-1 to 200°C and held for 2 min; 15°C min-1 to 300°C 

and held for 15 min; and held at 300°C for 25 min. Temperatures of the injector and 

the interface were set to 275°C and 300°C, respectively. Two microliters of sample 

were injected into GC injection in splitless mode. The recovery tests were carried 

out using spiked pre-baked blank following the same procedures. For levoglucosan, 

authentic standard was used in recovery tests, for 3-hydroxyglutaric acid, 3-

hydroxy-4,4,-dimethylgutaric acid and 3-methyl-1,2,3,-butanetricarboxylic acid, 3-
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hydroxy-3-methylglutaric acid was used as surrogate standard, for 3-

isopropylpentanedioic acid and 3-acetyl pentanedioic acid, pimelic acid was used 

as surrogate standard. The recoveries were ranged in 98% - 117%. 

For PAHs, hopanes and steranes, they were analyzed by in-injection port 

thermal desorption-gas chromatography/mass spectrometry method. Portions of 

quartz fiber filters were spiked with internal standards (n-tetracosane-D50 and 

phenanthrene-d10) and cut into small strips and insert into a liner. Small amount of 

glass wool was pre-baked and used as a plug to hold filters in position. The injector 

port temperature was set at 50°C before analysis. After insertion of liner, the septum 

cap was closed and the temperature of injector port was raised to 275°C in a splitless 

mode. During this period, the GC oven temperature was kept at 30°C and then 

continuedly held at 30°C for 2 min after the injector reached 275°C. The GC oven 

temperature was then ramped at 10°C min−1 to 120 ◦C, then ramped at 8°C min−1 

to 310°C, and held at 310°C for 20min. An HP-5MS capillary column (30 m, 250 

µm i.d., 0.25 µm film thickness, Agilent, Santa Clara, CA, USA) was used. The 

injector was first set in the splitless mode in the GC temperature program, switched 

to the split mode after 2 mins, and returned to the splitless mode at the end of the 

GC run. 
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2.2.3 DTT consumption measurement 

The solubility of PM2.5 components was a major factor affecting the oxidative 

potential of PM2.5. In order to obtain the total oxidative potential of PM2.5, we use 

water and hexane to extract both water-soluble fraction and lipid-soluble fraction 

of PM2.5. For water-soluble fraction of PM2.5, a portion of 15 cm2 filter was cut into 

small pieces and extracted with DDI water for 40 min under ultrasonication. The 

extract was filtered through a 0.2 µm Nylon filter (Pall Corporation, Ann Arbor, MI, 

USA), freeze-dried and re-dissolved in 200 µL DDI water. For lipid-soluble fraction 

of PM2.5, a same portion of filters (15 cm2) was Soxhlet extracted with hexane for 

22 h. After rotary evaporation, the extract was dried under a gentle N2 flow and re-

dissolved in small aliquot (10 µL) of dimethyl sulfoxide (DMSO, >99.5%, Sigma 

Aldrich, USA). The measurement of DTT consumption of the combined total PM2.5 

samples was referred to Cho et al. (2005) with small modification. Briefly, 7.2 µL 

of water-soluble fraction and 0.36 µL of water-insoluble fraction of PM2.5 samples 

were combined together and transferred into an Eppendorf tube. Then 200 µL of 1 

mM DTT (>99%; Sigma Aldrich, USA) was added, together with chelex (200-400 

mesh particle size; Sigma Aldrich, USA) treated potassium phosphate buffer and 

mixed thoroughly. The total volume was 1.8 mL and the final pH was about 7.4. 

Based on previous experiments, the time-dependent consumption of DTT catalyzed 

by HULIS is linear when DTT consumption is less than 90% (Lin and Yu, 2011). 
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Preliminary experiment was conducted to ensure that the DTT consumption by the 

total PM2.5 extract was linear between 0 to 120 min for this batch of samples. After 

incubation at 37 °C at 90 min, the reaction solution was immediately mixed with 

200 µL 1.0 mM 5,5’-dithiobis-2-nitrobenzoic acid (DTNB, 98%; Sigma Aldrich, 

USA) and the absorbance at 412 nm was measured within 30 min using an 

ultraviolet-visible (UV-Vis) spectrophotometer (8453, Hewlett Pakard, Palo Alto, 

CA, USA). Blank filters were treated with the same procedure to eliminate the 

influence of both solvent and filter residuals. Each sample was analyzed in triplicate. 

For every four PM2.5 samples, one filter blank solution was used as control group. 

The DTT consumption rates of all 66 PM2.5 samples were normalized by both 

sampling air volume and PM2.5 mass concentration to obtain extrinsic (DTTV) and 

intrinsic DTT activity (DTTm), respectively: 

Extrinsic	DTT	activity	(0112) =
5677(%) × :677(:;<=)

>(;?:) × @?A	B<=C;D(;EF)
 

Intrinsic	DTT	activity	(011H) =
0112(:;<=	;

EF)

IJK.M	(NO	;
EF)

 

where RDTT (%) is the percentage of DTT consumed for each sample, nDTT 

(nmol) is the DTT amount added in the tube, t (min) is the reaction time, and air 

volume (m-3) is the corresponding sampling volume of filters used. Since DTTV is 

the extrinsic DTT activity of PM2.5 per air volume sampled, it is directly related to 

human exposure dose. DTTm is the redox activity of per µg PM2.5, therefore, it is 

directly related to the intrinsic ROS-generation ability of PM2.5. 
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2.2.4 Source apportionment 

In this study, United States Environmental Protection Agency (UPA) PMF 5.0 

was applied to identify and apportion the sources of both PM2.5 mass concentration 

and its oxidative potential.  

PMF is a widely-used receptor model for source apportionment. In this model, 

the original data matrix X could be divided into a factor contribution matrix G and 

a factor profile matrix F: 

PH×Q = RH×S × TS×Q + ε 

where n stands for the sample number, m stands for the species number, p 

refers to the number of factors in PMF solution, ɛ refers to a residual matrix. 

During calculation, the sum of scaled residual Q was minimized: 

Q =XX(
DYZ

[YZ
)K

Q

Z\]

H

Y\]

 

where eij is the residual of each sample, and [YZ is the uncertainty in the jth 

species for the sample i. 

In this chapter, major water-soluble and lipid-soluble PM2.5 components were 

included in source apportionment using PMF 5.0. As suggested by Henry et al. 

(1984), the minimum sample size of N for PMF analysis was 30+(V +3)/2, where 

V is the number of input species. A total of 66 samples and 20 species were included 

in PMF analysis. For the uncertainty setting of input species, we adopted the same 
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method that was described in details in Hu et al. (2010) to cover analytical method 

uncertainties, sampling variability and temporal variation of PM source profiles. 

Briefly, the uncertainties of PM2.5 mass concentration, WSOC, OC, WSTN, major 

ions (NH4+, SO42-, C2O42-), trace metals (i.e. Mn, Fe, Zn, Cu), V and Ni, LevoG 

(levoglucosan), MonoT (sum of tracers for monoterpenes SOA), SUMhopanes 

(sum of hopanes), SUMsteranes (sum of steranes), SUMPAHs (sum of PAHs) and 

the extrinsic DTTV activity of PM2.5 were set at 0.4 of average annual values, 

whereas the uncertainty of EC was 0.2 of average annual value (Hu et al., 2010; Ma 

et al., 2016; 2018).  

Two PMF runs were conducted, the first one was conducted without DTTV 

and the second one includes DTTV as a variable. For PMF apportionment without 

DTTV, 100 base runs were conducted with factors from 4 to 8. Both mathematical 

PMF diagnostics and interpretability of the identified factors were used as the 

criteria to select the factor numbers, and finally, the six-factor solution was 

considered to be the most reasonable one. For the final solution, the Qrobust value is 

107.4, which almost equals to Qtrue (106.8), indicating negligible outliers. Fpeak 

model and Bootstrap model were performed to examine the stability of the solution. 

In Fpeak model, various Fpeak values from -2 to 2 were tested for rotation 

ambiguity. The result indicated no decrease in QRobust after any rotation. In bootstrap 

model, 100 bootstrap runs were performed to examine the stability and uncertainty 
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of the base run solution. In this study, all bootstrap runs were specifically mapped 

to the base run solution, suggesting a reliable base model result. For PMF 

apportionment with DTTV, similar QA/QC examinations were performed, with 

Qrobust=220.3 and Qtrue=219.2. Both Fpeak and Bootstrap model indicated a stable 

solution of base run. 

2.3 Results and Discussion 

2.3.1 PM2.5 and chemical species 

Based on the meteorological characteristic of Hong Kong described in method 

part, the one-year sampling days were classified into local days, long range 

transport (LRT) days, and regional days (Table 2.1). The average concentrations of 

PM2.5 and major species in the three sampling periods and the whole year were 

listed in Table 2.2 with their ranges. 

The annual average concentration of PM2.5 in Hong Kong during this sampling 

year was 26.41±14.39 µg m-3 (range: 6.54 – 70.60 µg m-3). When compared with 

other studies conducted in Hong Kong, such as one conducted in 2005 (55.5±25.5 

µg m-3) and one conducted in 2014 (46.2±18.8 µg m-3) (Cheng et al., 2015), the 

mass concentrations of PM2.5 measured in this study was significantly lower. Two 

reasons may explain the lower PM2.5 concentration in this study. In one aspect, the 

sampling sites of the two studies mentioned before were highly trafficked roadside 
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sites, and large amounts of vehicle exhaust could enhance the mass concentrations 

of PM2.5. In another aspect, the PM2.5 pollution was gradually under control in the 

past years according to government report, satellite observation also confirmed this 

trend in Hong Kong (Lin et al., 2018). During the one-year sampling period, 

concentrations of PM2.5 showed a clear temporal trend based on meteorological 

classification. The median concentration on regional days was 35.40 µg m-3 (range: 

12.55 – 70.60 µg m-3), which was 1.5 times of that on LRT days (median: 26.42, 

range: 10.59 – 45.89 µg m-3) and 2 times of that on local days (median: 14.06 µg 

m-3, range: 6.54 – 49.48 µg m-3). On regional days and LRT days, the continental 

air masses and long-distance transported air masses could bring amounts of PM2.5 

emitted from PRD region and northern China into Hong Kong, resulting in higher 

concentrations of air pollutants. 

The chemical species analyzed explained about 56.8% of PM2.5 mass. 

Thereinto, the carbonaceous fraction including organic matter (OM, 1.9, 2.1 and 

2.2 were adopted for OM/OC ratio on local, LRT and regional days, respectively, 

Chen and Yu, 2007) and EC could explained approximately 19.0% of PM2.5, while 

water-soluble ions explained 36.2% and metals explained 1.6%. 
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Table 2.1 Meteorological classification of PM2.5 samples 

Local Days Long Range Transport Days Regional Days 

Jan. 07. 2017 Dec. 20. 2016 Dec. 08. 2016 

Mar. 20. 2017 Jan. 01. 2017 Dec. 14. 2016 

Apr. 07. 2017 Jan. 13. 2017 Dec. 26. 2016 

Apr. 19. 2017 Feb. 06. 2017 Jan. 19. 2017 

May. 07. 2017 Feb. 18. 2017 Jan. 25. 2017 

May. 11. 2017 Feb. 24. 2017 Feb. 12. 2017 

May. 13. 2017 Mar. 08. 2017 Mar. 02. 2017 

May. 31. 2017 Mar. 26. 2017 Mar. 14. 2017 

Jun. 12. 2017 Apr. 13. 2017 Apr. 01. 2017 

Jun. 18. 2017 May. 03. 2017 May. 25. 2017 

Jun. 24. 2017 May.10. 2017 Jul. 30. 2017 

Jun. 30. 2017 May.19. 2017 Aug. 22. 2017 

Jul. 06. 2017 Jul. 31. 2017 Sep. 01. 2017 

Jul. 12. 2017 Oct. 16. 2017 Sep. 16. 2017 

Jul. 18. 2017 Nov. 09. 2017 Sep. 17. 2017 

Jul. 24. 2017 Nov. 15. 2017 Oct. 22. 2017 

Aug. 05. 2017 Nov. 21. 2017 Oct. 28. 2017 

Aug. 11. 2017 Nov. 27. 2017 Nov. 03. 2017 

Aug. 17. 2017 Dec. 21. 2017 Dec. 03. 2017 

Sep. 04. 2017 Dec. 27.2017 Dec. 09. 2017 

Sep. 10. 2017  Dec. 15. 2017 

Sep. 21. 2017   

Sep. 28. 2012   
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Table 2.2 Concentrations of PM2.5 and its major components 

Concentration 
Local Days Long Range Transport Days Regional Days Whole Year 

Mean Median Range Mean Median Range Mean Median Range Mean Median Range 

PM2.5 (µg m-3) 17.45 14.06 6.54 – 49.48 25.28 26.42 10.59 – 45.89 38.97 35.40 12.55 – 70.60 26.41 26.43 6.54 – 70.60 

EC (µg C m-3) 0.53 0.47 0.22 – 1.16 0.61 0.57 0.29 – 1.60 1.03 0.88 0.32 – 2.06 0.71 0.62 0.22 – 2.06 

OC (µg C m-3) 0.90 0.73 0.51 – 3.12 2.05 1.46 0.58 – 14.36 4.11 2.63 0.95 – 35.23 2.29 1.30 0.51 – 35.23 

WSOC (µg m-3) 1.11 0.93 0.69 – 2.41 2.32 2.31 1.06 – 4.26 4.14 3.67 1.37 – 7.71 2.46 1.90 0.69 – 7.71 

WSTN (µg m-3) 1.23 0.93 0.11 – 3.53 2.07 1.84 0.63 – 5.06 3.14 2.90 1.21 – 7.86 2.11 1.89 0.11 – 7.86 

SUMPAHs (ng m-3) 3.22 2.67 1.68 – 8.15 4.81 4.10 2.16 – 10.46 7.96 6.91 2.16 – 18.79 5.23 4.16 1.68 – 18.79 

SUMhopanes (ng m-3) 1.24 0.73 0.33 – 5.57 1.39 1.03 0.34 – 3.85 3.04 2.49 0.68 – 7.53 1.86 1.02 0.33 – 7.53 

SUMsteranes (ng m-3) 0.52 0.33 0.115 – 2.53 0.59 0.43 0.19 – 1.65 1.33 1.17 0.31 – 3.36 0.80 0.43 0.15 – 3.36 

SUMmomo (ng m-3) 10.56 3.48 1.69 – 105.16 21.24 21，51 2.26 – 48.04 60.25 56.68 8.36 – 159.63 29.90 19.73 1.69 – 159.63 

Leveglucosan (ng m-3) 3.17 1.30 0.95 – 15.23 13.86 11.21 1.05 – 65.50 43.03 29.23 1.10 – 106.88 19.37 9.47 0.95 – 106.88 
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Table 2.2 Concentrations of PM2.5 and its major components (continued) 

Concentration 

Local Days Long Range Transport Days Regional Days Whole Year 

Mean Median Range Mean Median Range Mean Median Range Mean Median Range 

Ions (ng m-3) 

Na+ 0.09 0.08 0.03 – 0.22 0.15 0.13 0.04 – 0.44 0.11 0.11 0.03 – 0.21 0.11 0.10 0.03 – 0.44 

NH4
+ 0.75 0.68 0.07 – 2.61 0.96 0.64 0.29 – 3.65 1.54 1.17 0.58 – 4.15 1.07 0.71 0.07 – 4.15 

K+ 0.19 0.15 0.01 – 0.48 0.34 0.28 0.02 – 0.84 0.49 0.47 0.13 – 0.98 0.33 0.32 0.01 – 0.98 

Mg2+ 0.02 0.02 0.01 – 0.05 0.03 0.04 0.00 – 0.07 0.03 0.03 0.00 – 0.06 0.03 0.03 0.00 – 0.07 

Ca2+ 0.05 0.05 0.03 – 0.08 0.05 0.05 0.02 – 0.09 0.06 0.06 0.02 – 0.12 0.05 0.05 0.02 – 0.12 

Cl- 0.04 0.02 0.02 – 0.18 0.08 0.07 0.02 – 0.19 0.11 0.05 0.00 – 0.93 0.07 0.04 0.00 – 0.93 

NO3
- 0.28 0.11 0.05 – 2.43 1.02 0.74 0.09 – 4.53 1.79 0.72 0.12 – 13.51 0.98 0.33 0.05 – 13.51 

SO4
2- 4.17 3.56 0.69 – 10.23 5.91 4.85 1.84 – 14.52 8.63 7.29 3.63 – 14.83 6.11 5.20 0.69 – 14.83 

C2O4
2- 0.13 0.09 0.03 – 0.36 0.24 0.23 0.07 – 0.57 0.37 0.33 0.13 – 0.77 0.24 0.24 0.03 – 0.77 



 

35 

 

Table 2.2 Concentrations of PM2.5 and its major components (continued) 

Concentration 
Local Days Long Range Transport Days Regional Days Whole Year 

Mean Median Range Mean Median Range Mean Median Range Mean Median Range 

Metals (ng m-3) 

V 10.44 9.92 0.85 – 23.92 4.95 3.43 0.36 – 18.69 5.63 3.97 0.87 – 17.20 7.14 5.79 0.36 – 23.92 

Ni 5.11 4.67 1.25 – 12.11 2.98 2.29 0.18 – 10.00 3.69 2.17 0.92 – 10.88 3.94 3.22 0.18 – 12.11 

Fe 55.10 49.14 7.67 – 146.01 105.75 99.32 20.95 – 305.94 146.79 129.92 33.62 – 396.47 101.01 87.98 7.67 – 396.47 

Mn 2.54 1.77 0.52 – 9.06 8.51 5.27 1.10 – 36.14 12.68 8.26 0.77 – 48.72 7.73 4.46 0.52 – 48.72 

Zn 34.58 24.45 7.69 – 87.70 135.18 62.00 11.36 – 806.83 228.69 59.31 7.96 – 1497.72 131.22 51.55 7.69 – 1497.72 

Cu 58.20 57.97 19.07 – 104.24 43.26 35.87 12.22 – 116.98 41.21 37.61 9.49 – 81.82 47.79 40.67 9.49 – 116.98 
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The mass concentrations of carbonaceous fraction of PM2.5, including OC and 

EC were summarized in Table 2.2. Generally, the average concentration of OC in 

Hong Kong during 2016-2017 was 2.29 ± 4.49 µg C m-3, much lower than that 

reported in other cities of PRD region, such as Guangzhou (8.2 ± 4.1 µg C m-3) and 

Zhuhai (9.4 ± 4.6 µg C m-3) (Tao et al., 2017). In fact, much higher values of OC 

were found on regional days (median: 2.63 µg C m-3, range: 0.95 – 35.23 µg C m-

3) and LRT days (median: 1.46 µg C m-3, range: 0.58 – 14.36 µg C m-3) than local 

days (median: 0.73 µg C m-3, range: 0.51 – 3.12 µg C m-3) in Hong Kong in this 

study. This meteorological characteristic confirmed the pollutant importation from 

PRD region to Hong Kong. We also examined the OC/EC ratio in this study, which 

was 2.67 ± 0.12 during the sampling year. According to previous research, if the 

ratio of OC/EC exceeds 2.0 – 2.2, secondary organic carbon (SOC) may be formed. 

We estimated the OC/EC ratio in PM2.5 from primary emissions using least-square 

regression method for those 20% samples possess the least OC/EC ratio. By 

adopting the value of 1.24, we found SOC could comprise 42% of OC in this 

sampling year, indicating a predominant influence of secondary formation in Hong 

Kong. Clear temporal trend was also found for OC/EC value, with higher values on 

regional days (median: 2.65, range: 1.12 – 17.14) and LRT (median: 2.60, range: 

1.60 – 8.97) than local days (median: 1.68, range: 0.81 – 3.77). The higher OC/EC 

ratio was found on both LRT and regional days, suggesting the occurrence of 
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secondary formation during air mass transportation. Simultaneously, we also 

calculated the percentage of SOC took in OC. The higher values on regional days 

(52%) and LRT days (50%) than local days (26%) also confirmed our speculation 

that secondary formation was a major source for PM2.5 pollution in Hong Kong. 

The mass ratio NO3-/SO42- has been used as an indicator of the relative 

importance of mobile vs. stationary sources. In this study, the average ratio of NO3-

/SO42- was 0.16 ± 0.23 throughout the year, comparable with the value measured in 

cities located in South China, such as the value of 0.15 ± 0.12 during 2007-2008 in 

Yong’an, Fujian (Yin et al., 2012), the value of 0.13 ± 0.06 during 2003 in Guiyang 

(Asia et al., 2004); and lower than other cities located in North China, such as 

Beijing (0.71 ± 0.48,Wang et al., 2005) and Tianjin (mean: 0.47, range: 0.17 – 0.76, 

Li et al., 2009). Larger values of NO3-/SO42- ratio suggested a stronger influence of 

mobile emissions. Thus, compared with Beijing, the vehicle emission source could 

be a minor contributor to PM2.5 in Hong Kong. 

2.3.2 Oxidative potential of PM2.5 

Seasonal variations of the extrinsic DTT activity (DTTV) and intrinsic DTT 

activity (DTTm) of PM2.5 together with PM2.5 mass concentration were presented in 

Figure 2.2. The annual concentration of DTTV of PM2.5 was 0.48 ± 0.12 nmol min-

1 m-3. Interestingly, although clear temporal variation was found for PM2.5 mass 
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concentration based on meteorological classification with the highest concentration 

found on regional days and lowest on local days, the DTTV activity of PM2.5 showed 

different characteristic. Higher levels of DTTV activity were found on regional days 

(median: 0.52, range: 0.30 – 0.75 nmol min-1 m-3), followed by local days (median: 

0.47, range: 0.22 – 0.69 nmol min-1 m-3), and then LRT days (median: 0.45, range: 

0.21 – 0.67 nmol min-1 m-3). Although DTTV still showed higher concentrations on 

regional days, this temporal trend is not as obvious as PM2.5 mass concentration, 

and the higher DTTV activity on local days than LRT days indicating the existence 

of components with high redox activity in PM2.5. 

We then compared the DTTV activity in this study with other cities worldwide 

as a metric for inhalation exposure. The annual concentration of DTT-ROS for 

PM2.5 in Hong Kong (0.21 – 0.75 nmol min-1 m-3) was much lower than Western 

Asian cities, such as Tehran (~2 – 10 nmol min-1 m-3, Al Hanai et al., 2019), yet 

in the same scale of cities located in United States (US), such as Los Angeles (0.2 

– 0.6 nmol min-1 m-3, Shirmohammadi et al., 2016) and several Southeastern US 

cities (0.1 – 1.5 nmol min-1 m-3, Verma et al., 2014). When compared with other 

cities in China, such as Sichuan (1.95 – 3.28 nmol min-1 m-3) and Inner Mongolia 

(0.735 – 12.5 nmol min-1 m-3, Secrest et al., 2016), the DTT-ROS of PM2.5 in Hong 

Kong was especially low. This indicates that the inhalation exposure risks for PM2.5 

in the aspect of DTT-ROS generation potential in Hong Kong was at a low level. It 
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is worth noticing, all studies we mentioned before adopted the DTT activity of 

water-soluble fraction of PM2.5 as reference for PM2.5 oxidative potential. Gao et al. 

(2020) have used DTT assay to assess both water-soluble and total oxidative 

potential of ambient fine particles (PM2.5) collected in Atlanta, and proposed that 

the water-soluble fraction of PM2.5 was responsible for 80% of total PM2.5 oxidative 

potential. In this study, we combined both water-soluble and lipid-soluble fraction 

of PM2.5 together in DTT assay, providing full information of the DTT-ROS 

generation ability of PM2.5. 

To further investigate the ROS generation ability of PM2.5, we then normalized 

the DTT consumption rate with PM2.5 mass concentration and obtained the intrinsic 

DTT activity (DTTm). Different from DTTV, the intrinsic DTT activity showed 

clear temporal variation with highest levels detected on local days (median: 32.43, 

range: 13.97 – 56.95 pmol min-1 µg PM2.5-1), followed by LRT days (median: 17.62, 

range: 9.63 – 31.78 pmol min-1 µg PM2.5-1), and then regional days (median: 12.81, 

range: 8.41 – 35.76 pmol min-1 µg PM2.5-1). Different chemical components emitted 

from various pollution sources may explain the higher intrinsic DTT ability of 

PM2.5 collected on local days. When compared with other cities around the world, 

the DTTm activity of PM2.5 in Hong Kong fall within the same range of that in 

coastal cities of the Bohai Sea (0.0017 – 0.084 nmol min-1 µg PM2.5-1, Liu et al., 

2018) and Southeastern US cities (0.005 – 0.1 nmol min-1 µg PM2.5-1, Verma et al., 
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2014), yet much lower than that found in Beijing (0.13 ± 0.10 nmol min-1 µg PM2.5-

1, Yu et al., 2019). 

 

Figure 2.2 Temporal variation of PM2.5, and the DTTV and DTTm activity of 

PM2.5 

Spearman correlation tests were conducted between induced oxidative stress 

and chemical species we measured in PM2.5. Most species were positively 

correlated with DTTV activity (Table 2.3). DTTV was found to have a strong 

correlation with WSOC (R=0.604), and OC (0.572), underlining the general 

contribution of organic species in DTT activity potential. This result is also 

consistent with other studies carried out around world (Biswas et al., 2009; Liu et 

al., 2014; Verma et al., 2014, 2012). We further conducted correlation tests between 

ROS activity and organic markers. For example, secondary formation indicator, 

MonoT and sulfate, both showed significantly strong correlations with DTTV 
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(MonoT: R=0.797, p<0.01; sulfate: R=0.635, p<0.01). However, the biomass 

burning indicator, levoglucosan showed no correlation with DTTV activity 

(R=0.283, p=0.532). Similarly, vehicle emission indicators, hopanes and steranes, 

also showed no significant correlation with DTTV activity (hopanes: R=0.466, 

p=0.082; steranes: R=0.474, p=0.072). This result suggests that compared with the 

two primary sources of organic components, i.e. biomass burning and vehicle 

emission, secondary formation could be a great contributor to the ROS potential of 

PM2.5. In addition to organic fraction, DTTV were strongly correlated with certain 

metals, such as Mn, Zn, Cu, V, and Ni in Hong Kong. V and Ni were specific source 

markers for marine vessel exhaust, their high correlations with DTTV (V: R=0.505, 

p<0.05; Ni: R=0.514, p<0.05) indicate marine vessels may be an important 

contributor to PM2.5 oxidative potential in Hong Kong. As for Mn, Zn, and Cu, 

various sources could emit these elements, such as power plants, industrial facilities, 

wearing of brakes of vehicles and so on. The strong correlations between DTTV and 

those elements specified the important roles of metals in PM2.5 oxidative potential. 
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Table 2.3 Spearman correlation test for DTTV and PM2.5 components 

2.3.3 Source apportionment of PM2.5 and the oxidative potential of 

PM2.5 

We adopted PMF 5.0 to apportion both PM2.5 components and oxidative 

potential of total PM2.5. Nitrate been included in PMF model in preliminary runs, 

yet it was apportioned to all the other factors, and we did not separate a secondary 

nitrate factor in our PMF result. So in the final solution, we did not include nitrate 

in PMF model. Two PMF runs were conducted, the first one without DTTV and the 

 R p value  R p value 

OC 0.572** 0.008 NO3- 0.472 0.081 

EC 0.562** 0.010 SO42- 0.635** 0.000 

WSOC 0.604** 0.003 MonoT 0.797** 0.001 

Fe 0.481 0.068 LevoG 0.283 0.532 

Mn 0.519* 0.033 hopanes 0.466 0.082 

Zn 0.532* 0.026 steranes 0.474 0.072 

Cu 0.587** 0.006 PAHs 0.454 0.100 

V 0.505* 0.044    

Ni 0.514* 0.040    

** p<0.01, *p<0.05 
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second one includes DTTV. The final solutions for the two PMF runs were both 

obtained by applying a constraint to the base profile. The constraint was applied to 

pull up several source markers, i.e. secondary formation markers (sulfate, oxalate) 

and metals (Fe, Mn, Cu) to optimize source separations. The final dQ% was less 

than 1%, fulfilling manual instructions.  

Factor profiles for PMF results were presented in Figure 2.3 by solution with 

DTTV and solution without DTTV, expressed with both source contributions (%) 

and absolute concentrations of species in each factor. As shown in Figure 2.3, 

Factor 1 was predominated by V and Ni. Since those two metals were specific 

source markers for marine vessel exhaust, this factor was allocated as marine 

vessels. Factor 2 was featured by metal Cu; thus, this factor is a Cu-related source. 

Similarly, Factor 3 was named Fe-Mn-Zn-related source. Factor 4 was assigned as 

vehicle emission, considering the high percentage of SUMhopanes and 

SUMsteranes, which have been considered as specific markers for vehicle exhausts. 

Biomass burning marker levoglucosan was the leading species in Factor 5, thus this 

source was considered to be related with biomass burning activities. In Factor 6, 

both SOA formation markers, MonoT, and secondary inorganic aerosol (SIA) 

formation indicators (oxalate, sulfate, ammonium) showed high percentages, thus 

this factor was suggested to be secondary formation.  



 

44 

 

As indicated in Figure 2.3, small differences were found in PMF source 

profiles with or without DTTV, suggesting a reliable source apportionment result of 

PM2.5 major components. We then compared the observed PM2.5 mass 

concentration and model predicted PM2.5 mass concentration, results were shown 

in Figure 2.4. Strong correlations between observed PM2.5 concentration and PMF 

predicted PM2.5 concentration was found in solution both with (R=0.81) and 

without DTTV (R=0.88), indicating reliable PMF analysis results for both solution. 

Moreover, similar distributions of PM2.5 concentrations were found between panel 

A and panel B, suggesting a stable source apportionment result. For the DTTV 

activity of PM2.5, we also examined the measured DTTV consumption ability and 

PMF predicted DTTV consumption ability, the results were shown in Figure 2.4. 

The strong correlation (R=0.79) indicate a reliable source interpretation for DTTV 

of PM2.5. 
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Figure 2.3 Source profiles for PM2.5 components and DTTV activity
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Figure 2.4 PMF-predicted versus observed concentrations of PM2.5 with 

(panel A) and without DTTV (panel B) 

 

Figure 2.5 PMF-predicted versus measured DTT consumption ability  
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2.3.4 Source contributions to PM2.5 mass concentration 

Since similar source profiles were found for PM2.5 components with and 

without DTTV consumption ability, the source-specific contributions to PM2.5 mass 

concentration was calculated based on PMF solution with DTTV and results were 

shown in Figure 2.6 (panel A). Overall speaking, the five primary sources, i.e. 

marine vessels, Cu-related source, Fe-Mn-Zn-related source, vehicle emissions, and 

biomass burning, were responsible for almost 70% of PM2.5 mass concentration 

over the year. Meanwhile, the annual total contribution of secondary formation to 

PM2.5 mass concentration was 30.3%. 

Among the five primary sources, the two metal-related sources, i.e. Cu-related 

source and Fe-Mn-Zn-related source were the predominant contributor to PM2.5 

(30.6%, 6.67 µg m-3). Studies have shown that atmospheric metals could be emitted 

from various sources. For example, vehicle emission and smelting furnace burning 

were suggested to be sources of atmospheric metal Cu. Thereinto, vehicle emissions 

includes several processes leading to the emission of Cu, such as direct emission 

from vehicle, tire and brake wearing, and emission of re-entrainment dust enriched 

with Cu (Duan and Tan, 2013). As for Fe, Mn, and Zn, metal industry, industrial 

operation, construction processes, re-suspended dusts, and vehicle exhaust were all 

suggested to be responsible contributors (Duan and Tan, 2013; Fang et al., 2010). 

In Hong Kong, the fly ash emissions from local coal-fired power stations, crustal 
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dust and on-road traffic might be the major contributors to these two metal factors 

(Cheng et al., 2015; Duan and Tan, 2013; Huang et al., 2014). Moreover, besides 

local sources, power plants and iron/steel industries located in PRD region could 

also emit fugitive dust containing high concentration of heavy metals and those 

pollutants could be transported into Hong Kong atmosphere through air mass 

transportation. In fact, the two metal-related sources showed clear yet opposite 

temporal variation contribution to PM2.5 mass concentration (Figure 2.6, panel A). 

The Cu-related source showed higher contributions to PM2.5 on local (34.8%, 5.80 

µg m-3) and LRT days (23.6%, 5.06 µg m-3) than regional days (11.1%, 3.17 µg m-

3). This result showed that local emissions, such as vehicular activities could be the 

major contributor to Cu and Cu-related PM2.5. For Fe-Mn-Zn-related source, their 

contribution to PM2.5 mass concentration was much higher on regional day (11.2%, 

4.18 µg m-3), than on LRT days (6.1%, 1.63 µg m-3) and local days (2.0%, 0.40 µg 

m-3). Based on this result, iron/steel industries located in PRD region could be the 

leading contributor to this part of PM2.5. When compared with other studies 

conducted in Hong Kong, the contributions from metal-related sources in this 

present study were quite higher. For example, Cheng et al. (2013) have sampled 

Hong Kong PM2.5 samples from 2004 to 2005 and found metal related sources, such 

as industrial exhaust and resuspended on-road dust only contributes to 5% of PM2.5 

in Hong Kong. However, large differences was found for PM2.5 components 
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between our study and Cheng et al. (2013). Carbonaceous fraction only comprises 

19% of PM2.5 in our study, while 56% of PM2.5 was attributed to carbonaceous 

compounds in Cheng et al. (2015), which may lead to the larger contributions from 

other combustion-related sources (i.e. waste incineration, biomass burning, residual 

oil combustion, and vehicle emission) to PM2.5 in their study, instead of those metal 

related sources. 

Marine vessels were the second large primary contributor to PM2.5 in Hong 

Kong throughout the year (17.9%, 3.85 µg m-3). Hong Kong is one major port in 

Southern China, and marine vessels are one of the major local air pollution emission 

sources contributing to various atmospheric pollutants, such as SO2, NOX, VOCs 

and PM2.5 (Hong Kong Environemntal Protection Department, 2017). On local days, 

marine air masses brought pollutants emitted from marine vessels into Hong Kong. 

Consequently, the contributions of marine vessels to PM2.5 on local days were 32.0% 

(6.22 µg m-3), which is 3 times of that on LRT (9.7%, 2.17 µg m-3) and regional 

days (6.5%, 2.31 µg m-3). 

Vehicle emission was another important primary contributor to PM2.5 in Hong 

Kong (14.5%, 3.58 µg m-3). Under continental air mass influence, the contribution 

of vehicle emission was higher on regional days (18.7%, 5.83 µg m-3) than LRT 

(12.0%, 2.76 µg m-3) and local days (13.6%, 2.74 µg m-3). Considering the quite 

stable variation of on-road traffic throughout the year, we examined the temporal 
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variation of several gaseous pollutants and found much higher levels of O3 on 

regional days (30.2 ppb) than local days(10.1 ppb). Besides, a slightly higher level 

of NOX was also found on regional days (43.9 ppb) compared to LRT (39.4 ppb) 

and local days (40.2 ppb). Thus the higher contributions from vehicle emission to 

PM2.5 might be attributed to the following aging processes after emission. As shown 

in Figure 2.3, about 30% of PAHs was attributed to vehicle emission, consistent 

with previous studies that vehicular exhaust was an important contributor to PAHs 

in Hong Kong (Fan et al., 2017; Ma et al., 2016). 

Biomass burning was found to be a minor, yet significant contributor to PM2.5 

mass concentration in Hong Kong, especially on regional days. Annually, biomass 

burning was responsible for 6.8% of PM2.5 mass concentration (2.01 µg m-3). Yet 

on regional days, under the influence of continental air masses, the contribution of 

biomass burning to PM2.5 could rise up to 14.5% (5.24 µg m-3). Considering organic 

constituents were the major products emitted from biomass burning, we then 

examined the contribution of biomass burning to the OC fraction of PM2.5. It turns 

out that biomass burning could contributed over 15% of OC in PM2.5 in Hong Kong 

throughout the year. On regional days, the air masses coming from more polluted 

PRD region could cause an enhancement of the contribution of anthropogenic 

biomass burning activities to the OC fraction of PM2.5 (38.1%, 0.60 µg C m-3). On 

contrast, without external transportation from PRD region, the contributions of 
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biomass burning to both PM2.5 (1.6%, 0.31 µg m-3) and its OC fraction (2.3%, 0.04 

µg C m-3) were quite small. 

Secondary formation was the largest contributor to PM2.5 (30.3%, 8.43 µg m-

3) in Hong Kong during our sampling period. The presence of sulfate, volatile 

organic compounds and particulate species could undergo a series of secondary 

reactions and produce various compounds. Similar with most primary sources, 

secondary formation also showed higher contributions under the influence of 

regional (38.1%, 13.98 µg m-3) and long-range transportation (41.8%, 9.52 µg m-3) 

than on local days (15.9%, 3.87 µg m-3). In Hong Kong, the temperature and solar 

radiation were quite stable throughout the year, thus the emission of precursors 

could affect the formation of secondary products to a large extent. On regional and 

LRT days, large amounts of precursors were transported into Hong Kong, and 

secondary reactions could happen during transportation, leading to the formation of 

carbonaceous fractions of PM2.5. Thus, the OC fraction of PM2.5 was also higher on 

regional (44.2%, 0.7 µg C m-3) and LRT days (30.1%, 0.47 µg C m-3) than on local 

days (12.2%, 0.19 µg C m-3). 
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Figure 2.6 Source contributions to PM2.5 mass concentration (panel A) and 

the oxidative potential of PM2.5 (panel B) under different meteorological 

conditions 

2.3.5 Source contributions to the oxidative potential of PM2.5 

The source-specific contributions to the oxidative potential of PM2.5 were 

shown in Figure 2.6 (panel B). Generally speaking, the five primary sources, i.e. 

marine vessels, Cu-related source, Fe-Mn-Zn-related source, vehicle emissions, and 

biomass burning, were responsible for 67.5% of the DTTV activity of PM2.5 (0.35 

nmol min-1 m-3) annually, while secondary formation contributed 32.5% of the 

DTTV activity of PM2.5 (0.11 nmol min-1 m-3). 

Cu-related source was found to be the predominant source leading to the 

oxidative potential of PM2.5 throughout the year. It could contribute 39.1% (0.18 
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nmol min-1 m-3) of the DTTV throughout the year. Interestingly, the contribution of 

Cu-related source to PM-catalyzed DTTV activity was higher on local days (42.9%, 

0.21 nmol min-1 m-3) than on LRT (47.0%, 0.18 nmol min-1 m-3) and regional days 

(27.2%, 0.12 nmol min-1 m-3), consistent with the trend of its contribution to PM2.5 

mass concentration. Based on this result, the Cu-related source was proposed to be 

mostly related with local emissions, such as the leakage and/or combustion of 

lubricating oil, brakes and tires (Zhang et al., 2017). This speculation was quite 

consistent with previous findings that Cu was found to have higher concentrations 

at roadside and urban sites in Hong Kong (Kong et al., 2005). In order to investigate 

the DTT consumption ability of different source, we normalized the apportioned 

DTTV activity with PM2.5 mass concentration resolved in each factor and obtained 

the intrinsic DTT activity of PM2.5 resolved each source (Figure 2.7). As shown in 

Figure 2.7, the intrinsic DTT activity of PM2.5 for Cu-related source was the highest 

among the 6 factors (36.5 pmol min-1 µg PM2.5_Cu-1). Base on previous research, the 

ROS activity of atmospheric particles was significantly associated with primary 

anthropogenic metals, such as V, Cu, Pd (Palladium) and Rh (Rhodium) (Cheung 

et al., 2012), among which, Cu is the most active metal in DTT oxidation and could 

be the most predominant species responsible for ambient PM-catalyzed DTTV 

oxidation (Xiong et al., 2017; Charrier and Anastasio, 2012). Our result was 
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consistent with those previous findings, and confirmed the significant role of Cu 

played in DTT consumption. 

The other metal-related source, i.e. Fe-Mn-Zn-related source, showed an 

opposite feature to Cu-related source, with a negligible contribution to DTT-based 

oxidative potential of PM2.5 in Hong Kong annually (mean: 1.0%, 0.004 nmol min-

1 m-3). Moreover, different with Cu-related source, the Fe-Mn-Zn-related source 

showed higher contributions to the DTTV activity of PM2.5 on regional day (2.3%, 

0.009 nmol min-1 µg m -3), than on LRT (0.3%, 0.003 nmol min-1 m-3) and local 

days (0.2%, 0.001 nmol min-1 m-3). This could be attributed to that this factor is 

more related to non-local emission sources, such as ion/steel industries or power 

plants located in PRD region. We also examined the intrinsic DTTm activity of this 

factor, and found a very low DTTm ability with a value of 2.10 pmol min-1 µg 

PM2.5_Fe-Mn-Zn-1 (Figure 2.7). This result indicate that PM2.5 emitted from this factor 

have low oxidative potential to oxidize DTT, which is consistent with previous 

suggestions that those metals showed lower DTT consumption abilities compared 

with Cu, especially Fe (Charrier and Anastasio, 2012). 

Marine vessels were the second largest contributor to the DTT-based oxidative 

potential of PM2.5 throughout the year (20.1%, 0.09 nmol min-1 m-3). Clear temporal 

variation was found with higher DTT consumption for PM2.5 collected on local days 

(37.3%, 0.15 nmol min-1 m-3) than on LRT (18.4%, 0.05 nmol min-1 m-3) and 
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regional days (12.3%, 0.06 nmol min-1 m-3). In addition to its high contribution to 

the extrinsic DTTV activity of PM2.5, marine vessels were also a significant primary 

source with high intrinsic DTTm activity of PM2.5 (24.6 pmol min-1 µg PM2.5_MV-

1). Highly oxygenated organic compounds could be formed during the incomplete 

combustion of residual oil (Ma et al., 2019), which may explain the high intrinsic 

DTTm activity of marine vessel related PM2.5. 

Vehicle emissions was also an important primary source for the DTT activity 

of PM2.5. The contribution of vehicular exhaust throughout the year is 10.2% and 

0.04 nmol min-1 m-3. Higher contribution was found on regional days (13.9%, 0.07 

nmol min-1 m-3), followed by LRT days (8.4%, 0.03 nmol min-1 m-3) and then local 

days (7.4%, 0.03 nmol min-1 m-3). Although the contribution of vehicle emissions 

(14.5%) was slightly lower than marine vessels (17.9%) for PM2.5 mass 

concentration, its contribution to the extrinsic DTT activity of PM2.5 (10.2%) was 

only half of that for marine vessels (20.1%). This could be attributed to the lower 

intrinsic DTTm activity of PM2.5 resolved in vehicle factor (12.4 pmol min-1 µg 

PM2.5_VE-1, Figure 2.7). Compared with marine vessels, Hong Kong government 

have taken implementing a wide range of measures to control emissions from motor 

vehicles. The cleaner fuel used in on-road traffic may be one reason that leading to 

a less toxic feature of PM2.5 emitted from vehicle exhaust. 
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For biomass burning, although Liu et al. (2018) and Verma et al. (2014) found 

it was a major source of DTTV activity (26.1-35%) in their studies, the contribution 

of biomass burning to PM2.5 induced DTTV in this study was found to be minor 

(5.9%, 0.03 nmol min-1 m-3) during the whole year. Based on reports of 

Environmental Protection Department of Hong Kong, biomass burning was only 

responsible for 4% of PM2.5 and negligible VOCs emissions in Hong Kong 

(http://www.epd.gov.hk/epd/english/environmentinhk/air/data/emission_inve.html

). However, the pollutants generated from open burning of the rice straw and other 

crops could be transported from PRD region and mainland China into Hong Kong. 

In fact, consistent with the temporal trend of its contribution to PM2.5, the 

contribution of biomass burning to the oxidative potential of PM2.5 also showed 

highest DTTV activity on regional days (11.9%, 0.07 nmol min-1 m-3), then LRT 

days (3.2%, 0.02 nmol min-1 m-3), and lowest on local days (1.6%, 0.004 nmol min-

1 m-3). Compared with marine vessels and Cu-related source, PM2.5 resolved in 

biomass burning factor showed a lower intrinsic DTTm activity (13.3 pmol min-1 µg 

PM2.5_BB-1, Figure 2.7), yet higher than those emitted from vehicle exhaust and Fe-

Mn-Zn related source. 

Secondary formation was the second largest contributor to the DTT activity of 

PM2.5 (23.7%, 0.11 nmol min-1 m-3). During secondary processes, highly oxidized 

components could be formed from precursor gases (e.g., SO2, NOX) or organics and 
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further induce oxidative stress (Kramer et al., 2016). On regional days, large 

amounts of air pollutants could be secondarily formed during the regional 

transportation into Hong Kong. Consequently, higher DTTV activity of this factor 

was found on regional days (32.5%, 0.19 nmol min-1 m-3), followed by LRT days 

(22.7%, 0.13 nmol min-1 m-3). Yet on local days, the contribution of secondary 

formation to the whole DTTV activity of PM2.5 was low (10.6%, 0.05 nmol min-1 

m-3). Compared with the percentage of secondary formation took in all six factors 

for PM2.5 mass concentration, the proportion of secondary formation took for PM2.5 

oxidative potential was lower. This could be attributed to the relatively low intrinsic 

DTTm activity of PM2.5 formed through secondary reactions (13.5 pmol min-1 µg 

PM2.5_SF-1, Figure 2.7). Organic peroxides (e.g., isoprene driven 

hydroxyhydroperoxide) could be secondarily formed through the ozonolysis of 

isoprene, those species have high intrinsic DTT value (490 pmol min-1 µg PM2.5-1, 

Docherty et al., 2005; Kramer et al., 2016; Zhang et al., 2015). Besides those, large 

abundance of biogenic SOA components, such as isoprene and methacrolein 

(MACR) tracers were also formed from secondary reactions. Those species 

exhibited quite low intrinsic DTT activities in other studies (0.002 nmol min-1 µg 

PM2.5-1, Kramer et al., 2016). The combination of those species with different 

oxidative features resulted in a relatively low instrinsic DTTm activity for PM2.5 

resolved in this factor. 
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Figure 2.7 Intrinsic DTT activity of PM2.5 in different source
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Chapter 3 Chemical characterization, optical properties, and DTT activity of 

HULIS in Hong Kong 

3.1 Introduction 

HULIS are mixture of components containing polycyclic rings with side chains or 

functional groups. HULIS have a great impact on both atmospheric environment and 

human health. They could act as cloud condensation nuclei, and promote the 

hygroscopic growth of aerosols (Ghio and Madden, 2018; Hoffer et al., 2006). More 

importantly, HULIS are considered as the major component of water-soluble brown 

carbon (ws-BrC) and are responsible for more than 70% of the light absorption of ws-

BrC in atmospheric aerosols, which contribute greatly to both regional and global 

radiative forcing (Mo et al., 2018). Besides their direct effects on global warming, the 

light absorption ability of HULIS also facilitates water evaporation and cloud 

dispersion, which in turn affects the complex chemical processes inside PM2.5. As for 

their health impacts, the redox sites on HULIS could promote electron transfer and lead 

to excessive production and transformation of reactive oxygen species (ROS) upon 

respiratory deposition, which perturbs the redox equilibrium in the affected cells (Dou 

et al., 2015; Ma et al., 2018a). The subsequent oxidative stress stimulated within the 

cells could then activate downstream pathways and lead to various respiratory and 

cardiovascular diseases.  
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The Pearl River Delta (PRD) is an economically developed and densely populated 

region in South China, where industrial and agricultural activities emit massive 

amounts of pollutants into the atmosphere. Hong Kong is an important coastal megacity 

in the PRD region. Local sources, including vehicle exhaust and marine vessels, can 

emit considerable amounts of pollutants every day. Moreover, continental air masses 

could transport high levels of pollutants from the northern PRD region (Ma et al., 2016). 

All of these sources are potential contributors to aerosol HULIS in Hong Kong. In 

addition, high levels of oxidants (e.g., SO2 and O3) in urban areas can trigger a series 

of chemical reactions to produce HULIS from secondary formations, and thus increase 

the pollution levels and health risks of HULIS. 

In this chapter, we measured the mass concentrations, optical properties, and DTT 

activity of HULIS in PM2.5 samples collected in Hong Kong during a 1-year sampling 

period. Characteristic source markers and individual HULIS species were measured 

using gas chromatography mass spectrometry (GC-MS) with prior chemical 

derivatization. 

3.2 Experimental section 

3.2.1 Aerosol sampling  

PM2.5 was collected on quartz fiber filters (20 × 25 cm, Whatman; prebaked at 

550°C for 12 h to remove organic contaminants) for 24 h every 6 days from September 

6, 2011, to August 28, 2012, with a total of 48 samples collected (Table 3.1). Sampling 
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started at 09:00 local time in the morning and continued for 24 h. Sampling site was 

located on the rooftop of Oen Hall Building (west wing) at Hong Kong Baptist 

University (114º15E, 22º13N, ~40m above the ground). During the sampling period, 

hourly meteorological data (temperature and relative humidity) and gaseous pollutants 

(e.g. NO2 and O3) were monitored by the Hong Kong Environmental Protection 

Department at Sham Shui Po, which is about three miles southwest of the sampling site.
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Table 3.1 Sample classification according to backward trajectory 

Local Days Long Regional Days Regional Days 

Sep. 06. 2011 Sep. 14. 2011 Sep. 21. 2011 

Jan. 13. 2012 Oct. 03. 2011 Sep. 27. 2011 

Feb. 06. 2012 Oct. 09. 2011 Oct. 15. 2011 

Feb. 12. 2012 Nov. 26. 2011 Oct. 21. 2011 

Feb. 24. 2012 Dec. 08. 2011 Oct. 27. 2011 

Mar. 01. 2012 Dec. 26. 2011 Nov. 02. 2011 

Mar. 07. 2012 Mar. 13. 2012 Nov. 14. 2011 

Mar. 19. 2012 Apr. 06. 2012 Nov. 20. 2011 

Apr. 12. 2012 Jun. 11. 2012 Dec. 14. 2011 

Apr. 18. 2012  Dec. 20. 2011 

Apr. 24. 2012  Jan. 01. 2012 

Apr. 30. 2012  Jan. 07. 2012 

May. 06. 2012  Jan. 31. 2012 

May. 12. 2012  Mar. 25. 2012 

May. 18. 2012  Mar. 31. 2012 

May. 24. 2012   

May. 30. 2012   

Jun. 05. 2012   

Jun. 17. 2012   

Jun. 23. 2012   

Jul. 29. 2012   

Aug. 04. 2012   

Aug. 10. 2012   

Aug. 16. 2012   
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3.2.2  Chemical analysis 

HULIS were isolated from PM2.5 samples following the procedure described 

by Lin et al (2010b). Briefly, a portion of sample filters (17.5 cm2 for individual 

HULIS species and 3 cm2 for total HULIS mass concentration) was cut into small 

pieces and pollutants were extracted through sonication with DDI water for 30 min. 

The extracts were filtered with PTFE filters (0.45-µm pore size; Grace, Houston 

TX, USA) and acidified to a pH of 2 with 2.4 M HCl. A solid phase extraction (SPE) 

cartridge (Oasis HLB, 3 mL/30 µm, 60 mg; Waters, Milford, MA, USA) was used 

to isolate HULIS. The SPE cartridge was first activated using 1.0 mL of methanol 

and equilibrated using 1.0 mL of 0.01 M HCl. The extracts were then loaded onto 

an HLB cartridge. Because the majority of inorganic ions, low molecular weight 

organic acids, and sugar compounds could not be retained by the HLB cartridge, 

they were removed from the final effluent. For the analysis of individual HULIS 

species, the HLB cartridge was rinsed with two 1.0-mL portions of DDI water and 

then eluted with three 0.5-mL portions of basic methanol (2% ammonia, w/w). The 

effluent was dried with a gentle flow of ultrapure nitrogen at 40 °C, and then 

derivatized with 100 µL of BSTFA and 50 µL of pyridine at 70 °C for 2 h. When 

the mixture had cooled to room temperature, it was spiked with 30 µL of 

tetracosane-d50 (50 µg mL−1 in n-hexane; Sigma Aldrich, USA) as the internal 

standard for gas chromatography-mass spectroscopy (GC-MS; 5975-7890A, 
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Agilent, Santa Clara, CA, USA) analysis in electron ionization (EI) mode. A HP-

5MS column (30 m, 250 µm i.d., 0.25 µm film thickness, Agilent, Santa Clara, CA, 

USA) was used to separate individual species. 2 µL of sample was injected into GC 

injection in splitless mode. The GC oven temperature program was set as follows: 

held at 80°C for 5 min; 3°C min-1 to 200°C and held for 2 min; 15°C min-1 to 300°C 

and held for 15 min. For most compounds with authentic standards, they were 

identified and quantified by comparison to the standards. For terephthalic acid, 2-

hydroxybenzoic acid, and 1,2,3-/1,2,4-benzenetricarboxylic acids, which were lack 

of authentic standards, isophthalic acid, 3-hydaroxybenzoic acid, and 1,3,5-

benzentricarboxylic acid were used as surrogate for the calibration and recovery, 

respectively. Similarly, for SOA markers, surrogate compounds with similar 

functional groups were used for calibration and they were determined following the 

procedure described in Hu et al. (2008). Recoveries for all measured species were 

within 72%-106%. 

For the analysis of HULIS mass concentration, 1.5 mL of basic methanol (2% 

ammonia, w/w) was replaced by 6.0 mL of pure methanol in SPE step to avoid 

possible influence of ammonia in the following DTT experiments (Lin and Yu, 

2011). The larger amount of solvent was to maintain the elution efficiency (Lin and 

Yu, 2011). The effluent was dried with nitrogen, and restored in 1 mL of DDI water 

for quantification. An aliquot of 20 µL of aqueous solution was injected into a high-
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performance liquid chromatography system (HPLC, Thermo-Fisher Scientific, 

Waltham, MA, USA) coupled with an evaporative light scattering detector (Alltech 

ELSD 3300, Grace, Houston, TX, USA). Since there is no requirement for further 

separation, a polyaryletheretherketone tube (15 m, 0.127 mm i.d., Alltech, Dearfield, 

IL, USA) instead of analytical column was used to connect the HPLC injector port 

and ELSD. HULIS was eluted by isocratic elution with acetonitrile: DDI (1:4, 

vol/vol) at a rate of 0.6 mL min-1. The ELSD was operated at a N2 flow rate of 1.5 

L min-1 and a drift tubing temperature of 90°C. The recoveries of representative 

HULIS species were provided in Lin et al. (2010). Since ELSD is mass sensitive, 

the mass of HULIS instead of HULIS_carbon (HULIS_C) was reported in this 

study. 

Detailed methods for the measurement of EC, OC, WSOC, major ions and 

metals were the same as described in Chapter 2 and concentrations for major ionic 

and organic markers were listed in Table 3.2. 
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Table 3.2 Concentrations of important chemical markers on PM2.5 under different meteorological conditions 

Concentration 
Local Days Long Regional Transport Days Regional Days Whole Year 

Mean Median Range Mean Median Range Mean Median Range Mean Median Range 

EC (µg m-3) 0.98 0.88 0.47 – 2.75 0.99 0.70 0.14 – 2.10 1.14 1.01 0.50 – 2.12 1.03 0.91 0.14 – 2.75 

OC (µgC m-3) 3.05 2.84 1.61 – 5.75 4.36 3.81 1.48 – 8.53 6.15 5.54 3.21 – 13.0 4.24 3.69 1.48 – 13.0 

WSOC (µgC m-3) 1.43 1.29 0.88 – 3.46 2.39 2.26 0.90 – 4.37 3.34 2.96 2.04 – 6.34 2.27 1.98 0.88 – 6.34 

Levoglucosan (ng m-3)) 25.0 7.46 0.64 – 161 121 78.6 3.21 – 363  129 65.2 8.64 – 474 79.7 30.9 0.64 – 474 

Hopanes (ng m-3) 

17a,21b-hopane 109 70.5 25.5 – 385 93.7 70.2 23.8 – 278 122 97.2 43.7 – 267 110 85.0 23.8 – 385 

17a,21b-22R-homohopane 82.2 58.1 9.36 – 279 67.5 56.6 3.13 – 203 89.1 73.2 17.8 – 226 81.3 67.3 3.23 – 279 

17a,21b-22S-homohopane 90.5 69.0 26.7 – 255 69.4 47.8 25.1 – 173 84.4 67.0 37.7 – 154 83.9 65.2 25.1 – 255 

17a,21b-30-norhopane 82.8 41.4 12.7 – 340 80.0 56.3 7.58 – 278 112 66.5 18.6 – 352 91.7 61.7 7.58 – 352 

Major Ions (µg m-3) 

Sulfate 11.9 9.94 3.28 – 30.3 13.6 10.7 2.37 – 29.2 17.4 16.1 8.90 – 29.3 14.0 13.4 2.37 – 30.3 

Oxalate 0.38 0.30 0.11 – 0.86 0.39 0.39 0.09 – 0.72 0.54 0.50 0.29 – 0.94 0.43 0.42 0.09 – 0.94 

Ammonium 2.08 2.14 0.47 – 4.12 2.51 2.79 0.51 – 4.36 2.99 3.09 1.81 – 4.69 2.47 2.62 0.47 – 4.69 
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Table 3.2 Concentrations of important chemical markers on PM2.5 under different meteorological conditions (continued) 

Concentration 
Local Days  Long Regional Transport Days Regional Days Whole Year 

Mean Median Range Mean Median Range Mean Median Range Mean Median Range 

Trace metals (ng m-3) 

Vi 12.2 10.3 2.46 – 32.7 5.04 4.21 0.91 – 14.5 5.82 4.94 2.42 – 10.6 8.57 7.06 0.91 – 32.7 

Ni 4.94 4.60 0.31 – 13.7 1.65 1.94 n.d. – 5.08 1.88 1.94 0.35 – 3.95 3.23 2.66 n.d. – 13.7 

Mn 7.20 6.33 2.44 – 15.0 9.38 7.79 1.73 – 22.4 14.3 14.2 6.07 – 25.3 9.99 8.63 1.73 – 25.3 

Fe 57.2 50.1 14.5 – 105 87.5 77.9 21.6 – 174 105 102 45.8 – 174 79.5 79.0 14.5 – 174 

Zn 104 97.4 60.8 – 225 104.7 95.2 43.8 – 179 147 133 38.6 – 255 118 104 38.6 – 255 
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3.2.3 Optical properties of HULIS 

The light absorbance (A) of HULIS was measured using an ultraviolet-visible 

(UV-Vis) spectrophotometer (8453, Hewlett Pakard, Palo Alto, CA, USA) with 

monitoring wavelength (λ) ranging from 190 to 800 nm. Particularly, the ratio of 

absorbance at 254 nm and 365 nm (A254/A365) was calculated given their strong 

correlation with the aromaticity and molecular structures of HULIS (Fan et al., 2012; 

Peuravuori and Pihlaja, 1997). 

The mass absorption efficiency (MAE, unit: m2 g-1) was calculated as 

following (Hecobian et al., 2010; Liu et al., 2018; Wu et al., 2018): 

 

where Aλ is the light absorbance at wavelength λ. A700 is the light absorbance 

at 700 nm, a null point value adopted to eliminate the possible errors caused by 

baseline fluctuation. Vsolution (mL) is the volume of water used for extraction, Vair 

(m3) is the volume of air sampled, L is the optical path length (0.01 m), and C is the 

atmospheric concentration of HULIS (µg m-3).  

Absorption Ångström exponent (AAE) is then calculated to describe the 

dependency of HULIS optical thickness on wavelength, and it can be deducted from 

MAE values between λ1 and λ2: 
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3.2.4 Oxidative potential of HULIS 

The procedure of the DTT assay follows that used by Li et al. (2009) and Lin 

and Yu (2011). Briefly, a 120-µL portion of HULIS solution was transferred into 

an eppendorf tube. Then 920 µL of potassium phosphate buffer (pH = 7.4) 

containing 1 mM diethylene triamine pentaacetic acid (DTPA) and 50 µL of 0.5 

mM DTT (both >99%; Sigma Aldrich, USA) were added and mixed thoroughly. 

The samples were subsequently placed in a dry bath at 37 °C for 90 min and spiked 

with 100 µL of 1.0 mM DTNB (98%; Sigma Aldrich, USA) containing 1 mM 

DTPA. Finally, the absorbances of the reacted sample solutions were measured at 

412 nm within 30 min using an UV-Vis spectrophotometer (8453, Hewlett Pakard, 

USA). Considering that some transition metals may still remained in the HULIS 

fraction even after HLB purification, sufficient amount of DTPA was added in the 

procedure to chelate all the remaining transition metals, such as Cu, Mn, and Fe, to 

eliminate the redox-activity induced by these metals (Lin and Yu, 2011). For the 

control samples, blank filters were used instead of real samples. The HULIS-

catalyzed DTT consumptions of all 46 samples were less than 90%, falling within 

in the linear range of time- dependent consumption of DTT. Therefore, the DTT 

activity measured in this study was linearly proportional to HULIS mass 

concentration 
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To obtain the extrinsic (DTTV) and intrinsic DTT activity (DTTm) of HULIS, 

the DTT consumption rates of HULIS in all 46 samples were normalized by 

sampling air volume and HULIS mass concentration, respectively as the same 

method described in Chapter 2. 

3.2.5 Calculation of particle-phase liquid water content (LWCp) and 

particle acidity (Hp+) 

Particle-phase liquid water content (LWCp) was related to both organic and 

inorganic components of PM2.5. The liquid water content for organic components 

(LWCorg) was calculated using the following equation: 

LWC$%& =
($%&)*
)$%&

+$%&
(1 ./⁄ − 1) 

where morg is the concentration of OM, 1.9, 2.1 and 2.2 were adopted for 

OM/OC ratio on local, LRT and regional days, respectively (Chen and Yu, 2007). 

ρw and ρorg are the densities of water and organic compounds, with values of 1 g 

cm-3 and 1.4 g cm-3, respectively (Guo et al., 2015). korg is the organic 

hygroscopicity parameter (korg=0.1, Wu et al., 2016), and RH is the relative 

humidity (%). 

Particle acidity (Hp+) was calculated using the following equation: 

/34 =
1000/67%4

89:$%& + 89:7<$%&
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where Hp+ (mol/L) is the concentration of hydronium ion in the aqueous 

solution, served as particle acidity. Hair+ and the liquid water content for inorganic 

components (LWCinorg) were calculated by ISORROPIA-Ⅱusing inorganic ions 

(Na+, SO42-, NH4+, Cl-, Ca2+, K+, and Mg2+), RH and temperature.
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3.3 Results and Discussion 

3.3.1 Mass concentration of HULIS 

The annual average mass concentration of HULIS at this urban sampling site 

in Hong Kong was 2.38±1.62 µg m-3 (median: 1.93 µg m-3; range: 0.47 – 7.61 µg 

m-3). The carbon content in HULIS (HULIS_C) was calculated by dividing HULIS 

mass with a factor of 1.9 (Lin et al., 2010b; Kuang et al., 2015), and its annual mean 

concentration was 1.25±0.85 µgC m-3. This HULIS_C level falls within the range 

of HULIS_C concentrations measured at many other urban environments in the 

world, such as Vienna, Austria (0.1 – 1.8 µgC m-3, Limbeck et al., 2005) and several 

French cities (0.3 – 2.33 µgC m-3, Baduel et al., 2010), yet is significantly lower 

than those reported in northern cities of China, such as Beijing (5.66 µg m-3, equal 

to 2.98 µgC m-3, Ma et al., 2018) and Lanzhou (4.70 µg m-3, equal to 2.47 µgC m-

3, Tan et al., 2016). Compared with other cities located in PRD region, such as 

Guangzhou (GZ, 4.83 µg m-3, equal to 2.54 µgC m-3) and Nansha (NS, 4.71 µg m-

3, equal to 2.48 µgC m-3, Kuang et al., 2015), HULIS mass concentration found in 

this study was obviously lower. This may be due to the comprehensive impacts of 

different source emissions at these three sites. For example, biomass burning, such 

as crop residue burning, was more intense and widely adopted in northern PRD 

region than in Hong Kong. Moreover, higher levels of PM2.5 mass and nitrate at GZ 
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and NS were reported by Kuang et al. (2015) than in this study, indicating a more 

polluted atmosphere and enhanced secondary formation at these two sites. Lin et al. 

(2010a) reported that the annual mean concentration of HULIS at Tsuen Wan in 

Hong Kong was 4.9 µg m-3 during 2007-2008. Similarly, a more polluted sampling 

period with higher levels of pollutants, such as PM2.5, O3, and NO2, were observed 

in Lin’s study, which explains the lower levels of HULIS measured in our study. 

To investigate the contribution of HULIS_C to OC in PM2.5 aerosols, we examined 

the temporal variations of different OC fractions (Figure3.1). It is found that 

HULIS_C accounted for 53.4±14.2% of WSOC in Hong Kong throughout the 

entire sampling period. This ratio was comparable to those observed in Guangzhou 

(48%) and Nansha (57%), indicating a constant and significant contribution of 

HULIS_C to WSOC in the PRD region (Kuang et al., 2015).   

 

Figure 3.1 Temporal variation of OC fractions, i.e. HULIS_C 

(HULIS_carbon), WSOC_h (hydrophilic water-soluble organic carbon), 

WISOC (water-insoluble organic carbon) 
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Based on the classification of sampling days, we found a clear trend of HULIS. 

This characteristic was also observed for other PM2.5-bound pollutants in Hong 

Kong, such as water-insoluble polycyclic aromatic carbons and their derivatives 

(Ma et al., 2016). Briefly, on local days, pollutants from local emissions (e.g., on-

road traffic, residential cooking) were diluted by the clean ocean breeze, with 

average concentration of 1.32 µg m-3 for HULIS (median: 1.17 µg m-3, range: 0.47 

– 3.09 µg m-3). In contrast, on regional days, in addition to local sources, the north 

wind made Hong Kong a receptor site of anthropogenic emissions from the PRD 

region, leading to higher mean concentration of 3.64 µg m-3 (median: 3.30 µg m-3, 

range: 1.61 – 7.61 µg m-3). Similar trends were observed for other PM2.5-bound 

pollutants in the same batch of PM2.5 samples, such as polycyclic aromatic 

hydrocarbons and their derivatives in water-insoluble organic carbon (WISOC) 

fraction (Ma et al., 2016).  

Spearman rank correlation tests between HULIS and gaseous pollutants (NO2, 

SO2, O3), LWCp and Hp+ were conducted (Table 3.3). NO2 (r=0.461, p<0.01), SO2 

(r=0.432, p<0.01), and Hp+ (r=0.419, p<0.01) were found to be strongly correlated 

with HULIS during the whole year. O3 was also positively correlated with HULIS 

(r=0.308, p<0.05). NO2 and O3 are the typical atmospheric oxidants, and the high 

correlations between HULIS and NO2/O3 suggested a significant role of 

photochemical oxidation in the formation of HULIS. Moreover, Hp+ was also an 
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important factor in acid-catalyzed SOA formation, involving processes such as 

hydration, aldo condensation, and oligomerization. The significant correlation 

between Hp+ and HULIS indicated that a fraction of HULIS measured in the region 

could be formed from secondary particle-phase reactions. 

Table 3.3 Spearman rank correlation tests between HUILS and 

environmental variables (NO2, SO2, O3, LWCp, and Hp+) 

HULIS NO2 SO2 O3 LWCp Hp+ 

Annual 0.461** 0.432** 0.308* -0.118 0.419** 

Local 0.462* 0.312 0.046 -0.103 0.273 

LRT 0.188 0.382 0.188 0.164 0.371 

Regional 0.807 0.511 -0.218 0.693** -0.038 

** represents p<0.01, * represents p<0.05 

3.3.2 Concentration of individual HULIS species 

Besides HULIS mass concentration, 18 individual HULIS species were also 

identified and quantified (Figure 3.2, Table 3.4), which included eight aliphatic 

acids, nine aromatic acids and one nitro-phenolic compound. A clear and similar 

temporal trend was observed, with the highest level found in regional days and 

lowest level in local days.  
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The nine aromatic acids could be classified into benzenedicarboxylic acids 

(BDAs), benzenetricarboxylic acids (BTAs), hydroxyl acids (HBAs) and others. Of 

these acids, BDAs and BTAs were most abundant.  

The three identified BDAs were phthalic acid (PhA), isophthalic acid (IPhA) 

and terephthalic acid (TPhA). Both PhA and TPhA showed higher levels on 

regional days than on local days, indicating their regional pollution sources. PhA is 

ubiquitous in atmospheric particles and were detected in PM2.5 collected in various 

cities, such as GZ and Xi’an (Ho et al., 2011; Zhao et al., 2014). Although PhA 

could come from primary sources such as biomass burning, chamber studies have 

observed the secondary formation of PhA as the photo-oxidation product of 

naphthalene and its methyl-analogs in the atmosphere (Kautzman et al., 2010; 

Kleindienst et al., 2012). Therefore, it was also used as the tracer for SOA formation 

from PAHs in some studies (Ho et al., 2006; Sheesley et al., 2010, 2004). Our 

previous study found that the concentrations of aerosol phase PAHs on regional 

days were about three times higher than those on local days (Ma et al., 2016). Coal 

combustion and biomass burning were the two major sources of PAHs in Hong 

Kong, especially on regional days, with a combined contribution of 89% (Ma et al., 

2016). This may explain the higher level of PhA in HULIS observed on regional 

days (13.1 ng m-3, 2.76 – 43.1 ng m-3) than local days (5.42 ng m-3, 2.20 – 18.5 ng 

m-3). Specifically, previous studies have suggested that terephthalic acid could 
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serve as potential indicator plastic combustion (Kawamura and Pavuluri, 2010; 

Simoneit et al., 2005). Compared with non-heating seasons in Beijing, the level of 

terephthalic acid in Hong Kong was lower by an order of magnitude. However, 

considering the prohibit policy for waste incineration in Hong Kong and the 

consequently low levels of terephthalic acid we measured compared to Beijing, it 

may not serve as a perfect source tracer for plastic burning in Hong Kong. But still, 

the different MSW treatment approaches used in Hong Kong and the PRD region 

may explain the higher levels of TPhA in HULIS observed on regional days than 

local days. 

Three BTAs species, i.e. 1,2,3-benzenetricarboxylic acid (1,2,3-Ben), 1,2,4-

benzenetricarboxylic acid (1,2,4-Ben) and 1,3,5-benzenetricarboxylic acid (1,3,5-

Ben), were identified. Among the aromatic acids, 1,2,3-Ben and 1,2,3-Ben were 

most abundant. Both of them showed higher levels on regional days than local days, 

especially for 1,2,3-Ben, the difference was up to 12 times. Fraser et al. (1998) 

found these three BTAs could be directly emitted from motor vehicles, but recent 

field measurements suggested they could also be secondarily formed from the 

photo-oxidation of PAHs (Sheesley et al., 2010). 

One nitro-phenolic compounds, namely 4-nitrocatechol (4NC), were 

quantified in HULIS, with concentrations ranging from 0.35 to 2.41 ng m-3. Some 

studies showed that these nitro-phenolic compounds may come from both primary 
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emissions and aging of biomass burning (Claeys et al., 2012; Harrison et al., 2005; 

Kahnt et al., 2013; Kitanovski et al., 2012). Considering their potential indication 

for biomass burning, we then include it in the following PMF model. 

 

Figure 3.2 Concentration of individual HULIS species under different 

meteorological conditions
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Table 3.4 Concentrations of individual HULIS species under different meteorological conditions 

Concentration 

(ng m-3) 

Local Days Long Regional Transport Days Regional Days Whole Year 

Mean Median Range Mean Median Range Mean Median Range Mean Median Range 

HULIS species 

Succinic acid 1.38 1.26 0.85 – 3.01 1.71 1.64 0.93 – 3.23 2.96 2.09 1.34 – 11.5 1.97 1.60 0.85 – 11.5 

Glutaric acid 1.85 1.37 0.85 – 3.65 2.70 2.55 1.29 – 4.88 4.02 3.14 1.88 – 9.84 2.74 2.36 0.85 – 9.84 

Malic acid 1.43 1.34 1.21 – 2.11 1.50 1.42 1.29 – 2.26 1.81 1.59 1.38 – 4.17 1.56 1.42 1.21 – 4.17 

Adipic acid 2.37 2.41 1.58 – 3.39 3.30 2.93 1.50 – 8.06 6.29 4.06 2.69 – 31.8 3.85 2.73 1.50 – 31.8 

Pimelic acid 1.73 1.67 1.45 – 2.09 2.15 2.00 1.65 – 3.18 2.89 2.32 1.84 – 9.57 2.20 1.93 1.45 – 9.57 

Azelaic acid 4.86 4.79 3.11 – 9.26 5.47 4.55 3.13 – 12.0 7.04 5.69 3.66 – 18.1 5.70 5.06 3.11 – 18.1 

Vanillic acid 0.39 0.36 0.27 – 0.78 1.03 0.45 0.29 – 4.71 2.26 0.60 0.35 – 16.3 1.14 0.43 0.27 – 16.3 

Syringic acid 0.46 0.34 0.16 – 1.41 1.05 0.71 0.20 – 4.08 2.19 0.76 0.28 – 16.8 1.15 0.56 0.16 – 16.7 

2-hydroxybenzoic acid 1.12 1.11 1.03 – 1.21 1.33 1.25 1.07 – 1.78 1.60 1.29 1.17 – 4.59 1.32 1.16 1.03 – 4.59 

3-hydroxybenzoic acid 1.09 1.07 1.02 – 1.29 1.24 1.18 1.07 – 1.61 1.43 1.21 1.06 – 3.64 1.24 1.12 1.02 – 3.64 

4-hydroxybenzoic acid 1.04 1.02 0.89– 1.42 1.42 1.21 0.93 – 3.05 1.80 1.43 1.07 – 5.88 1.37 1.10 0.89 – 5.88 
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Table 3.4 Concentrations of individual HULIS species under different meteorological conditions (continued) 

Concentration 

(ng m-3) 

Local Days Long Regional Transport Days Regional Days Whole Year 

Mean Median Range Mean Median Range Mean Median Range Mean Median Range 

Phthalic acid 5.42 4.01 2.20 – 18.5 8.20 8.33 1.79 – 17.5 13.1 10.9 2.76 – 43.1 8.52 6.97 1.79 – 43.1 

Isophthalic acid 1.85 1.71 1.42 – 3.09 2.00 1.85 1.42 – 3.00 2.67 2.42 1.52 – 7.61 2.15 1.83 1.41 – 7.61 

Terephthalic acid 6.24 5.34 2.20 – 15.3 11.6 7.05 1.47 – 31.2 16.0 14.5 1.71 – 40.1 10.6 6.50 1.47 – 40.1 

1,2,3-benzenetricarboxylic acid 4.43 3.01 0.45 – 16.4 11.0 11.8 1.66 – 19.2 16.1 15.7 10.1 – 24.6 9.66 10.3 0.45 – 24.6 

1,2,4-benzenetri carboxylic acid 8.42 8.49 2.54 – 19.4 12.3 12.8 3.85 – 17.6 15.9 15.7 9.59 – 23.3 11.7 12.4 2.54 – 23.3 

1,3,5-benzenetri carboxylic acid 2.43 2.36 2.23 – 2.92 2.42 2.38 2.24 – 2.75 2.54 2.46 2.29 – 3.01 2.46 2.41 2.23 – 3.01 

4-nitrocatechol 0.41 0.37 0.35 – 0.70 0.63 0.41 0.36 – 1.47 0.83 0.51 0.44 – 2.41 0.59 0.42 0.35 – 2.41 

SOA markers 

3-hydroxyglutaric acid 1.50 1.51 1.10 – 1.89 1.80 1.80 1.55 – 2.32 2.42 2.07 1.75 – 6.44 1.87 1.75 1.10 – 6.44 

3-acetylglutaric acid 2.75 1.94 1.36 – 15.5 3.24 3.00 1.67 – 7.86 5.31 4.46 2.48 – 16.9 3.69 2.66 1.36 – 16.9 

3-hydroxy-4,4-dimethylglutaric 

acid 

1.45 1.48 n.d. – 2.95 1.88 1.76 1.52 – 2.72 2.32 2.07 1.66 – 5.48 1.83 1.67 n.d. – 5.48 
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Table 3.4 Concentrations of individual HULIS species under different meteorological conditions (continued) 

Concentration 

(ng m-3) 

Local Days Long Regional Transport Days Regional Days Whole Year 

Mean Median Range Mean Median Range Mean Median Range Mean Median Range 

3-isopropylglutaric acid 2.47 2.13 1.66 – 6.53 3.05 2.27 2.02 – 8.58 6.41 3.68 2.02 – 32.5 3.88 2.51 1.66 – 32.5 

3-methyl-1,2,3-butanen 

tricarboxylic acid 

3.38 1.83 1.45 – 21.2 4.71 3.50 2.59 – 14.5 9.98 7.46 2.45 – 36.8 5.82 3.21 1.45 – 36.8 

β-caryophyllinic acid 3.92 3.33 2.17 – 9.59 5.36 4.37 2.45 – 12.3 9.09 8.32 3.79 – 33.6 5.92 3.91 2.17 – 33.6 

Table 3.5 Optical properties of HULIS under different meteorological conditions 

 
 Local Days LRT days Regional Days 

 Mean Median Range Mean Median Range Mean Median Range 

MAE365 ( m2 g-1) 1.64 1.77 n.d – 2.81 1.98 1.63 0.96 – 3.06 2.05 1.90 1.08 – 3.20 

AAE(300-400) 6.58 6.11 5.04 – 10.9 6.56 6.08 5.65 – 9.08 6.27 6.25 5.53 – 6.96 

A254/A365 5.85 4.97 3.07 – 22.4 6.74 6.33 4.38 – 10.4 6.42 6.14 5.35 – 8.08 
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3.3.3 Optical properties of HULIS 

HULIS were found to be a significant contributor to regional and global 

radiative forcing due to their high light absorptivity (Liu et al., 2018). The light 

absorption ability of HULIS was determined by their chemical composition, which 

was influenced by the emission characteristics of sources. Thus, in this chapter, we 

also investigated the optical properties of HULIS in Hong Kong and the major 

sources contributing to the light absorbing compounds in HULIS. Figure 3.3 shows 

the typical UV absorption trend of HULIS at the wavelength of 190nm to 800nm. 

 

Figure 3.3 UV absorption of HULIS 

The optical properties of HULIS in Hong Kong PM2.5 samples were listed in 

Table 3.5. Previous studies have adopted MAE365 to assess the overall light 

absorption ability of brown carbon or HULIS (Liu et al., 2018; Wu et al., 2018). 

Here we found MAE365 with higher values on regional days (average: 2.05 m2 g-1, 
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median: 1.90 m2 g-1) than on LRT days (average: 1.98 m2 g-1, median: 1.63 m2 g-1) 

and local days (average: 1.64 m2 g-1, median: 1.77 m2 g-1), suggesting a higher light 

absorption ability of HULIS collected on regional days than on local and LRT days. 

This could be attributed to the different chemical compositions and sources of 

HULIS under the three synoptic conditions. When compared with the MAE365 value 

of HULIS measured in Guangzhou during winter (1.33±0.21 m2 g-1 C, equal to 

2.53±0.19 m2 g-1 using HULIS/HULIS_C ratio of 1.9, Lin et al., 2010), the annual 

mean light absorption ability of HULIS in Hong Kong atmosphere was obviously 

lower (1.84±0.77 m2 g-1).  

The optical parameter AAE is a good indicator of organic composition formed 

from insufficient combustion at low temperatures (Laskin et al., 2015). For example, 

when light absorption was predominated by black carbon aerosols, the AAE value 

was approaching 1. However, when the absorption was caused by large amounts of 

organic constituents, the AAE value rapidly increased and became much larger than 

1. Since the light absorption of HULIS mostly occurs in the range of 300 nm to 400 

nm (Wu et al., 2018), AAE(300-400) was calculated and used in this study (Table 3.5). 

The averaged AAE(300-400) values of HULIS collected on local (6.58), LRT (6.56) 

and regional (6.27) days were quite similar and much higher than 1. The results 

indicated the presence of massive amounts of UV-light absorbing organic 

compounds emitted from incomplete combustion in HULIS, such as biomass 
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burning. Moreover, the high AAE(300-400) value confirmed the significant role of 

HULIS in brown carbon light absorption in Hong Kong (Fan et al., 2016). 

We then calculated the A254/A365 ratio of HULIS, which is suggested to be 

strongly correlated with the aromaticity and structure of HULIS (Baduel et al., 2010; 

Wu et al., 2018). Similar to MAE365, A254/A365 ratios showed higher values on 

regional (average: 6.42 µg m-3, median: 6.14 µg m-3) and LRT days (average: 6.74, 

median: 6.33 µg/m3) than on local days (average: 5.85 µg m-3, median: 4.97 µg m-

3). This indicates a higher aromaticity of HULIS in samples collected on regional 

and LRT days. Such structure characteristics may be attributed to the broad biomass 

burning activities in the PRD region, which emit large amounts of nitroaromatics, 

such as 4-nitrophenol, 4-nitrocatechol and 4-methyl-5-nitrocatechol (Ma et al., 

2018). 

3.3.4 DTT activity of HULIS in Hong Kong atmosphere 

Besides their environmental impact, HULIS also have a great impact on 

human health given their ability to induce ROS generation and the subsequent 

oxidative stress in affected cells (Dou et al., 2015). Thus, the DTT activity of 

HULIS was measured to evaluate their oxidative potential. 

As mentioned early, DTTV is the extrinsic DTT activity of HULIS, which is 

directly related to human exposure dose. Significantly higher levels of DTTV were 
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observed on regional days (15.1 pmol min-1 m-3) than on LRT (10.8 pmol min-1 m-

3) and local days (3.96 pmol min-1 m-3), indicating higher human exposure risk of 

HULIS-induced oxidative stress on regional days (Figure 3.4). As shown in Figure 

3.5, a quadratic curve (y=1.11x2-2.38x+6.07, R2=0.72) fitting between HULIS and 

their DTTV activity was observed instead of a linear regression. Dou et al. (2015) 

have reported the oxidative potential of HULIS for both aerosol and source samples. 

They proposed an enhancement effect for imidazole in HULIS fraction, leading to 

a rapid increase of DTT consumption with higher HULIS concentration. Notably, 

for low-level HULIS, high DTT activity was observed (Figure 3.5), indicating a 

higher oxidative potential. Considering those days were mostly classified in local 

days, specific sources with high ROS generation ability may existed under this 

meteorological condition. 

DDTm represents the intrinsic ROS-generation potential of HULIS. Same as 

DTTV, higher levels of DDTm were observed on regional (3.82 pmol min-1 µg 

HULIS-1) and LRT days (3.79 pmol min-1 µg HULIS-1) than on local days (3.31 

pmol min-1 µg HULIS-1). When compared with other cities in China, such as 

Guangzhou (6.4 pmol min-1 µg HULIS-1, Dou et al., 2015) and Beijing (9.91 pmol 

min-1 µg HULIS-1, Ma et al., 2018), the average intrinsic DDT activity of HULIS in 

Hong Kong (3.31 pmol min-1 µg HULIS-1) was much lower. HULIS collected in 

Beijing could produce 3 times higher amounts of ROS per unit HULIS mass than 
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that collected in Hong Kong. Such a stark difference of intrinsic ROS-generation 

potential of HULIS in these two cities could be attributed to the different HULIS 

composition and sources under these two atmospheric environments (Ma et al., 

2018). 

 

Figure 3.4 Temporal variation of HULIS mass concentration and DTTV 

activity 

 

Figure 3.5 Correlations between HULIS mass concentration and associated 

DTT consumption  
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Chapter 4 Source apportionment of HULIS mass concentration and its 

oxidative potential in Hong Kong 

4.1 Introduction 

Considering the significant roles of HULIS in air quality, global warming and 

public health, some field monitoring and source apportionment studies have been 

conducted to explore their sources. Biomass burning and secondary formation from 

the atmospheric oxidation of VOCs were reported as the two major sources of 

HULIS (Kuang et al., 2015; Ma et al., 2018a; Tan et al., 2016). However, HULIS 

emitted from different sources have different oxidative potential and extents of 

exposure risks. Besides HULIS mass concentration, source apportionment of a 

more health relevant metric, such as the ROS-generation potential of HULIS, can 

provide us more useful information in terms of how to mitigate the health risks of 

HULIS to the public. It is important for the policy makers to consider both the mass 

concentration and source-specific oxidative potential of HULIS when formulating 

regional air pollution control policy. 

4.2 PMF analysis 

Basic principle of PMF model were described in Chapter 2. A total of 17 

species were input into PMF, including WSOM, HULIS, DTTV, levoglucosan, 

MonoT, β-caryophyllinic acid, sulfate, oxalate, ammonium, EC, SUMhopane, Fe, 
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Zn, V, Ni, and 4-nitrocatechol. Constraints were applied for a more reasonable 

result considering there were overlaps of factors in base model. Constrain results 

obtained with the percentage of dQ equal to 0.009%, much lower the allowed 

maximum %dQ value (1%). The optimized final PMF solution was determined with 

6 factors with no extra modeling uncertainty. The Qrobust value is 104.7, which 

almost equals to Qtrue (104.2), suggesting negligible residues for the final solution. 

The six-factor solution was bootstrapped 100 times with block size of 7 to estimate 

its stability. Of the 100 runs, all factors were mapped to a base factor in every run, 

and no factors were unmapped, indicating the solution was stable. The factors did 

not show oblique edges, indicating there was little rotation for the solution. These 

features demonstrated that the model simulation results were acceptable. 

4.3 PMF Source apportionment of mass concentration and DTT 

activity of HULIS 

The final PMF solution with six factors was shown in Figure 4.1. Factor A had 

a high percentage of levoglucosan, a specific indicator for biomass burning. Thus, 

this factor was related to biomass burning activities. Factor B was enriched with 

MonoT and β-caryophyllic acid, which are good SOA tracers. So, it was assigned 

as SOA formation. With high percentages of sulfate, oxalate and ammonia, Factor 

C was used to track secondary sulfate formation. Factor D was predominated by 
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Mn, Fe, Zn, which were mostly emitted from industrial sources (Duan and Tan, 

2013). Thus, Factor D was associated with industrial exhaust (Cheng et al., 2015). 

Factor E was predominated by V and Ni, which were specific tracers for residue oil 

combustion on marine vessels. Therefore, this factor was considered as marine 

vessels. Factor F was dominated by both SUMhopane and EC, which were 

considered as tracers for traffic exhaust. Thus, this factor was assigned to monitor 

vehicle emissions. 

 

Figure 4.1 Source profiles for PMF analysis of HULIS and associated DTT 

activity in Hong Kong 
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4.3.1 Source contribution to HULIS mass concentration 

Source-specific contributions to HULIS mass concentration and the extrinsic 

DTTV of HULIS were calculated based on PMF results (Figure 4.2). As shown in 

Figure 4.3, a strong correlation was found between measured and predicted HULIS 

mass concentration (R2=0.92), confirming the reliability of PMF solution. Overall 

speaking, the annual total contribution of four primary sources, i.e. biomass burning, 

marine vessels, industrial exhaust, and vehicle emissions, to HULIS (45.1%) was 

comparable to that from secondary formation (54.9%). 

 

Figure 4.2 Source contribution for HULIS mass concentration (panel A) and 

the DTT activity of HULIS (panel B) in Hong Kong 
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Figure 4.3 PMF-predicted versus measured concentrations of HULIS mass 

concentration (panel A) and HULIS-associated DTT activity (panel B) 

Among the four primary sources, biomass burning was the most significant 

(27.4%, 0.65 µg m-3), a finding that is consistent with previous results obtained from 

both field studies and source apportionment work (Lin et al., 2010; Ma et al., 2018). 

Based on the PMF results, we applied multilinear regression (MLR) model to 

apportion the contributions of different sources to HULIS light absorption ability 

(Table 4.1). Biomass burning was found to be the only statistically significant factor 

that was positively correlated to MAE365 of HULIS with a regression coefficient of 

0.538 (p<0.01). This result is consistent with findings from another study, which 

showed that brown carbons emitted from biomass burning had a stronger light 

absorption ability than that from other sources, such as secondary formation 

(Hecobian et al., 2010). To further explore the characteristics of biomass burning 
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activities in this area, we examined the ratio of lignin tracers from various types of 

biomass fuels. Lignin was the most abundant polymeric aromatic organic 

compound in plants, and the presence of different types of phenolic acids in HULIS 

fraction were derived from the oxidation of different phenol units of lignin. For 

example, syringyl acid is from syringyl-phenol unit, vanillic acid is from vanillyl-

phenol unit, and 4-hydroxybenzoic acid is from cinnamyl-phenol unit (He et al., 

2018). Consequently, the relative abundance of these three phenol units in lignin or 

the relative abundance of the three corresponding phenolic acids in atmospheric 

particles could reflect the types of plants burnt in biomass burning activities, and 

thus provide more specific source information. Normally the ratio of cinnamyl-

phenol to vanillyl-phenol (C/V) was used to estimate the contributions of nonwoody 

vegetation in biomass burning activities, and the ratio of syringyl-phenol to 

vanillyl-phenol (S/V) was used to distinguish hardwood burning from softwood 

combustion (He et al., 2018). As shown in Figure 4.4, the S/V ratios in this study 

ranged from 0.5 to 2.5, and C/V ratios are mostly in the range of 2 to 4 (>81%). 

Since the S/V ratio of softwood was less than 1, and the reported C/V ratio was 

nearly zero for hardwood and less than 0.25 for softwood (He et al., 2018), non-

woody plant burning, such as crop residue combustion, was identified as the 

predominant biomass burning type that contributed to PM2.5-bound HULIS in Hong 

Kong. Considering the common presence of rice paddies and crop fields in Southern 
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and Eastern China and the wide biomass burning activities in the region, we 

hypothesize that air mass coming from the PRD region on regional days and along 

the east coast of China on LRT days have brought considerable amounts of biomass 

burning related HULIS (HULIS_BB) into Hong Kong. To verify this hypothesis, we 

calculated the average contributions of biomass burning to HULIS under different 

meteorological conditions. As expected, biomass burning showed much higher 

contributions to HULIS on regional (31.2%, 1.11 µg m-3) and LRT days (39.1%, 

1.04 µg m-3) than local days (10.3%, 0.15 µg m-3), suggesting a regional 

characteristic of this anthropogenic source. 

Table 4.1 Multilinear regression analysis of MAE365 and HULIS resolved in 

different sources 

Variable β-coefficient Standard error t value p value 

Intercept 1.580 0.293 5.400 0.000 

Biomass burning 0.538 0.140 3.843 0.000 

SOA -0.119 0.200 -0.597 0.554 

Secondary sulfate 0.180 0.252 0.714 0.479 

Marine vessels 1.312 1.522 0.862 0.394 

Industrial exhausts -0.649 -0.165 -1.039 0.305 
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Figure 4.4 Distributions of lignin phenol ratios, syringyl- to vanillyl-phenols 

(S/V) versus cinnamyl- to vanillyl-phenols (C/V) (The red dots in the figure 

were representative for samples collected on regional days, similarly, the 

yellow dots for LRT days and green dots for local days) 

Industrial exhaust was found to be another primary source of PM2.5-bound 

HULIS in Hong Kong, with an annual contribution of 0.35 µg m-3 (14.7%). Public 

electricity generation could be a significant emission source. As reported on the 

website of Environmental Protection Department of Hong Kong, public electricity 

generation was responsible for over 10% of particle emissions in Hong Kong in 

2011 (Environmental Protection Department of Hong Kong, 2018). Other industrial 

sources such as steel industries, non-road mobile machineries operating in 
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construction sites, and printing industries, could account for 15% of particle 

emissions. In this study, we found industrial exhaust was responsible for 12.7% 

(0.45 µg m-3) of HULIS on regional days, and 20.0% (0.29 µg m-3) on local days. 

The higher amount of HULIS from industrial exhaust on regional days suggests that 

both local and regional (from northern PRD region) industrial emissions could serve 

as potential emission sources for HULIS in Hong Kong. 

Marine vessels and vehicle emissions are two fuel combustion-related sources. 

Particularly, marine vessels are a specific source for harbor cities. The Victoria 

Harbor in Hong Kong is one of the busiest ports in the world. In this study, marine 

vessels contributed 3.0% of HULIS throughout the year (0.07 µg m-3). Unlike other 

combustion-related sources, the contribution of marine vessels to HULIS was much 

higher on local days (8.5%, 0.12 µg m-3) than LRT (1.1%, 0.03 µg m-3) and regional 

days (0.9%, 0.03 µg m-3). On local days, marine air masses could bring in pollutants 

emitted from residual oil combustion, an important oil fuel burned on marine 

vessels. However, among the four primary factors, vehicle emissions were found to 

have a very small contribution to HULIS that PMF model could not quantitatively 

apportion. 

Two secondary sources, i.e. SOA formation and secondary sulfate, contributed 

1.32 µg m-3 (54.9%) of HULIS in total. Secondary sulfate was found to be the major 

secondary source in HULIS formation (28.0%, 0.67 µg m-3). On one hand, sulfate 
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could promote the uptake of organic compounds into aqueous phase through the 

salting-in effect. For example, the Henry’s law constant of glyoxal was enhanced 

by 50 times with the presence of sulfate in PM2.5, due to the stronger hydrogen 

bonding between sulfate ions and OH groups in hydrated glyoxal (Ip et al., 2009; 

Laskin et al., 2015). The following aqueous-phase reactions could then further 

promote the uptake of organic compounds into aerosol. On the other hand, sulfate 

could participate in aerosol phase reactions, which may lead to the formation of 

organosulfates, an important component of HULIS (Marais et al., 2015). SOA 

formation was identified as a major source of HULIS in Beijing (30.1%, Ma et al., 

2018). In this study, we also found a significant contribution from SOA formation 

to HULIS throughout the year (26.9%, 0.65 µg m-3). In fact, HULIS could be 

produced from multiple secondary processes, such as aqueous-phase reactions and 

acid-catalyzed heterogeneous reactions (Graber and Rudich, 2006; Ma et al., 2018; 

Updyke et al., 2012). To explore the secondary processes involved in HULIS 

formation in Hong Kong, spearman rank correlation tests were conducted between 

HULIS resolved in SOA factor (HULIS_SOA) and multiple parameters, i.e. NO2, 

SO2, O3, LWCp, and Hp+. Among these factors, gaseous oxidants NO2 (r=0.42, 

p<0.01) and O3 (r=0.50, p<0.01) were found to be the most significant ones, 

indicating the predominance of photochemical reactions in HULIS_SOA formation.  
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4.3.2 Source contribution to extrinsic DTT activity of HULIS  

To evaluate the contributions of different sources to the oxidative potential of 

HULIS, we further assessed the quantitative source-specific contributions to DTTV 

of HULIS. Strong correlation between the measured and predicted DDTV of HULIS 

was obtained (R2=0.89), suggesting a reliable PMF result (Figure 4.3). 

Biomass burning was found to be the predominant contributor to DTTV of 

HULIS, with a 62.9% contribution throughout the year (5.92 pmol min-1 m-3). In 

order to assess the ROS generation ability of HULIS emitted from various sources, 

we also calculated the intrinsic DTTm of HULIS in different sources. HULIS_BB 

was found to have the highest intrinsic DTT activity (9.00 pmol min-1 µg HULIS_BB-

1). This result was consistent with our finding in Beijing PM2.5 samples (9.10 pmol 

min−1 µg HULIS_BB-1, Ma et al., 2018). Furthermore, we found HULIS_BB was 

strongly correlated with NO2 (r=0.37, p<0.05). Actually, many nitrogen-containing 

organic compounds could be produced through the oxidation of aromatic 

hydrocarbons emitted from biomass burning in the presence of NO2 (Iinuma et al., 

2010). These nitrogen-containing species were considered as great electron transfer 

promotors in atmospheric aerosols (Dou et al., 2015). Thus, the large extrinsic DTT 

activity of HULIS_BB could be attributed to both the high contribution of biomass 

burning to HULIS mass concentration and the high DTT consumption ability of 

HULIS_BB. 
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Marine vessels were found to be another primary source with high intrinsic 

DTTm of HULIS (7.75 pmol min-1 µg HULIS_MV-1). The high DTTm of HULIS_MV 

could be attributed to the highly oxygenated organic compounds produced during 

the incomplete combustion of residual oil. Consequently, although marine vessels 

emissions were only responsible for 3.0% of HULIS mass concentration, it 

contributed 6% of the extrinsic DTTV of HULIS. Particularly, its contribution to 

DTTV was much more pronounced on local days (22.0%) than on LRT (1.9%) and 

regional days (1.6%). Industrial exhaust was a minor contributor to DTTV of HULIS 

throughout the year (5.7%, 0.54 pmol min-1m-3). This could be attributed to both 

the small amount of HULIS resolved in industry factor (HULIS_IE, 14.7%, 0.35 µg 

m-3) and the low intrinsic DTT activity of HULIS_IE (1.51 pmol min-1 µg HULIS_IE-

1). 

For the two secondary sources, despite their high contributions to HULIS mass 

concentration, their contributions to DTTV of HULIS were less significant: 12.6% 

for SOA factor (1.19 pmol min-1 m-3) and 12.8% for secondary sulfate factor (1.21 

pmol min-1 m-3). In our previous study, we found out that although secondary 

processes were important contributors to both the mass concentration and DTTV of 

HULIS in Beijing, the intrinsic ROS generation ability of secondarily formed 

HULIS was relatively low (Ma et al., 2018). In this study, we also observed low 

ROS-generation potential for HULIS resolved in SOA formation (1.84 pmol min-1 
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µg HULIS_SOA-1) and secondary sulfate (1.79 pmol min-1 µg HULIS_SS-1) sources. 

The intrinsic DTT activity of HULIS_SOA was close to that of isoprene SOA 

(2.10±0.22 pmol min-1 µg-1) reported by Kramer et al. (2016) yet smaller than that 

of naphthalene SOA (~100 pmol min-1 µg-1, Tuet et al., 2017). This indicated that 

HULIS from SOA formation were more of biogenic origin other than anthropogenic 

origin in Hong Kong. 

 

Figure 4.5 Intrinsic DTT activity from different sources  

We noticed large difference between this result and the source profiles in 

Chapter 2 that metal-related sources, marine vessels and secondary formation were 

major contributors to the oxidative potential of PM2.5. In Chapter 2, the source 

apportionment was conducted regarding the combination of both water-soluble 
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fraction and lipid-soluble fraction of PM2.5. The high ROS-active metals could 

contribute a lot to the oxidative potential of PM2.5. Moreover, the synergistic and 

antagonistic effects between metals and organic compounds could largely impact 

the ROS generation ability of PM2.5 (Yu et al., 2018). While in this Chapter, the 

DTT activity was totally attributed to the organic part of HULIS, a major water-

soluble fraction of PM2.5.Thus the source profiles and source-specific contributions 

to oxidative potential in these two chapters were quite different. 

4.3.3 Summary 

In Chapter 3 and this Chapter, we measured the mass concentration, chemical 

composition, optical properties, and DTT activity of HULIS in PM2.5 samples 

collected in Hong Kong during a 1-yr period. Higher levels of HULIS and 

individual species in HULIS extracts were observed on days under regional 

pollution than on days under LRT pollution and local emissions. HULIS also 

showed the highest aromaticity, light absorption ability, and DTT activity on 

regional days. Source apportionment of both mass concentration and DTT activity 

of HULIS was performed. Secondary processes (54.9%) including SOA and 

secondary sulfate formation were identified as the predominant contributor to 

HULIS in Hong Kong, followed by biomass burning. Concerning the ROS activity 

of HULIS, biomass burning was found as the most significant source of the 
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extrinsic DTTV of HULIS (62.9%), and HULIS_BB also showed the highest ROS-

generation ability (9.00 pmol min-1 µg HULIS_BB-1). Although secondary formation 

had a high contribution to HULIS mass, the ROS-generation potential of 

HULIS_SOA is relatively low, about 5 times lower than that of HULIS_BB. Such a 

comprehensive source apportionment study regarding both the chemical properties 

and DTT activity of HULIS provides the direction of further inquiries of source-

specific toxicity characteristics of HULIS and the scientific basis for the future 

establishment of PM2.5 control policy in Hong Kong. 
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Chapter 5 Characterization of HULIS and associated redox activity in ambient 

aerosols in Beijing 

5.1 Introduction 

As we discussed in Chapter 3 and Chapter 4, HULIS comprises a significant 

proportion (30%–80%) of WSOM in PM2.5 (Graber and Rudich, 2006; Kuang et al., 

2015; Lin et al., 2010b) and the reversible redox sites in HULIS fraction could serve 

as electron transfer intermediary and lead to continuous production of ROS (Lin 

and Yu, 2011).  

Beijing, the capital of China located in the North China Plain, is a political and 

cultural center with densely population. On the other hand, it has become one of the 

most polluted cities in the world, with an annual PM2.5 concentration of up to 89.5 

µg m−3 in 2013 (Li et al., 2017). Therefore, it presents an ideal location to study the 

chemical characteristics of HULIS as well as their sources and potential redox 

activity. 

In this Chapter, a total of 66 PM2.5 samples collected in Beijing during a 1-year 

period were analysed. Concentrations of total HULIS were quantified, together with 

some characteristic individual HULIS species and the major aerosol components. 

HULIS-associated redox activity was also determined using a DTT assay. The 
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objective of this work was to investigate the characteristics and redox activity of 

aerosol HULIS in Beijing of North China. 

5.2 Experimental section 

5.2.1 Aerosol sampling  

PM2.5 samples were collected at Peking University Atmosphere Environment 

Monitoring Station (PKUERS) in the campus of Peking University (39°59'21''N, 

116°18'25'E, ~30m above the ground), Beijing, China. A high-volume air sampler 

coupled with a ≤2.5 µm inlet (HIVOL-CABLD, ThermoFisher Scientific, Waltham, 

MA, USA) was used to conduct sampling at a flow rate of 1.13 m3 min-1. Samples 

were collected on quartz fiber filters (20.3×25.4 cm2, prebaked at 450℃ for 4 h, 

Pall Life Science, Port Washington, NY, USA) for 24 h every six days from 3 

March 2012 to 1 March 2013. In addition, a four-channel mid-volume sampler was 

operated synchronously (16.7 L min-1, TH-16A, Wuhan Tianhong Instruments Co. 

Ltd, China) to collect PM2.5 onto three 47 mm Teflon filters and one quartz fiber 

filters for the determination PM2.5 mass, EC and OC, inorganic ionic species, and 

so on. 
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5.2.2 Chemical analysis 

Major water-soluble ions were identified and quantified using ion-

chromatography (DIONEX, ICS-2500 for cations and ICS-2000 for anions, 

ThermoFisher Scientific, Waltham, MA, USA, Tang et al., 2011). EC and OC were 

analyzed by a thermal–optical carbon analyzer (Sunset Laboratory-Based 

Instrument, Tigard, OR, USA) (Tang et al., 2011). Hopanes were measured by in-

injection thermal desorption-gas chromatography mass spectrometry (GC-MS, 

Agilent 6890N-5975C, Santa Clara, CA, USA) (Ho et al., 2008; Yu et al., 2011), 

while levoglucosan was measured using an Agilent 7890A- 5975C GC-MS (Hu et 

al., 2008). The concentrations of major ions and markers were listed in Table 5.1. 

Detailed methods for the measurement of HULIS mass concentration, 

individual HULIS species, and DTT consumption rate of HULIS were described in 

Chapter3. Recoveries for all measured species were within 72%-106%. Give that 

the DTT consumption rates for all the 66 samples in this study were between 3.6% 

and 77.0%, the DTT activity is proportionally related to HULIS concentration. 

5.3 Results and discussion 

5.3.1 HULIS mass concentration and its DTT activity 

In this study, the concentrations of HULIS and its DTT activity in 66 PM2.5 

samples were quantified. The annual average concentration of HULIS in Beijing 



 

105 

 

measured in this study was 5.66 µg m−3 (median: 4.30, range: 1.08–22.36 µg m−3). 

This was approximately 20% higher than those measured in three other Chinese 

cities: 4.83 µg m−3 in Guangzhou (Kuang et al., 2015), 4.71 µg m−3 in Nansha 

(Kuang et al., 2015), and 4.69 µg m−3 in Lanzhou (Tan et al., 2016). A clear 

temporal variation of total HULIS was observed (Figures 5.1, 5.2), with 

significantly higher levels (p < 0.05, Mann–Whitney test) in the heating season 

(November through March; average 7.93, median 6.15 µg m−3) than in the non-

heating season (April through October; average 3.72, median 2.86 µg m−3). This 

could be mostly attributed to the intensive coal and biomass burning activities 

performed for residential heating during the heating season. In addition, lower 

temperatures and mixing heights during the heating season could also favor the 

formation of particle-bound HULIS species. However, the contributions of HULIS 

to OM (calculated by OC multiply the ratio of 1.98 and 1.50 for the heating and 

non-heating seasons, respectively, Xing et al., 2013) in PM2.5 are slightly lower 

during the heating season (21.8% ± 13.5%) than that during the non-heating season 

(27.4% ± 12.0%, Figure 5.1), indicating higher levels of other combustion-

generated organic compounds were emitted in the heating seasons other than 

HULIS.  

For the DTT activity of HULIS, they exhibited similar temporal variation as 

HULIS (Figure 5.2), with significantly higher levels in the heating season (mean: 
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0.073, median: 0.063 nmol min−1 m−3) than in the non-heating season (mean: 0.031, 

median: 0.029 nmol min−1 m−3). Because most of the inorganic ions were not 

retained by the HLB cartridge and the remaining metals in the HULIS effluent were 

chelated by DTPA, the DTT activity measured here could be attributed entirely to 

HULIS. In fact, a strong correlation between total HULIS and HULIS-associated 

DTT activity was observed (R2 = 0.78). 

 

Figure 5.1 Monthly average concentrations (average ± standard error) of 

HULIS and organic matter (OM) in PM2.5 collected in Beijing. The monthly 

percentage contributions of HULIS to OM are shown in the blue line. 

 

 Figure 5.2 Temporal variation of HULIS mass concentration and associated 

DTT activity in Beijing 
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5.3.2 Individual species of HULIS 

Because the main objective of this study was to identify the sources of HULIS 

and its redox activity, we mainly focused on the identification of organic markers 

in the chemical analysis. A total of 25 species were identified and quantified in the 

HULIS fraction of PM2.5 through GC-MS, including 12 aromatic acids, five 

nitrophenol analogues, three aliphatic acids, and five biogenic secondary organic 

aerosol (SOA) tracers (Table 5.1, Hu et al., 2008) 

All 12 aromatic acids, including three hydroxyl benzoic acids, three 

benzenedicarboxylic acids, three benzenetricarboxylic acids, 2-hydroxy-5-

nitrobenzoic acid, vanillic acid, and syringic acid, exhibited higher levels during 

the heating season than during the non-heating season (Figure 5.3). Among these 

acids, terephthalic acid (TPha) was the most abundant (mean: 150.2 ng m−3 in the 

heating season, and 98.1 ng m−3 in the non-heating season), accounting for 

approximately 2% of HULIS mass concentration. Compared with other Chinese 

cities, the concentration of TPha in Beijing was substantially higher than those in 

the southern cities such as Hong Kong (19.9 ng m−3 in winter, Ho et al., 2011) and 

similar to those in the northern cities such as Xi’an (54 ng m−3 in summer and 250 

ng m−3 in winter, Cheng et al., 2013). TPha is mainly used to produce 

polyethyleneterephthalate (PET) plastics, which are widely used for bottles and 

containers; therefore, it has been suggested as a tracer for the pyrolysis of domestic 
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waste (Kawamura and Pavuluri, 2010; Simoneit et al., 2005). A previous study have 

examined the stable carbon isotope ratio (δ13C) values of dicarboxylic acids in 

Beijing, which could provide information about the aging processes of aerosols. 

Low levels of δ13C was found for TPha compared with other diacids. Furthermore, 

the δ13C showed a decrease trend from autumn to winter and an increase trend 

toward summer. However, the ratio of TPha to total diacids increased in autumn 

and winter. This may suggest that primary emission dominate the TPha production 

in Beijing, especially in winter and autumn, supporting the hypothesis that TPha in 

Beijing was mostly emitted from the burning of plastic wastes (Zhao et al., 2017). 

Meanwhile, benzenetricarboxylic acids were considered to be secondarily formed 

from the photodegradation of organic precursors such as PAHs (Kautzman et al., 

2010). Therefore, 1,2,3-benzenetricarboxylic acid (123Ben) and 1,2,4-

benzenetricarboxylic acid (124Ben) were also included in the PMF analysis. 

 

Figure 5.3 Difference of individual HULIS species during the heating and 

non-heating seasons. 
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Compared with Hong Kong PM2.5 samples, more nitroaromatic compounds 

have been quantified due to their higher concentration in atmosphere. Similar to the 

aromatic acids, all five nitrophenol analogues, namely 4-nitrophenol, 2-

nitrocatechol, 2-methyl-4-nitrophenol (2M4NP), 4-methly-5-nitrocatechol 

(4M5NC), and 3-methly-6-nitrocatechol (3M6NC), exhibited 8–14 times higher 

concentrations during the heating season than during the non-heating season (Table 

5.2). In particular, 4M5NC and 3M6NC not only showed similar temporal 

variations but also were strongly correlated (R2 = 0.87), implying that they may 

have similar sources. These two compounds have been suggested as tracers for the 

aging process of biomass burning (Iinuma et al., 2010; Kahnt et al., 2013). However, 

Iinuma et al. (2010) pointed out that the photo-oxidation of vehicle exhaust may be 

a more significant source for these two compounds in urban areas. Given that both 

4M5NC and 3M6NC are good anthropogenic SOA markers, they were also 

included in the PMF analysis.  

Five biogenic SOA tracers including 3-hydroxyglutaric acid, 3-hydroxy-4,4-

dimethylglutaric acid, 3-methyl-1,2,3-butanetricarboxylic acid, 3-isopropylglutaric 

acid, and 3-acetylglutaric acid, they were all formed from the atmospheric oxidation 

of monoterpenes and had similar temporal variations and grouped as SOA markers 

of monoterpene (MonoT) in the PMF analysis (Hu et al., 2010). Briefly, MonoT 

showed higher concentrations during the non-heating season (mean: 16.9, median: 
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15.2 ng m−3) than during the heating season (mean: 12.5, median: 10.2 ng m−3), 

which was opposite to that of HULIS mass concentration. Because of the higher 

biogenic VOCs emissions, more intense solar radiation, and higher temperature and 

humidity in the non-heating season, more active secondary formation could lead to 

higher concentrations of biogenic SOA (Guo et al., 2012).  
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Table 5.1 Concentrations of quantified hopanes and major ions during the heating and non-heating seasons 

Species 
Heating season Non-heating season 

Mean Median Range Mean Median Range 

Hopanes (ng m-3) 

17α(H)-22,29,30-trisnorhopane 2.75 2.92 0.46 – 6.45 0.41 0.31 0.15 – 1.10 

17α(H),21β(H)-30-norhopane 7.19 6.56 0.97 – 17.1 1.72 1.33 0.44 – 4.95 

17α(H),21β(H)-hopane 3.51 3.34 0.85 – 7.64 1.81 1.51 0.53 – 5.83 

17α(H),21β(H)-22R-homohopane 0.63 0.55 0.16 – 1.96 0.46 0.38 0.16 – 1.23 

17α(H),21β(H)-22S-homohopane 2.94 2.89 0.65 – 6.16 1.34 1.14 0.36 – 3.57 

Hopanes (SUM) 17.0 16.6 3.20 – 37.7 5.74 4.91 1.73 – 16.7 

Major Ions (µg m-3) 

Sodium 0.55 0.55 0.08 – 1.69 0.27 0.22 0.05 – 0.72 

Ammonium 8.84 5.87 0.88 – 34.7 5.02 2.93 0.28 – 22.8 

Sulfate 14.7 7.52 2.14 – 59.9 10.5 7.24 0.65 – 38.6 

Cloride 3.81 2.97 0.47 –16.1 0.82 0.77 0.05 – 2.85 
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Table 5.2 Concentrations of individual HULIS species during the heating and non-heating seasons 

Concentration 

(ng m-3) 

Heating season Non-heating season 

Mean Median Range Mean Median Range 

Individual HULIS species 

adipic acid 6.59 3.50 0.91 – 25.5 5.28 4.40 2.01 – 17.7 

pimelic acid 2.94 1.77 0.41 -9.57 2.50 2.21 0.86 – 11.5 

vanillic acid 5.88 6.32 0.47 – 12.9 1.28 0.60 n.d. – 10.6 

azelaic acid 13.7 10.3 1.14 – 35.5 14.9 13.9 3.86 – 55.2 

syringic acid 7.04 4.59 0.38 – 16.5 2.08 1.04 0.29 – 16.0 

2-hydroxybenoic acid 6.70 5.40 0.71 – 22.4 1.00 0.69 n.d. – 3.26 

3-hydroxybenoic acid 6.03 4.96 0.54 – 21.1 1.03 0.76 n.d. – 6.97 

4-hydroxybenoic acid 19.3 13.7 0.99 – 57.6 4.39 1.74 0.47 – 63.3 

phthalic acid 54.4 25.0 6.55 – 424 22.0 23.8 6.88 – 69.4 

isophthalic acid 4.77 3.29 0.64 – 17.8 2.87 2.30 1.06 – 14.9 

terephthalic acid 150 97.7 17.0 – 411 98.1 79.6 7.30 – 372 

4-nitrophenol 35.1 27.7 1.49 – 105 2.86 1.56 0.45 – 14.5 
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Table 5.2 Concentrations of individual HULIS species during the heating and non-heating seasons (continued) 

Concentration 

(ng m-3) 

Heating season Non-heating season 

Mean Median Range Mean Median Range 

4-nitrocatechol 27.1 20.6 0.62 – 103 2.91 1.54 0.50 – 28.1 

2-hydroxy-5-nitrobenzoic acid 8.50 8.60 0.33 – 23.8 6.38 8.12 0.72 – 15.8 

2-methyl-4-nitrophenol 27.2 24.8 1.47 – 56.9 1.91 0.85 0.32 – 9.68 

4-methyl-5-nitrocatechol 7.38 7.94 0.26 – 17.6 0.51 n.d. n.d. – 8.70 

3-methyl-6-nitrocatechol 18.6 16.6 0.51 – 54.5 2.25 1.47 n.d. – 13.7 

1,2,3-benzenetricarboxylic acid 27.3 12.6 2.24 – 168 16.2 13.2 n.d. – 65.2 

1,2,4-benzenetricarboxylic acid 22.7 11.9 1.98 – 114 13.7 11.5 4.09 – 43.3 

1,3,5-benzenetricarboxylic acid 5.95 0.98 0.23 – 134 1.35 0.93 0.26 – 4.94 

ΣHULIS-quantified 458 368 39.62– 1657 203 178 41.9 – 782 
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Table 5.2 Concentrations of individual HULIS species during the heating and non-heating seasons (continued) 

Concentration 

(ng m-3) 

Heating season Non-heating season 

Mean Median Range Mean Median Range 

3-hydroxyglutaric acid 3.66 3.50 0.36 – 9.77 1.81 1.84 0.71 – 4.85 

3-acetylglutaric acid 2.47 1.71 n.d. – 8.40 4.44 3.83 1.16 – 10.33 

3-hydroxy-4,4-dimethylglutaric 

acid 

1.06 0.80 n.d. – 3.01 1.16 1.04 0.37 – 3.11 

3-Isopropylpentanedioic acid 4.01 3.34 n.d. – 14.09 5.34 5.11 1.02 – 11.80 

3-methyl-1,2,3-

butanetricarboxylic acid 

1.26 1.05 n.d. – 3.30 4.09 3.15 1.09 – 9.80 
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Chapter 6 Source apportionment of HULIS and associated redox activity in 

ambient aerosols in Beijing 

6.1 Introduction 

In this chapter, positive matrix factorization (PMF) analysis was applied to 

determine the sources of both HULIS and their associated redox activity in Beijing 

PM2.5 samples. Such a comprehensive source apportionment study of HULIS-

related ROS-generation potential has not been previously reported. Results from 

this study could provide not only quantitative information regarding the sources and 

toxicity of HULIS, but also a deeper understanding of the source-specific oxidative 

potential of Chinese urban organic aerosols in general. This may be useful for the 

future development of source-targeted air pollution control policies in Beijing and 

may provide public-health benefits. 

6.2 Mathematical methods 

6.2.1 Calculation of atmospheric parameters 

The calculation of LWCp and Hp+ was described in Chapter 3. Different from 

Hong Kong aerosol samples, the OM/OC ratio was set as 1.98 and 1.50 for PM2.5 

collected in the heating and non-heating seasons, respectively (Xing et al., 2013).  



 

116 

 

6.2.2 Source apportionment 

As suggested by (Henry et al., 1984), the minimum sample size of N for PMF 

analysis was 30 + (V + 3)/2, where V is the number of input species. A total of 66 

samples and 13 species were included in PMF analysis, which was an adequate 

sample size to obtain a statistically reliable PMF result. The uncertainty setting was 

referred to (Hu et al., 2010). Briefly, the uncertainties of HULIS mass concentration, 

DTT activity, major ions (Mg2+, Ca2+, NH4+, SO42-, and nss-Cl-), MonoT and 

individual HULIS species (4M5NC, 3M6NC, 123Ben, 124Ben, and TPha) were set 

as 0.4 of average annual value. Hopane and levoglucosan (LevoG) were set as 0.2 

of average annual value. The optimal PMF solution had five factors with 20% of 

extra modeling uncertainty. 

6.3 Results and discussion 

6.3.1 Source apportionment of HULIS mass concentration and their 

ROS activity 

The optimal PMF solution was determined with five factors (A–E; Figure 6.1, 

Figure 6.2). The Qrobust obtained was 62.9, which was exactly equal to Qtrue, and the 

scaled residues for all species were between −2 and +2, indicating no outliers for 

this solution. Constrained model operation was adopted for a more reasonable 

interpretation (dQrobust% = 0.32%) (Norris et al., 2014). The optimized solution was 
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bootstrapped 100 times, with 100% of the runs producing the same factors. A strong 

linear correlation between the measured and PMF-predicted HULIS concentrations 

(R2 = 0.76) also suggested a reliable PMF solution (Figure 6.3).  

As shown in Figure 6.1, factor A had a high percentage of non-sea salt Cl− 

(nss-Cl−, [nss-Cl−] = [Cl−] − 1.17 × [Na+]), and was attributed to coal combustion 

(Tan et al., 2016; Tao et al., 2016; Zhang et al., 2013). Factor B had a high loading 

of levoglucosan and was determined as biomass burning (Hu et al., 2010; Tao et al., 

2016). Factor C was considered to be waste incineration, due to the high level of 

TPha. Several studies have found high concentration of TPha for sampling sites 

under the influence of refuse burning, suggesting the indication role of TPha for 

domestic waste burning (Simoneit et al., 2005; Kawamura and Pavuluri, 2010; 

Kumar et al., 2015). Factor D was dominated by hopanes, tracers for fuel 

combustion, suggesting traffic related activities (Hu et al., 2010). In particular, the 

two anthropogenic markers, 4M5NC and 3M6NC, were mostly assigned to this 

factor (4M5NC 46%, and 3M6NC 33%) instead of factor C (4M5NC 14%, and 

3M6NC 25%). These two species were mainly formed through the photo-oxidation 

of cresols, which were directly emitted through wood combustion or produced from 

toluene through its reaction with OH radicals in the presence of NOX (Iinuma et al., 

2010). Traffic emissions were a significant source for single-ring aromatics, 

especially toluene, in Chinese megacities (Huang et al., 2015). In this study, the 
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sampling site was located in an urban area influenced by considerable vehicular 

emissions of NOX and toluene, which may have led to subsequent secondary 

formation of 4M5NC and 3M6NC. Therefore, the fourth factor was considered as 

a mixed source including both primary emission and the aging process of traffic 

exhaust. The fifth factor was characterized by a predominant loading of MonoT, 

SO42−, and NH4+; thus, it was considered as a secondary aerosol formation source.
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Figure 6.1 Distribution of HULIS mass concentration, their DTT activity and 

other measured species in the five sources resolved by PMF. Columns in dark 

red indicate characteristic tracers of each source. 

(Primary & Secondary) 

(Primary & Secondary) 
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Figure 6.2 Relative source intensities of PMF source profiles.  

(Primary & Secondary) 

(Primary & Secondary) 
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Figure 6.3 PMF-predicted versus measured concentrations of total HULIS 

(panel A); and PMF-predicted versus measured HULIS-associated DTT 

activity (panel B) 

6.3.2 Source-specific contributions to HULIS mass concentration 

Source-specific contributions to HULIS mass concentration during both non-

heating and heating seasons were calculated based on PMF results. The four 

combustion-related sources contributed >80% of HULIS in the heating season and 

50% in the non-heating season (Figure 6.4-A), of which biomass burning was the 

most predominant. A strong correlation (R2 = 0.51, Figure 6.5) was observed 

between HULIS and levoglucosan, a marker of biomass burning, and this was 

consistent with previous studies (Lin et al., 2010b). Approximately 33% of total 

HULIS was attributed to biomass burning during the 1-year sampling period in 
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Beijing, higher than that observed in the Pearl River Delta region (8%−28%, Kuang 

et al. (2015). The intensive wood and crop residue burning activities in the 

Beijing−Tianjin−Hebei region during autumn and winter could emit a large amount 

of aerosols into the atmosphere (Zhang et al., 2013). Thus, as shown in Figure 6.4-

A, the contribution of biomass burning to HULIS in the heating season (2.96 µg 

m−3) was 3.5 times that in the non-heating season (0.84 µg m−3).  

 

Figure 6.4 Source-specific contributions to HULIS mass concentration (panel 

A) and their oxidative potential (panel B) 

 

Figure 6.5 HULIS mass concentration versus hopanes (panel A) and 

levoglucosan (panel B) 
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A previous study reported that refuse burning may contribute 1%–24% of 

organic particles in Asia (Simoneit et al., 2004). In this study, waste incineration 

was found for the first time as an important source of HULIS in Beijing, with a 

considerable and stable contribution to total HULIS throughout the year (18.7% in 

the non-heating season and 17.1% in the heating season). According to the National 

Bureau of Statistics of China (2013), 6.33 million tons of domestic waste were 

produced in Beijing during 2012 (National Bureau of Statistics of China, 2013), 

among which 0.95 million tons were disposed of through incineration. Given that 

nearly 24% of the urban waste was plastic (Wang and Wang, 2013), the incineration 

of such large amounts of domestic waste may explain the high levels of TPha and 

other HULIS compounds in Beijing. However, we noticed that several species (i.e. 

123Ben, 124Ben, 4M5NC, and 3M6NC) that have suggested to be mostly formed 

through secondary processes have also been assigned to this factor, indicating this 

source may be a mixed source of both primary emission and aging processes after 

refuse burning. 

Coal has occupied the predominant position in China’s energy consumption 

for a long time (Zhang and Yang, 2013). Therefore, coal combustion is an important 

source of PM2.5 pollution in China, especially in northern Chinese cities. (Tan et al., 

2016) identified a strong correlation between HULIS and Cl− (R2 = 0.89) in 

Lanzhou and suggested that coal burning was probably the major contributor to 
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HULIS in winter. However, the contribution of coal combustion to HULIS was 

found to be minor (5.8%) in the present study. Similarly, a source apportionment 

analysis of PM2.5-bound water-soluble organic carbon (WSOC) in Beijing found 

that less than 5% of WSOC was from coal combustion (Tao et al., 2016). This was 

because less oxidized compounds including polycyclic aromatic compounds were 

favorably produced from the aromatic fragments of coal under the fuel-rich 

incomplete combustion conditions; these less oxidized compounds are generally 

hydrophobic substances and not extracted into the HULIS fraction.  

A correlation between total HULIS and hopanes (R2 = 0.46, Figure 6.5) might 

suggest direct emissions of HULIS from vehicle exhaust. As shown in Figure 6.4-

A, vehicle emissions are responsible for 13.7% of PM2.5-bound HULIS. 

Interestingly, the amount of HULIS assigned to vehicle exhaust was approximately 

three times higher in the heating season than in the non-heating season (Figure 6.4-

A). This could be attributed to the low temperature in winter, which favors the 

partition of semi-volatile HULIS species into particle phases. Another explanation 

could be that more HULIS were formed from the aging process of traffic exhaust 

in the heating season. To evaluate this hypothesis, MLR analysis was conducted to 

assess the effects of NOX, O3, SO42−, Hp+, and LWCp on the HULIS resolved in the 

vehicle emissions factor (HULIS_VE Table 6.1, 6.2). NOX was found as the only 

statistically significant factor that was positively correlated to HULIS_VE with a 
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regression coefficient of 0.012 (p < 0.001; Table 6.1), suggesting that a 1 µg m−3 

increase in NOX was associated with a 0.012 µg m−3 increase in HULIS_VE, when 

holding other covariates unchanged. In fact, vehicle exhaust was the major source 

of ground level NOX (>60%) in Beijing, even in the heating season (Lin et al., 2011). 

A higher level of NOX was observed during the heating season than during the non-

heating season due to a lower boundary layer and weaker vertical mixing (Figure 

6.6). Kautzman et al., (2010) found that ring-opening oxygenated products with one 

benzyl group, which could be retained by the HLB cartridge and were considered 

as HULIS components, were predominantly formed from the photo-oxidation of 

PAHs under high NOX conditions. Thus, the higher levels of NOX in the heating 

season led to higher levels of secondarily produced HULIS_VE, indicating a 

synergistic effect of primary emission and the secondary aging process from vehicle 

exhaust.  

In addition to the four combustion-related sources, one secondary source was 

apportioned by PMF, contributing 30.1% of HULIS throughout the year. MLR 

analysis was conducted to evaluate the effects of O3, NOX, SO42−, Hp+, and LWCp 

on the secondary formation of HULIS (HULIS_SEC). Sulfate was found to be the 

most significant factor with a regression coefficient of 0.066 (Table 6.2). This may 

be due to the predominant role of sulfate in the particle-phase formation of 

organosulfates, one important HULIS component (Xu et al., 2015), through both 
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nucleophilic addition reactions and the salting-in effect (Lin et al., 2012; Riva et al., 

2015). Results from the MLR analysis also indicated that an increase of 1 µg m−3 

O3 led to an increase of 0.028 µg m−3 HULIS_SEC. Gaseous highly oxidized 

multifunctional organic compounds (HOMs) were characterized in the ozonolysis 

of α-pinene in smog chamber experiments (Zhang et al., 2015). It was suggested 

that, after partitioning to the particle phase, these HOMs could undergo rapid 

accretion reactions to form oligomers containing multiple carboxylic acid and ester 

groups, which served as good HULIS candidates. Considering the higher 

concentrations of O3 in the non-heating season (Figure 6.7), together with higher 

biogenic VOCs emissions and temperature as well as more intense solar radiation, 

a larger amount of HULIS_SEC was produced in the non-heating season (2.01 µg 

m−3) than in the heating season (1.41 µg m−3). 
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Figure 6.6 Temporal variation for gas-phase NOX concentration in Beijing 

during 2012-2013 

 

 

Figure 6.7 Temporal variation for gas-phase O3 concentration in Beijing 

during 2012-2013 
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Table 6.1 Multilinear regression analysis of PMF-resolved HULIS from 

vehicle emissions (HULIS_VE), particle acidity (Hp+), particle-phase liquid 

water content (LWCp), and particle-phase SO42-, NOX and O3 

Variable β-coefficient Standard error t value p value 

Intercept 0.337 0.220 1.530 0.131 

Hp+ -0.113 0.508 -0.223 0.824 

LWCp -0.008 0.008 -0.972 0.335 

SO42- 0.018 0.013 1.381 0.172 

NOX 0.012 0.003 4.254 0.000 

O3 -0.013 0.004 -3.008 0.004 

Table 6.2 Multilinear regression analysis of PMF-resolved HULIS from 

secondary aerosol formation (HULIS_SEC), particle acidity (Hp+), particle-

phase liquid water content (LWCp), and particle-phase SO42-, NOX and O3 

Variable β-coefficient Standard error t value p value 

Intercept -0.031 0.357 -0.088 0.930 

Hp+ 1.291 0.822 1.571 0.121 

LWCp 0.026 0.013 1.997 0.050 

SO42- 0.066 0.021 3.227 0.002 

NOX -0.001 0.005 -0.267 0.790 

O3 0.028 0.007 3.942 0.000 
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6.3.3 Source-specific contributions to DTT activity of HULIS 

To gain quantitative insights into the potential health impacts of different 

HULIS sources, source-specific contributions to HULIS-associated DTT activity 

were assessed using PMF result. The strong correlation (R2 = 0.78; Figure 6.3) 

between measured and predicted DTT activity suggested reliable predictions. 

Similar to the source apportionment results of HULIS, biomass burning was 

identified as the major contributor to HULIS-associated DTT activity in the heating 

season, and secondary formation was the most important source in the non-heating 

season (Figure 6.4-B). The four combustion-related sources accounted for 75% of 

HULIS-associated redox activity throughout the year, of which biomass burning 

contributed 33.6%, followed by vehicle emissions (18.5%), waste incineration 

(18.5%), and coal combustion (4.1%). During biomass burning, highly oxidized 

organic compounds with quinone, hydroxyl, and carboxyl groups were directly 

produced (Fan et al., 2016). Moreover, some of the VOCs emitted from biomass 

burning could undergo further reactions and generate high redox-active products, 

for example, hydroxyquinones formed through ·OH radical oxidation (McWhinney 

et al., 2013). Those compounds, such as quinones and hydroxyquinones, could be 

extracted in HULIS fraction and lead to DTT consumption (Chung et al., 2006; 

Verma et al., 2015b, 2015a). Additionally, as reported by (Dou et al., 2015), the 
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nitrogen-containing alkaloids emitted from biomass burning could also enhance the 

ROS-generation ability of HULIS.  

To further investigate the intrinsic ROS-generation ability of HULIS, the DTT 

consumption rate was normalized for HULIS mass (DTTm, expressed in units of 

pmol min−1 per µg HULIS (Verma et al., 2014). The average intrinsic DTT activity 

of HULIS in Beijing was 9.91 pmol min−1 per µg HULIS (median 9.02, range 2.74–

25.8 pmol min−1 per µg HULIS), which was higher than the reported average DTTm 

activity (6.4 ± 1.2 pmol min−1 per µg HULIS) of six PM2.5 samples collected during 

winter in Guangdong, China (Dou et al., 2015). This difference might be attributed 

to the different chemical components and sources of HULIS in these two regions.  

 

Figure 6.8 Intrinsic DTT activity of HULIS 
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Furthermore, the intrinsic DTT activities of the HULIS from the five sources 

were derived. HULIS from vehicle emissions constituted the most ROS-active 

HULIS, with a maximum activity of 12.0 pmol min−1 per µg HULIS_VE, followed 

by waste incineration (9.25 pmol min−1 per µg HULIS_WI), biomass burning (9.10 

pmol min−1 per µg HULIS_BB), secondary formation (7.45 pmol min−1 per µg 

HULIS_SEC), and coal combustion (6.22 pmol min−1 per µg HULIS_CC). Similarly, 

Bates et al. (2015) revealed that the water-soluble PM2.5 (WS-PM2.5) from gasoline 

vehicle emissions had the highest intrinsic DTT activity, probably due to the 

oxygenated OC and metals on gasoline particles. Verma et al. (2009) also observed 

a higher aerosol oxidative potential from the aged particles of traffic exhaust than 

those directly emitted, and a strong correlation was observed between oxygenated 

organic acids and vehicle-related redox activity. In the present study, vehicle 

emission was found to be the highest redox-active source for HULIS, a large 

fraction of WS-PM2.5. However, because the remaining water-soluble metals in 

HULIS were chelated through DPTA, the high intrinsic ROS activity of HULIS_VE 

is believed to be mostly due to the highly oxygenated OC content in HULIS_VE 

(Riva et al., 2015). 

Waste incineration was another important primary source of HULIS-related 

DTT activity (20.5% in the non-heating season and 17.4% in the heating season), 

and its intrinsic ROS activity was even slightly higher than that from biomass 
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burning. Mohr et al. (2009) examined the elemental ratio of aerosols emitted from 

different sources. They found that particles from plastic burning had a higher O/C 

ratio (0.08) than those from diesel (0.03) and gasoline (0.04) combustion, indicating 

a more oxidized feature of aerosols emitted through refuse burning (Mohr et al., 

2009). Considering that incineration will play an increasingly important role in 

waste treatment in Beijing in the following years (National Development and 

Reform Comission, 2016), concern should be directed to the potential threat of trash 

burning to public health. 

Although HULIS_SEC was less DTT-active than HULIS_VE, HULIS_WI, or 

HULIS_BB, secondary aerosol formation served as the second largest contributor 

(25.3%) to HULIS-associated redox activity throughout the year. Higher levels of 

DTT activity mediated by HULIS_SEC were observed in the non-heating season 

(0.015 nmol min−1 m−3) than in the heating season (0.011 nmol min−1 m−3), 

accounting for 44.1% and 14.5% of DTT activity in each season, respectively. The 

relatively low intrinsic DTT activity of HULIS_SEC may be mostly attributed to its 

abundance of biogenic SOA components such as organosulfates and organonitrates 

(Chen et al., 2011), which were found to have negligible ROS-generating ability 

(Kramer et al., 2016). Although chamber experiments reported the formation of 

ROS-active HOMs or organic peroxides through the ozonolysis of biogenic VOCs 

(Docherty et al., 2005; Zhang et al., 2015), the production yields of these peroxides 
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were generally low and thus could not have a major influence on the DTT activity 

of HULIS_SEC. 

6.3.4 Summary 

In summary, four combustion-related sources and one secondary source of 

PM2.5-bound HULIS and their associated ROS potential were identified by PMF in 

this Chapter. Biomass burning (32.7%) and secondary aerosol formation (30.1%) 

were the major contributors to HULIS in Beijing. For the first time, waste 

incineration was identified as an important source of HULIS, with a considerable 

and stable contribution to HULIS throughout the year (17.7%). Regarding ROS-

generation potential, HULIS from vehicle emissions was identified as the most 

ROS-active, and HULIS from secondary aerosol formation showed a lower intrinsic 

DTT ability than those of most primary sources except for coal combustion. Such 

variations in the ROS-generation ability of HULIS from different sources will be 

relevant for future inquiries into more detailed chemical speciation of HULIS, their 

roles in ROS generation, and the possible oxidation mechanisms involved.
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Chapter 7 Summary, limitation and future work 

7.1 Summary and limitation of the present work 

7.1.1 Summary and limitation of Chapter 2 

In Chapter 2, we measured the mass concentration and major chemical 

compositions of PM2.5 in Hong Kong. The redox activity of PM2.5 was measured by a 

widely adopted acellular method, DTT assay. Then a toxicity-oriented source 

apportionment of PM2.5 was conducted using PMF model to obtain source-specific 

contributions to both PM2.5 mass and their DTT activity. Although we obtained useful 

information on air pollution control policies and public-health related benefits in Hong 

Kong, limitations were also existed and further modifications could be conducted 

regarding those aspects: 

(1). The PM2.5 samples were extracted with both water and hexane to get the water-

soluble fraction and water-insoluble fractions. Then the combined two fractions were 

used in the following DTT assay. However, some redox active species such as those 

strongly bound to black carbon could not be extracted by those two solvent, which may 

lead to the underestimation of the actual oxidative potential of PM2.5 in this chapter. 

Efforts need to be made to find a more efficient extraction method for the determination 

of the oxidative potential of total PM2.5. 
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(2). For the measurement of PM2.5 oxidative potential, we adopted the widely used 

method, DTT assay. One advantage of DTT assay is that DTT could serve as a chemical 

surrogate to cellular reductants, such as NADH or NADPH, thus represent the induction 

of oxidative stress. Another advantage of this method is that performing DTT assay is 

simple and reproducible, which provides the probability of high throughput routine 

measurement and the generation of large data sets. However, limitations were also 

existed. For examples, as one acellular oxidative potential measure method, DTT assay 

could not reflect the oxidative state of cellular compartments. Another limitation is that 

DTT only corresponds to the production of ·O2-, and the formation of ·OH could not be 

caught by DTT assay. Additionally, there are both synergistic and antagonistic 

interactions between metal and organic compounds in generating ROS. Thus only using 

DTT consumption rate as the assessment for PM2.5 oxidative potential may cause bias. 

We will further adopt other acellular method to assess the ROS generation ability 

together with DTT consumption ability reported in this chapter. Furthermore, direct 

intracellular ROS will also be carried out by a fluorometric assay using carboxy-

H2DCFDA as the probe (Jung et al., 2012) to assess the actual cellular response under 

the exposure of PM2.5. 

7.1.2 Summary and limitation of Chapter 3-6 

In Chapter 3 and 4, we examined the optical properties, ambient levels and redox 

activity of HULIS in Hong Kong. Source apportionment using PMF to quantify source-
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specific contributions to both HULIS mass concentration and their redox activity were 

conducted. In Chapter 5 and 6, we performed a similar study regarding the atmospheric 

HULIS for PM2.5 collected in Beijing. Yet different features of HULIS together with 

their emission sources were found in those two cities. Thus in this chapter, we compared 

the HULIS mass concentration, oxidative potential together with source contributions 

in Hong Kong and Beijing, trying to explore the behind reasons of the different features 

in those two cities.  

Major differences were listed in Table 7.1. Generally speaking, the mass 

concentrations, extrinsic DTT activity and intrinsic DTT activity of HULIS collected 

in Beijing have much higher levels annually than those collected in Hong Kong. As for 

their seasonal trend, considering Hong Kong was mostly influenced by different air 

masses, and Beijing was impacted greatly by residential heating in autumn and winter, 

HULIS in Hong Kong exhibited higher levels under regional air mass transportation, 

and HULIS in Beijing showed higher concentrations on heating days. For individual 

species we quantified in HULIS fraction, terephthalic acid was found 10 times higher 

in Beijing than in Hong Kong, which may be attributed to the waste incineration 

management in Beijing.   
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Table 7.1 Comparation of HULIS characteristic between Hong Kong and Beijing 

 
Hong Kong Beijing 

Mass concentration 2.38 µg m-3 5.66 µg m-3 

HULIS_C/OC ~27.6% ~22.2% 

DTTV activity 9.09 pmol min-1 m-3 51.66 pmol min-1 m-3 

DTTm activity 3.31 pmol min-1 µg-1 9.91 pmol min-1 µg-1 

Major soureces Biomass burning 

Secondary formation 

Biomass burning 

Secondary formation 

Unique sources Marine vessels Waste incineration 

Coal combustion 

For the source apportionment of HULIS, different source contribution features 

were found for PM2.5 samples collected in Hong Kong and Beijing. Thus waste 

incineration was found to be an identical emission source for HULIS in Beijing. 

Moreover, considering the existence of residential heating in winter and autumn, coal 

combustion was found to be another contributor to HULIS in Beijing. Different from 

Beijing, Hong Kong is a coastal city, thus marine vessels are identified to be an 

important source for HULIS in Hong Kong. We also examined the intrinsic DTT 

activity of HULIS emitted from different sources in Hong Kong and Beijing. 

Interestingly, the intrinsic DTT activity of HULIS emitted from biomass burning was 

very similar between the two cities. This may be attributed to a similar type of crop 

burning between those two cities, which resulted in similar HULIS structure and lead 
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to the same intrinsic oxidative potential. However, the intrinsic DTT activity of HULIS 

formed through secondary reactions in Beijing was higher than that formed in Hong 

Kong, which may suggest the SOA in Beijing are formed form both biogenic and 

anthropogenic precursors, yet the SOA in Hong Kong are more biogenic. 

It is worth noticing that the intrinsic DTT activity of HULIS in Beijing assigned 

in vehicle emission factor was the largest among all the 5 factors. However, for Hong 

Kong samples, no contribution to both HULIS and their DTT activity was found from 

vehicle emission. This difference may be attributed to the mixed effects of both primary 

exhaust and the following aging processes after vehicle emission for Beijing samples. 

As we mentioned in Chapter 6, vehicle emission showed higher contributions to HULIS 

in heating seasons than in non-heating seasons, which could be attributed to the higher 

NOx levels in heating seasons. Furthermore, the presence of 4M5NC and 3M6NC, SOA 

markers of cresol, in this factor confirmed that a certain fraction of HULIS_VE was 

secondarily formed. The mixture of both primary emission and aging processes cause 

a high intrinsic DTT activity of HULIS_VE in Beijing.  

Similarly, if we conduct MLR analysis to evaluate the effects of O3, NOX, SO42−, 

Hp+, and LWCp on HULIS resolved in waste incineration factor (HULIS_WI). NOX and 

O3 was also found with significant and positive contributions to HULIS_WI (Table 7.2). 

As we mentioned in Chapter 6, several secondarily formed species were also assigned 

to waste incineration, such as 123Ben, 124Ben, 4M5NC, and 3M6NC. This result 

indicated that secondary formation was also mixed in this source. 
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Table 7.2 Multilinear regression analysis of PMF-resolved HULIS in waste 

incineration (HULIS_WI), particle acidity (Hp+), particle-phase liquid water 

content (LWCp), and particle-phase SO42-, NOX and O3 

Variable β-coefficient Standard error t value p value 

Intercept -0.692 0.398 -1.739 0.087 

Hp+ -0.600 0.917 -0.654 0.515 

LWCp 0.003 0.014 0.237 0.813 

SO42- 0.017 0.023 0.759 0.451 

NOX 0.022 0.005 4.095 0.000 

O3 0.014 0.008 1.781 0.080 

Thus, for Beijing HULIS samples, considering the mixture of both primary 

exhaust and the aging processes after emission in both vehicle and waste incineration 

factors, the contribution of secondary formation was underestimated. In the future 

studies, if better source indicators were found for those two sources, a modification 

PMF solution will be conducted to get a more precise result. 

7.2 Future work 

The DTT assay we adopted in Chapter 2, Chapter3 and Chapter 5 was a chemical 

method devised to simulate the in vivo generation of superoxide radicals. Based on the 

reasonable results of source apportionment for both chemical mass concentration and 

induced cell-free ROS activity, we discovered a possibility of using PMF model to 

interpret health-related data in combination of PM2.5 chemical species. Thus, we are 

planning to further establish a PMF-based source apportionment method that can 
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handle chemical and biological data simultaneously and quantitatively estimate the 

individual source contribution to both PM2.5 mass and PM2.5-induced toxicity. This will 

improve our understanding on the impacts of PM composition and sources on human 

health, which is important information for formulating targeted and cost-effective PM 

mitigation strategies to improve both air quality and public health.  

For PM2.5-induced direct toxicological effects, four biological factors including 

three pro-inflammation cytokines, and reactive oxygen species (ROS) activity will be 

measured. We plan to expose murine macrophage cell (RAW 264.7) to PM2.5 samples 

collected in Hong Kong during a one-year period, and measure the pro-inflammatory 

response in macrophage cells. Direct intracellular ROS will be carried out by a 

fluorometric assay using carboxy-H2DCFDA as the probe (Jung et al., 2012).The 

assessment of cell expression of tumor necrosis factor (TNF, formerly known as TNF-

α), interleukin 6 (IL-6) and Interleukin 1 beta (IL1-β) related to ROS activity in RAW 

264.7 will be conducted using Elisa kit.  

For PM2.5-induced indirect toxicological effects through oxidative stress pathway, 

murine hepatic cell line (AML12) will be adopted due to association between exposure 

to PM2.5 and the development of type II diabetes through oxidative stress. 

Phosphorylation of IRS-1 on serine-307 activated by PM2.5-induced pro-inflammation 

cytokines will be determined using Elisa kit.  

Using the measured biological and chemical data, both PMF-based receptor model 

and MLR model will be applied to identify and apportion the contributions of major 
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PM2.5 sources to oxidative stress, pro-inflammatory effects, and insulin resistance 

response induced by PM2.5 exposure. The seasonal variability of the source-specific 

contributions to PM2.5-induced effects on oxidative stress and other toxicological 

responses, and the influences of origin of air masses, aerosol acidity, and major gaseous 

oxidants on these source-specific contributions will be assessed. Moreover, by 

investigating the correlations of measured toxicological responses with individual 

chemical species or specific groups of compounds (e.g. PAHs, HULIS), the key “toxic” 

species/groups of compounds that are responsible for the PM2.5-induced effects on 

oxidative stress pathway will be identified. 
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