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ABSTRACT 

I 

ABSTRACT 

As an important constituent of volatile organic compounds (VOCs), oxygenated 

volatile organic compounds (OVOCs) participate directly in photochemical reactions 

due to their high reactivity. In addition to primary emission, OVOCs are generated as 

typical products of the oxidation of VOCs by hydroxyl radicals (OH), ozone (O3), 

nitrate radicals (NO3), and chlorine radicals (Cl) in the atmosphere. Furthermore, 

OVOCs are the precursors of O3, peroxy acetyl nitrate (PAN), and secondary organic 

aerosols (SOA), and they play a non-negligible role in the atmosphere. A study that 

included a field campaign and laboratory experimentation was conducted to investigate 

the formation and impact of OVOCs in Hong Kong. 

The field measurement study was carried out from August to October 2018 at a rural 

coastal site (Hok Tsui site) in Hong Kong. VOC and OVOC species were monitored 

continuously with proton transfer reaction quadrupole mass spectrometry (PTR-QMS), 

and the concentrations of OVOCs were found to be higher than those reported in 

previous studies in rural areas. Diurnal variations in the VOC concentrations were 

observed to be influenced by photochemical reactions. The amount of O3 formation was 

estimated via the maximum incremental reactivity model, and the top five contributors 

were isoprene (13.46 μg/m3), methyl ethyl ketone (12.74 μg/m3), xylene (8.52 μg/m3), 

acetaldehyde (8.22 μg/m3), and acrolein (4.32 μg/m3), which suggests that OVOCs 
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were the dominant species with the potential for O3 formation. Five major VOC sources 

were identified with the positive matrix factorization method, including (1) biomass 

burning (63.7%), (2) ship-related emissions (13.5%), (3) secondary formation (9.2%), 

(4) industry-related and vehicle-related sources (8.1%), and (5) biogenic emissions 

(5.5%). The positive matrix factorization results showed that the Hok Tsui site was 

strongly influenced by both the urban plumes from the Guangdong–Hong Kong–Macao 

Greater Bay Area/Pearl River Delta region and by oceanic emissions. 

Because the results of the field study indicated that OVOCs and isoprene were critical 

in Hong Kong, a new environmental chamber was constructed to better understand the 

relationship between the formation of OVOCs and isoprene. The chamber consists of a 

6-m3 Teflon film inside a stainless-steel enclosure with controllable temperature and 

relative humidity, and organic compounds with m/z values between 31 and 400 were 

identified by proton transfer reaction-time-of-flight-mass spectrometry (PTR-ToF-MS) 

and high-resolution time-of-flight-chemical ionization mass spectrometer (ToF-CIMS). 

The chamber can thus be used to investigate and simulate the gaseous chemical 

reactions and secondary aerosol formation after obtaining the characterization of 

performance and yields satisfactory results. 

Furthermore, nocturnal oxidation of isoprene by OH radicals, O3, and NO3 radicals was 

investigated under various concentrations of NO2. Methyl vinyl ketone plus 
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methacrolein and formaldehyde were the major OVOC products of isoprene oxidation 

detected by PTR-ToF-MS. It was interesting to note that C5H10N2O8 (isoprene 

dihydroxy dinitrates), a secondary generation product, was the most abundant 

compound among the highly oxygenated products detected by high-resolution ToF–

CIMS. As indicated by the isoprene oxidation experiments, the oxidation processes 

driven by OH radicals, O3, and NO3 radicals, and the combined oxidation by OH + NO3 

radicals, existed concurrently in the reaction system, and the pathways were affected 

by the NO2 concentration. In addition, as the NO2 concentration increased from 1 ppb 

to 800 ppb, the yield of SOA grew 150-fold. The highly oxygenated compounds 

detected in this reaction system could explain more than 90% of SOA formation. In 

addition, the carbon balance in the oxidation of isoprene varied from 37.2% to 60.4% 

as the NO2 concentration changed, indicating that other products that were not detected 

in this study still account for a large portion. 

According to the results of this field campaign and laboratory experiments to evaluate 

the formation and impact of OVOCs based on the situation in Hong Kong, OVOCs 

were the dominant species and exerted a significant influence on O3 formation. 

Meanwhile, the contribution of isoprene oxidation to the formation of OVOCs was 

examined and analyzed, and the pathways were found to be influenced by the NO2 

concentration. 
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Chapter 1 Introduction 

1.1 Background 

Volatile organic compounds (VOCs) are typical air pollutants, and many are harmful to 

human health (Azuma et al., 2016) and even carcinogenic (Loh et al., 2007; Stolwijk, 

1990). In addition to direct impact on human health, VOCs also exert significant 

influence on the atmospheric chemistry. In the troposphere, VOCs can react with ozone 

(O3), hydroxyl radicals (OH), nitrate radicals (NO3), and halogens such as chlorine 

radicals (Cl) to generate intermediates such as hydroperoxyl radicals (HO2) and organic 

peroxyl radicals (RO2), which leads to the recycling of nitrogen oxides (NOX) and 

further influences photochemical processes (Claeys et al., 2004; Tham et al., 2016; 

Wang et al., 2016), especially the formation of O3 (Sillman and He, 2002; Na et al., 

2005; Zheng et al., 2009; Pusede and Cohen, 2012) and secondary organic aerosols 

(SOA) (Tsigaridis and Kanakidou, 2003; Lack et al., 2004; Lee et al., 2004; Yuan et al., 

2013). In addition, VOCs are toxic substances (Wang and Milford, 2001; Guo et al., 

2007; Yen and Horng, 2009; Huang et al., 2015; Sun et al., 2018) and the precursors of 

photochemical smog (Hansen and Palmgren, 1996; Pitten et al., 2000; Mølhave, 2003; 

Kang et al., 2004), so it is crucial to identify and understand their characteristics. 
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As an important component of VOCs, oxygenated volatile organic compounds 

(OVOCs), which are a category of VOCs that include oxygen-containing functional 

groups, have estimated emission rates of approximately 150 to 500 Tg C yr−1 (Singh et 

al., 2004). Typical OVOCs include aldehydes, ketones, alcohols, ethers, esters, and 

some low-carbon organic acids, and they play a considerable role in the atmosphere. 

They can participate directly in photochemical reactions due to their high chemical 

reactivity and further produce highly oxidizable air pollutants such as O3 (Louie et al., 

2013), peroxy acetyl nitrate (PAN) (Folkins and Chatfield, 2000), and SOA (Derwent 

et al., 2010). 

As a crowded major city in the Guangdong–Hong Kong–Macao Greater Bay Area 

(GBA), Hong Kong has recently faced increasing concerns about air pollution linked 

to VOC emissions (Lee et al., 2002; So and Wang, 2004; Guo et al., 2007, 2006; Chan 

and Yao, 2008; Lau et al., 2010) and O3 pollution (So and Wang, 2003; Wang et al., 

2017). The complexity of Hong Kong’s VOC sources has been cited in many studies 

(Lee et al., 2002; Guo et al., 2007; Lau et al., 2010; Cui et al., 2018; Chen et al., 2020). 

Most of these studies were conducted in urban microenvironments with offline 

techniques such as gas chromatography with mass spectrometry (GC-MS) detection, 

flame ionization detection (FID), and electron capture detection (ECD) and high-

performance liquid chromatography (HPLC), and they focused on the alkanes, alkenes, 

and aromatics emitted from vehicles and industry. The research and database on 
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OVOCs is scant for Hong Kong and the GBA/Pearl River Delta (PRD) region. Little is 

known about the properties, formation, and source apportionment of OVOCs in Hong 

Kong. A comprehensive field study for both VOCs and OVOCs in Hong Kong and the 

GBA/PRD region is needed to identify their characteristics. In addition, OVOCs are 

difficult to detect with offline methods due to their short lifetime and high reactivity. 

Therefore, the latest online monitoring techniques should be implemented into field 

study. The Cape D’Aguilar Supersite Air-Quality Monitoring Station (known as the HT 

site) is located at Hok Tsui (HT) on the southeastern tip of Hong Kong Island. 

Comprehensive field measurements were conducted at the HT site to investigate the 

concentrations of VOCs and OVOCs using an online instrument, proton transfer 

reaction quadrupole mass spectrometry (PTR-QMS). The O3 formation potential was 

used to identify the key contributors to O3 generation at the HT site, and positive matrix 

factorization was used to analyze the emission sources of the individual VOCs and 

OVOCs. 

The results of this field study show that Hong Kong is strongly influenced by urban 

plumes from the GBA/PRD and by oceanic emissions, and that OVOCs were the 

dominant species at the HT site with the potential for O3 formation. In particular, the 

concentration of isoprene in Hong Kong was higher than those cited in other rural 

studies (Guo et al., 2006; Yuan et al., 2013; Zou et al., 2015; Li et al., 2019), and 

isoprene is also the major contributor to O3 formation. 
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It is well known that isoprene can be oxidized by OH radicals, O3, NO3 radicals, and Cl 

radicals (Clark et al., 2016; Liu et al., 2016b; Santos et al., 2018) and that this leads to 

the formation of OVOCs, O3, and SOA, which further affect air quality and the climate 

(Ng et al., 2008; Wennberg et al., 2018). Various studies have examined the oxidation 

of isoprene with OH radicals, O3, and NO3 radicals (Berndt and Böge, 1997; Stevens et 

al., 1999; Zhang et al., 2003; Ng et al., 2008; Peeters et al., 2009; Mutzel et al., 2015), 

with a focus on the products, mechanisms, and effect of isoprene oxidation with a single 

oxidant. Conversely, it has been reported that OH radicals can be generated in the 

oxidation process of isoprene by O3 and NO3 radicals (Atkinson et al., 1992; Kwan et 

al., 2012). In general, oxidants coexist in the atmosphere and participate in the oxidation 

of isoprene. Nevertheless, few studies have investigated the reaction in a 

comprehensive system and considered the synergy of associated oxidants in the 

oxidation process of isoprene, especially for highly oxygenated products. 

Environmental chambers have been widely used in recent decades as a useful tool to 

investigate and infer chemical mechanisms and kinetics (McMurry and Grosjean, 1985; 

Lee et al., 2001a; Carter et al., 2005; Wang et al., 2014; Leskinen et al., 2015). To better 

understand isoprene oxidation and its contributions to highly oxygenated compounds, 

a 6-m3 Teflon chamber was constructed, and a series of chamber experiments was 

conducted to investigate the nocturnal oxidation of isoprene in a complex system with 

three oxidants (OH radicals, O3, and NO3 radicals). In addition, state-of-the-art online 
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techniques were implemented to focus on both small molecules and highly oxygenated 

compounds, including proton transfer reaction-time-of-flight-mass spectrometry (PTR-

ToF-MS) and high-resolution time-of-flight-chemical ionization mass spectrometer 

(ToF-CIMS). A full spectrum of products was identified, and the contributions of 

various oxidants to isoprene oxidation was estimated, and the effects of humidity on 

the oxidation process were investigated. Moreover, the contributions of the detected 

highly oxygenated compounds to SOA formation were calculated. Overall, these results 

are expected to provide updated observations of VOCs and OVOCs to the growing 

database for the mechanism of isoprene oxidation in the GBA/PRD based on the 

situation in Hong Kong. 

1.2 Aims and objectives 

Continuous field measurements were conducted at the HT site in Hong Kong from 

August to October 2018. This was the first use of online high-resolution PTR-QMS to 

monitor VOCs and OVOCs at a coastal site in Hong Kong. The observations and results 

from this field study were used as the basis for the construction of a chamber to 

investigate the related gaseous chemistry and secondary aerosol formation. Hence, the 

overall objective of this study was to advance our understanding of the formation and 

impact of OVOCs based on the situation in Hong Kong by addressing significant 

knowledge gaps. 
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The major objectives of this study are therefore as follows: 

1) Measure the concentrations of VOCs and OVOCs at the HT site and compare them 

with those from other sites to identify the characteristics in Hong Kong; 

2) Determine the contribution of VOCs to O3 formation and identify the key species 

for O3 generation at the HT site; 

3) Identify and update the source profiles of VOCs and OVOCs in Hong Kong; 

4) Develop and evaluate the performance of the new chamber system for investigation 

of gaseous chemistry and secondary aerosol formation; 

5) Investigate the isoprene oxidation process in a comprehensive system with OH 

radicals, O3 and NO3 radicals; 

6) Evaluate the contributions of various oxidants to isoprene oxidation under various 

concentrations of NO2. 

1.3 Outline of the dissertation 

This thesis comprises eight chapters as follows: 

Chapter 1 provides a brief background and presents the major research objectives of 

this study. 
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Chapter 2 presents a detailed literature review of VOCs and OVOCs, characteristic field 

measurements in Hong Kong and the GBA, the development of environmental 

chambers around the world, and related oxidation reactions of isoprene with various 

radicals in chamber simulations. 

Chapter 3 describes the methods used in this study, including the sampling locations, 

the instrumentation used in both field study and chamber simulation, and the models 

used in this study. 

Chapter 4 presents a comprehensive field study at a coastal rural site in Hong Kong, 

with a focus on photochemical reactivity and source apportionment of VOCs and 

OVOCs. 

Chapter 5 introduces the development of a new indoor environmental chamber system 

at PolyU, including its design philosophy and characterization. 

Chapter 6 describes the investigation of the nocturnal isoprene oxidation reaction in a 

complex system using the developed chamber system. 

Chapter 7 summarizes the study’s major findings and results. 

Chapter 8 highlights the significance of this study and suggests topics for future 

research. 
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Chapter 2 Literature Review 

2.1 Overview of VOCs 

2.1.1 Description of VOCs 

Volatile organic compounds (VOCs) are among the most important air pollutants. These 

organic compounds normally include fewer than 15 carbon atoms, and the mixing ratio 

in the atmospheric environment ranges from concentrations in parts per trillion by 

volume (pptv) to concentrations in parts per billion by volume (ppbv) (Kansal, 2009). 

The European Union explicitly defines VOCs as having boiling points lower than 

250°C at a standard atmospheric pressure of 101.3 kPa. 

VOCs are easily emitted into the atmosphere from urban, oceanic, and terrestrial 

activities because of their relatively low boiling points (Guenther, 1995). Urban sources 

include various emissions from cooking (Lee et al., 2001b; Mugica et al., 2001), 

vehicles (Lee et al., 2002; Lau and Chan, 2003), paints (Guo et al., 2004; Ho et al., 

2004), combustion (Khalili et al., 1995; Srivastava et al., 2005), and even breathing 

(Phillips et al., 1999; Delfino et al., 2003). Oceanic emissions come mainly from 

seawater (Kot-Wasik et al., 2004) and phytoplankton (Kameyama et al., 2014). 

Emissions from vegetation (Sharkey et al., 1996; Sharkey and Yeh, 2001) and from 

invertebrates (Greene and Gordon, 2003) represent the main contributions from 
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terrestrial activities. 

VOCs can be categorized into various groups including halogenated hydrocarbons, 

alcohols, aldehydes, aromatics, alkanes, ketones, alkenes, ethers, esters, paraffins, and 

sulfur-containing compounds (Kamal et al., 2016) based on their different functional 

groups. As an important type of VOCs, oxygenated volatile organic compounds 

(OVOCs) are VOCs with oxygen-containing functional groups, including aldehydes, 

ketones, alcohols, ethers, some low-carbon organic acids, and esters. OVOCs play a 

non-negligible role in the atmosphere due to their high chemical reactivity. According 

to their direct emission sources, VOCs can be divided into two types: biogenic volatile 

organic compounds (BVOCs) and anthropogenic VOCs. Vegetation is the dominant 

source of BVOCs (Warneck, 1999), accounting for 69% of the total VOC emissions 

(Middleton, 1995), whereas the remaining 31% come from anthropogenic sources such 

as industry, coatings, solvents, and vehicles (Garcia et al., 1992; Mugica et al., 1998; 

Barletta et al., 2005). 

Many studies have reported that a number of VOC species are harmful to human health 

(Azuma et al., 2016) and even carcinogenic (Stolwijk, 1990; Loh et al., 2007). VOCs 

can be directly inhaled into the human respiratory system and exert an acute influence 

on the liver, kidneys, brain, and central nervous system, and even cancer has been seen 

in severe cases (Schiffman, 1998; Pitten et al., 2000; Wolfe and Patz, 2002; Tam and 
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Neumann, 2004). 

2.1.2 VOC oxidation in the atmosphere 

In addition to the physical deposition process, VOCs can participate in the chemical 

processes of photolysis, reacting with ozone (O3), hydroxyl radicals (OH), nitrate 

radicals (NO3), and halogens such as chlorine radicals (Cl) (Middleton, 1995; Fantechi 

et al., 1998). In the troposphere, reaction with OH radicals is the dominant process of 

tropospheric loss for a large number of VOCs during the daytime, whereas reaction 

with NO3 radicals is the major contributor at nighttime (Monks, 2005). In addition, 

VOCs can be oxidized by O3 and by Cl radicals in marine and coastal areas (Fantechi 

et al., 1998). 

The atmosphere contains two major sources that generate OH radicals; either the 

photolysis of O3 forms excited oxygen and then reacts with water vapor (equations 2.1 

and 2.2) (Atkinson, 1997a), 

𝑂3 + ℎ𝑣 →  𝑂2  +  𝑂( 𝐷 
1 ), λ ≤ 335 𝑛𝑚  2.1 

𝑂( 𝐷 
1 ) + 𝐻2𝑂 →  2 𝑂𝐻  2.2 

or HO2 reacts directly with NO when the NO concentration is low (equation 2.3). 

𝐻𝑂2 + 𝑁𝑂 →  𝑁𝑂2  + 𝑂𝐻  2.3 
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Moreover, in some polluted areas, OH radicals can also be generated from the 

photolysis of nitrous acid (HONO), hydrogen peroxide (H2O2), formaldehyde (HCHO), 

and other carbonyls in the presence of NO (Atkinson, 2000). 

NO3 radicals can be produced by the following reactions (equations 2.4 and 2.5) in the 

atmosphere (Atkinson, 1997a): 

𝑁𝑂 + 𝑂3 →  𝑁𝑂2  + 𝑂2  2.4 

𝑁𝑂2 +  𝑂3 →  𝑁𝑂3  + 𝑂2  2.5 

NO3 radicals undergo photolysis and rapid reaction with NO leading to the low 

concentration at daytime, and they have a lifetime in the region of 5 s for overhead sun 

and clear sky conditions (Monks, 2005). However, at night, NO3 radicals can 

accumulate, and the ground-level concentration can increase to approximately 1 × 1010 

molecule cm−3 (Platt and Heintz, 1994). Similar to the reaction of OH radicals, NO3 

reacts with isoprene via addition to a carbon–carbon double (C=C) bonds. 

O3 is generated from the photolysis of NO2 (equations 2.6 and 2.7), which was first 

reported by Blacet (1952). 

𝑁𝑂2 + ℎ𝑣 →  𝑁𝑂 +  𝑂( 𝐷 
3 ), λ ≤ 420 𝑛𝑚  2.6 

𝑂( 𝐷 
3 )  + 𝑂2  + 𝐴𝑖𝑟 → 𝑂3 + 𝐴𝑖𝑟  2.7 
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In addition, the degradation of VOCs will generate intermediates such as organic 

peroxyl radicals (RO2) and hydroperoxyl radicals (HO2). These intermediates can react 

with NO and form O3 via photolysis (Atkinson, 2000). Although the photolysis of NO2 

during the daytime is the major contributor to O3 formation, O3 participates in this 

chemical reaction during both the day and night due to its long lifetime and residuals at 

night. The reaction rates between O3 and alkanes, saturated hydrocarbons, and aromatic 

hydrocarbons are quite slow (Atkinson and Arey, 2003), so the dominant reaction 

involving O3 in the atmosphere is with the C=C bonds contained in VOCs. First, O3 

adds to the C=C bond to form the primary ozonide (POZ), and these energy-rich POZs 

then rapidly decompose into two parts, carbonyl and Criegee intermediates (Atkinson, 

1997b). 

Figure 2.1 presents the typical transformation reactions of VOCs in the troposphere 

(Atkinson, 2000), including generation of important intermediates such as alkyl or 

substituted alkyl radicals (R), hydroperoxyl radicals (HO2), alkoxy radicals (RO), and 

organic peroxyl radicals (RO2). Although these detailed reaction mechanisms depend 

on the specific VOCs, the reactions of VOCs in the atmosphere share many universal 

sequences. In general, the first step of VOC reactions is either photolysis with OH 

radicals or NO3 radicals, which can generate R radicals, or the reaction between the 

C=C bond and O3, which can generate RO2 radicals. Generally, these alkyl or 

substituted alkyl radicals can be formed in two ways: (i) an H-atom is abstracted from 
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the C− H bonds or the O− H bond by OH radicals, NO3 radicals, and Cl radicals 

(examples shown in equations 2.8 and 2.9), or (ii) the initial C=C bond is broken by 

NO3 radical, O3, and OH radical reactions (examples shown in equation 2.10). The 

reaction process between VOCs that contain C=C bonds and O3 is more complicated 

than those for other radicals (OH, NO3, and Cl). 

X +  RCH2R’ →  HX +  RC ∙ HR’  (2.8) 

X +  RCHO →  HX +  R ∙ CO  (2.9) 

X +   RHC =  CHR’ →  RC ∙ H − CH(X)R’  (2.10) 

where X represents OH radicals, NO3 radicals, or Cl radicals. 
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Figure 2.1 Scheme of VOCs’ transformation in the troposphere (Atkinson, 2000). 

2.2 Characterization of VOCs in Hong Kong and GBA/PRD 

2.2.1 Previous field studies on VOCs in Hong Kong and GBA/PRD 

Hong Kong, on China’s southern coast, is one of the world’s most densely populated 

cities. It has been one of Asia’s most developed regions since the early 1990s due to its 

special administrative status in China. It is a central city in the Guangdong–Hong 

Kong–Macao Greater Bay Area (GBA) and has approximately 7.5 million residents and 

more than 900,000 registered vehicles (at the end of 2020). Over the past several years, 

a number of studies have reported the increased concentration of air pollutants linked 

to VOC emission (Lee et al., 2002; So and Wang, 2004; Guo et al., 2007, 2006; Chan 

and Yao, 2008; Lau et al., 2010). 
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The GBA region was defined in 2017 as including Hong Kong, Macao, and several 

municipal regions in Guangdong province: Guangzhou, Shenzhen, Zhuhai, Foshan, 

Huizhou, Dongguan, Zhongshan, Jiangmen, and Zhaoqing. The GBA has become a 

first-class international bay area and world-class urban agglomeration due to the 

development of the Pearl River Delta region (PRD). However, rapid industrialization 

and urbanization have led to many severe air pollution episodes. For example, the O3 

concentration in China’s southern coastal area increased at a rate of 0.35 ppbv per year 

between 1994 and 2018 (Wang et al., 2019). 

Hong Kong is a highly urbanized city, and its air quality is influenced by many factors. 

It has also struggled with huge increases in VOC emissions (Chan et al., 2002; Lee et 

al., 2002; Cui et al., 2018) and O3 pollution (So and Wang, 2003; Wang et al., 2017). 

Several field studies have been conducted in Hong Kong to identify and characterize 

the ambient VOCs since the early 21st century. Chan et al. (2002) conducted roadside 

sampling in four districts in January and February 1998 and noted the important roles 

played by automobile exhaust and the use of organic solvents in urban Hong Kong, as 

its average concentrations of toluene (77.2 μg m−3), benzene (26.7 μg m−3), and 

chlorinated VOCs (10.8 μg m−3) are higher than those of other metropolitan areas. Lee 

et al. (2002) also found that the concentration of VOCs in Hong Kong’s urban areas 

was affected by both vehicular emissions and industrial emissions. In addition, the VOC 

concentrations were usually higher in winter than in summer. Later, a comprehensive 



Literature Review 

27 

campaign was conducted in both urban and rural areas of Hong Kong from November 

2000 to February 2001 and from June to August 2001 (Guo et al., 2007). The 

acetylene/CO ratio was higher (5.6 pptv/ppbv) at Tap Mun (a northeastern rural area in 

Hong Kong) than in Nashville, U.S.A., (Goldan et al., 2000), which suggested that a 

subtropical city like Hong Kong was influenced by both local and regional pollution. 

The complexity of the VOC sources in Hong Kong has been mentioned in many studies 

(Goldan et al., 2000; Lau and Chan, 2003; Lam et al., 2005). Guo et al. (2004) measured 

156 VOC species from January 10 to December 30, 2001, and the results indicated that 

the photochemical reaction also contributed to Hong Kong’s high VOC concentrations. 

Ho et al. (2004) assessed the relative ages of air parcels during the winter of 2000 and 

spring of 2001 with the xylene/ethylbenzene ratio (Nelson and Quigley, 1984). The 

calculated xylene/ethylbenzene ratios (average, 1.2 to 1.7) showed that the VOCs in 

Hong Kong were affected by photochemical reactions. 

The sources of the VOCs in rural areas differ from those of the urban and roadside sites. 

Guo et al. (2006) conducted a field study from August 2001 to December 2002 at Tai 

O, a polluted rural/coastal site in the PRD. The source apportionment from the principal 

component analysis/absolute principal component scores receptor model showed the 

importance of biomass burning in the rural sites around the PRD during the dry 

autumn/winter season, which exhibited outcomes contrary to those in urban areas. 
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2.2.2 Potential impact of OVOCs 

OVOCs are a series of VOCs with oxygen-containing functional groups, including 

aldehydes, ketones, alcohols, ethers, some low-carbon organic acids, and esters. They 

play a critical role in chemical reactions and processes in the atmosphere, and their 

emission rate is estimated to be approximately 150 to 500 Tg C yr−1 (Singh et al., 2004). 

Their relatively high chemical reactivity allows OVOCs to participate directly in 

photochemical reactions and to further produce air pollutants with high oxidizing ability, 

such as O3, in the atmosphere (Louie et al., 2013). OVOCs are also the precursors of 

PAN and SOA (Derwent et al., 2010). For example, methanol and acetone play vital 

roles in sequestering NOx in the form of PAN and in providing HOx radicals to critical 

regions of the atmosphere (Folkins and Chatfield, 2000; Singh et al., 1995). 

The OVOCs in the atmosphere have various sources, including natural sources (Heiden 

et al., 2003), anthropogenic sources (Schauer et al., 2001), and the secondary formation 

process from atmospheric photochemical reactions (Paulot et al., 2012). Biogenic 

sources are believed to be the largest source of OVOCs (Singh et al., 1994; Jacob et al., 

2002); they include direct emissions from plants (Fall, 1999) and agricultural fields 

(Schade and Custer, 2004) and indirect emissions from O3 decomposition of the 

biological fatty acids and the wax on the cuticle of the plant (Fruekilde et al., 1998). It 

was reported that more than 80% of acetone in a rural environment in the Sierra Nevada 
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mountains, U.S.A., had biogenic and regional sources (Goldstein and Schade, 2000). 

In addition, some of the HCHO, acetaldehyde, and butanone also come directly from 

vegetation (Fall, 1999). In contrast, as the number of the vehicles on the road continues 

to rapidly increase, automobiles make increasingly significant contributions to the total 

emission of OVOCs. In China, the OVOCs contributed 53.8% of total VOCs in the 

profiles of heavy-duty diesel vehicle exhaust and 12.4%–46.3% in biomass and 

residential coal burning, which indicated the importance of primary OVOCs emissions 

from combustion-related sources (Mo et al., 2016). In addition, a large number of 

OVOCs emitted from wood combustion were detected, thus indicating another source 

of biomass burning (Mcdonald et al., 2000). 

In addition to primary emissions such as those from biogenic and anthropogenic sources, 

secondary formation from atmospheric chemical reactions also contributes to the 

presence of OVOCs. OVOCs are the oxidation products of photochemical reactions of 

non-methane hydrocarbons (NMHCs) in the atmosphere (Legreid et al., 2007; Hellén 

et al., 2018). OVOCs can further react with free radicals (e.g., OH radicals) to form the 

relevant active radicals, which makes the OVOCs critical contributors to oxidation in 

the troposphere. Many hydrocarbons from plants (e.g., isoprene and terpene) are 

oxidized by free radicals to form OVOCs (Paulot et al., 2012). Moreover, some 

carbonyls (e.g. HCHO, acetaldehyde, and acetone) and alcohols with low carbon 

numbers can also generate radicals such as HO2 and RO2 via photolysis reactions 
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(Folkins and Chatfield, 2000; Jacob et al., 2002; Singh et al., 2004, 1994). 

OVOCs have a significant impact on photochemical smog and atmospheric air 

pollutants. They are the precursors of free radicals, O3, and peroxy acetyl nitrates, which 

influence both human health and plant growth (Singh et al., 1995; Schade and Custer, 

2004). Oxidation of OVOCs also leads to damage to the ambient environment. Formic 

acid and acetic acid, which cause acid rain in remote regions (Galloway et al., 1982), 

can be generated from the oxidation process of OVOCs (Kesselmeier et al., 1997). Most 

OVOCs are irritative gases that affect the eyes, skin, and respiratory system and may 

even cause cancer (Rumchev et al., 2002; He et al., 2015). For instance, HCHO is 

defined as a carcinogen by the WHO and can lead to various diseases and even death 

(Szende and Tyihák, 2010). 

The study of OVOCs has attracted considerable attention in recent years. Yuan et al. 

(2010) conducted a field study at a rural site in Guangzhou with proton transfer reaction 

PTR-MS and found that biomass burning contributed 10% to 18% to reactive NMHCs 

and OVOCs. Wang et al. (2016) also studied the relationship between biomass burning 

and OVOCs in the PRD region and used the photochemical age-based parameterization 

method to show 21% more OVOC emissions from biomass burning than from non-

biomass burning plumes. Speciated emissions of OVOCs and VOCs in the PRD region 

were estimated with the use of sector-based source profiles for anthropogenic sources 
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and the Model of Emissions of Gases and using Aerosols from Nature for biogenic 

sources (Ou et al., 2015). The results revealed that OVOCs were composed of 15.9% 

anthropogenic VOCs, of which methanol, acetone, and ethyl acetate were the major 

species. Louie and colleagues noted the significant contribution from OVOCs to O3 

formation in Hong Kong, that is, more than one-third of that from all VOCs (Louie et 

al., 2013). Insufficient attention has been devoted to OVOCs in the atmosphere, and the 

database of information on OVOCs in Hong Kong and the GBA/PRD region remains 

scant. Comprehensive field studies of both VOCs and OVOCs in Hong Kong are 

needed to identify their characteristics and enrich the database. 

2.2.3 Potential impact of isoprene 

BVOCs are emitted into the atmosphere from plants and vegetation and are a major 

component of the total VOCs in the atmospheric environment. The reaction of BVOCs 

and active radicals can lead sequentially to the generation of SOA and particulate matter 

(Li et al., 2017). 

Isoprene (2-methyl-1,3-butadiene, C5H8) is considered the most abundant BVOC 

emitted into the atmosphere (estimated emission rate, ~400 to 660 Tg C yr−1) (Guenther, 

1995,2006; Liu et al., 2016a). Isoprene commonly occurs in plants of the families 

Salicaceae, Fagaceae, and Palmae and the genus Picea (spruces), and in diverse ferns 

(Kesselmeier and Staudt, 1999). It is usually volatilized from plants and emitted into 
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the atmosphere, as reported in many countries by many groups (Sharkey et al., 1996; 

Sharkey and Yeh, 2001; Pétron et al., 2001; Pacifico et al., 2009). 

Some studies have also discussed marine emissions of isoprene, which can be produced 

by heterotrophic bacteria, marine phytoplankton, and seaweed (Arnold et al., 2009; 

Broadgate et al., 2004; Tran et al., 2013), as first reported by Bonsang et al. (1992) in 

the Mediterranean Sea and Pacific Ocean. A study conducted on CHINARE cruises 

suggested the presence of isoprene in the marine boundary layer and the importance of 

oceanic emissions of isoprene (Hu et al., 2013). The estimated emission rate of oceanic 

isoprene ranges from 1 to 10 Tg yr−1 (Shaw et al., 2010). 

Although biogenic emissions are the main source of isoprene in the atmosphere, 

anthropogenic contributions to the isoprene concentration also occur (Reimann et al., 

2000). A field experiment conducted at an urban center in northern France from May 

1997 to April 1999 revealed the traffic-related origin of isoprene (Borbon et al., 2001). 

In Pakistan, a strong correlation was found not only between isoprene and CO but also 

between isoprene and acetylene (correlation coefficients, 0.91 and 0.78, respectively). 

The diurnal production of isoprene was quite similar to that of other hydrocarbons 

related to vehicular sources. The slope of isoprene to CO indicated that 20% of the 

isoprene observed in Pakistan came from vehicular emissions (Barletta et al., 2002). 

Isoprene has the highest emissions among BVOCs in Hong Kong, with annual average 
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concentrations of 0.46, 0.30, 0.43, and 0.65 ppbv at rural, residential, industrial, and 

roadside sites, respectively (So and Wang, 2004). The concentration of isoprene was 

found to be higher in Hong Kong than in Santiago, U.S.A (0.5 ppbv) (Barletta et al., 

2002). The results of principal component analysis suggested that isoprene in rural areas 

came mainly from biogenic emissions and showed a higher concentration in August, 

whereas vehicle emissions also dominated significantly in urban areas. In addition, a 

higher isoprene concentration was observed at the rural site than urban site in Hong 

Kong, and the concentration rose slightly during summertime, reflecting the influence 

of biogenic emissions and significant contributions to O3 formation relative to 

anthropogenic VOCs (Guo et al., 2007). In addition, isoprene emitted from plants is a 

major contributor at rural sites and is the key precursor to O3 formation (So and Wang, 

2004). Overall, isoprene plays a crucial role in terms of OH-reactivity and O3 formation, 

especially in Hong Kong’s rural areas. 

The atmospheric concentrations of isoprene range from ppt to several ppb. Its two 

double bonds and high emitted concentration allow isoprene to react easily with free 

radicals (e.g., OH radicals, NO3 radicals, and O3), and hence it plays an important role 

in atmospheric chemistry (Clark et al., 2016; Liu et al., 2016b; Santos et al., 2018). The 

lifetime of isoprene in the atmosphere ranges from a few minutes to hours (Atkinson 

and Arey, 2003), and it cannot be transported far from its sources before being oxidized 

(Liakakou et al., 2007). Figure 2.2 shows the role of isoprene in the tropospheric 
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environment. Table 2.1 lists the rate coefficients for isoprene oxidation initiated by OH 

radicals, O3, NO3 radicals, and Cl radicals. The theoretical mechanisms and related 

chamber studies are reviewed in Section 2.3.2. 

 

 

Figure 2.2 Schematic interrelationships for isoprene emissions, SOA formation, and 

atmospheric chemistry. Red arrows present the positive relationships, blue arrows 

present the negative relationships, dashed arrows present the uncertain relationships 

(Pacifico et al., 2009). 
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Table 2.1 Rate coefficients for isoprene oxidation reported by IUPACa. 

Radicals Dominant 

sink b 

k (cm3 

molecule−1 s−1) 

T (K) Reference 

OH 1.4 h 2.7 × 10−11 280-315 (Atkinson et al., 2006) 

O3 16.4 h 1.03 × 10−14 240-360 (Atkinson et al., 2006) 

NO3 17.5 h 2.95 × 10−12 250-390 (Atkinson et al., 2006) 

Cl 29 d 4.1 × 10−10 298 (Sander et al., 2006) 

a IUPAC: International Union of Pure and Applied Chemistry. 

b All rate coefficients are reported by IUPAC (Atkinson et al., 2006), where [OH] = 2 

× 106 molecules cm−3, [O3] = 50 ppbv, [NO3] = 1 pptv and [Cl] = 1 × 103 molecules 

cm−3, respectively. 

2.3 Environmental chamber 

2.3.1 Overview of environmental chamber 

Environmental chambers, also known as smog chambers, have been widely used in 

recent decades as a practical tool to investigate and infer chemical mechanisms and 

kinetics. Smog chambers were first used in the 1980s to study the atmospheric chemical 

processes of air pollutants (Akimoto et al., 1979; Carter et al., 1982). 

Several parameters for a new smog chamber system required evaluation and 

characterization before any experiments can be conducted. Baseline control and wall 

effects are the major factors that limit the reliability of the results in evaluation of the 

model and mechanism. For instance, the initial NOx and VOCs concentrations in smog 

chamber experiments are often higher than those in the atmosphere due to the 



Literature Review 

36 

limitations of the detection instruments and of background control. In addition, great 

uncertainties exist for those NOx and VOCs with low concentrations due to the wall 

loss effect. Therefore, the relatively small surface-to-volume ratio of a large-volume 

smog chamber can help it avoid the wall effect and reduce the loss of chemicals in both 

gas and particle phases. The large chamber also allows sufficient reaction time and 

provides more connection ports for analytical and monitoring instruments. 

Both outdoor and indoor chambers have been built in previous research. Outdoor smog 

chambers use natural light sources whose intensity changes with time and season 

(Carter et al., 2005; Rohrer et al., 2005) and natural environmental conditions that better 

reflect diurnal changes and the reaction process. However, it is difficult to conduct 

repeated experiments due to the uncontrollable light and ambient environmental 

conditions. In contrast, repeated testing can be carried out under controllable conditions 

using indoor smog chambers (Cocker et al., 2001; Xu et al., 2006; Wang et al., 2014). 

Nevertheless, some limitations and uncertainties exist with indoor chambers due to the 

disparity between natural and artificial light sources. 

In the 1980s, Seinfeld and colleagues (Leone and Seinfeld, 1985; Stern et al., 1987) set 

up a 65-m3 outdoor smog chamber made of fluorinated ethylene propylene (FEP) at the 

California Institute of Technology (Caltech) to study aerosol formation from the photo-

oxidation of biogenic and aromatic hydrocarbons. Many chamber systems have since 
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been developed to study gas-phase products and the formation of SOA. 

The group at the University of California, Riverside has been working on chambers 

from 1980s, and eight outdoor and indoor chambers have been constructed (Atkinson 

et al., 1980; Carter, 1995; Carter et al., 1997). Through years of experimentation and 

characterization, this group established a highly functional chamber system that 

consists of two collapsible 90-m3 FEP Teflon film reactors (Carter et al., 2005). 

EUPHORE, another representative smog chamber, was a double hemispherical reactor 

in Valencia, Spain, used to focus on atmospheric chemical reactions in the gas phase 

and kinetic parameters (Becker et al., 1996; Wang et al., 2014). Smog chamber facilities 

have been developed in China since the 1980s (Wang et al., 1995; Xu et al., 2006; Wu 

et al., 2007; Wang et al., 2014). These studies have provided valuable experience in the 

development of smog chambers to study photochemical kinetics and mechanisms. A 

series of new chamber systems was recently developed to meet the challenges of air 

pollution control in China (Zhang et al., 2008; Li et al., 2014; Wang et al., 2014). Table 

2.2 summarizes the details of various chamber systems. 
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Table 2.2 Summary of chamber systems. 

Institutions Types Volume 

(m3) 

Material Reference 

California Institute of 

Technology, U.S.A. 

Indoor 28 

(Dual) 

FEP (Cocker et 

al., 2001) 

University of California 

(Riverside), U.S.A. 

Indoor 90 

(Dual) 

FEP (Carter et al., 

2005) 

University Florida, U.S.A. Outdoor 52 

(Dual) 

FEP (Im et al., 

2014) 

Forschungszentrum Jülich, 

Germany 

Outdoor 27 FEP (Rohrer et 

al., 2005) 

Toyota Central R&D Labs, 

Japan 

Indoor 2 FEP (Takekawa et 

al., 2003) 

Paul Scherrer Institut, 

Switzerland 

Indoor 27 FEP (Dommen et 

al., 2006) 

Forschungszentrum Karlsruhe, 

Germany 

Indoor 84 Metal (Möhler et 

al., 2003) 

University of North 

Carolina,U.S.A. 

Outdoor 135 

(Dual) 

FEP (Lee et al., 

2004) 

Interuniversity Laboratory of 

Atmospheric Systems, France 

Indoor 4.2 Stainless 

steel 

(Wang et al., 

2011) 

Commonwealth Scientific and 

Industrial Research 

Organisation, Australia 

Indoor 18 FEP (Hynes et al., 

2005) 

Guangzhou Institute of 

Geochemistry, Chinese 

Academy of Sciences, 

Guangzhou 

Indoor 30 FEP (Wang et al., 

2014) 

Tsinghua University, 

Beijing 

Indoor 2 FEP (Wu et al., 

2007) 

Fudan University, 

Shanghai 

Indoor 4.5 Stainless 

steel 

(Zhang et al., 

2008) 
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Some old chamber systems cannot fulfill all of the requirements for the materials, 

technologies, wall effect, and control of environmental conditions that allow accurate 

simulation experiments. Moreover, recent atmospheric chemistry issues have raised 

new research interests and topics, so enhanced methods should be implemented in 

chamber studies. For example, state-of-the-art online analytical instruments are needed 

for observation of intermediates and transient processes. Newly designed chambers 

have been constructed, and many outdated smog chambers require upgrades to meet 

these challenging requirements. Leskinen et al. (2015) designed a 29-m3 collapsible 

FEP chamber as part of a combustion system to thoroughly study vehicle exhaust, 

which was combined with dilution systems and cell/animal exposure devices. 

2.3.2 Reaction of isoprene in chamber systems 

As discussed in Section 2.2.3, isoprene can easily react with free radicals such as 

hydroxyl radicals (OH), O3, nitrate radicals (NO3), and chlorine radicals (Cl), and hence 

it plays an important role in atmospheric chemistry (Clark et al., 2016; Liu et al., 2016b; 

Santos et al., 2018) owing to its two double bonds and high concentration in the 

troposphere. Laboratory studies on the dark and photochemical reactions of isoprene in 

a chamber system are reviewed in detail below. 

The overwhelmingly dominant reaction pathway of isoprene in the atmosphere is 

oxidation initiated by OH radicals (Wennberg et al., 2018), with an estimated accounts 



Literature Review 

40 

of approximately 85% of isoprene reaction (Paulot et al., 2012), due to the synchronous 

diurnal curves between isoprene and OH. As illustrated in Figure 2.3, the reaction 

between isoprene and OH radicals begins from an additive reaction on the unsaturated 

backbone. Although OH can be added at any of four positions on the conjugated carbon 

chain of isoprene, the fractions of isomers 1, 2, 3, and 4 are 0.67, 0.02, 0.02, and 0.29, 

respectively, based on theoretical calculations by Greenwald and colleagues 

(Greenwald et al., 2007). After the addition of OH to the unsaturated backbone of 

isoprene, the 1−OH and 4−OH adducts are generated separately as pools of allylic 

radicals (Peeters et al., 2014, 2009). Peeters et al. (2014) also estimated 0.46 and 0.69 

as the fractions of cis allylic radicals and 0.54 and 0.31 as the fractions of trans-allylic 

radicals for 1−OH adducts and 4−OH adducts, respectively. Each OH−isoprene allylic 

radical will then obtain an oxygen atom to form three distinct isoprene hydroxy peroxyl 

radicals (ISOPOOs): β− ISOPOO, Z−  -ISOPOO, and E- -ISOPOO (Peeters et al., 

2014; Teng et al., 2017). The rate constant of the overall oxygen addition reaction is 

𝑘𝐼𝑆𝑂𝑃𝑂𝑂 𝐴𝑑𝑑𝑖𝑡𝑖𝑜𝑛 = 2.0 × 10−12 cm3 molecule−1 s−1 at 298 K (Park et al., 2004). Those 

ISOPOO radicals will continue to react with NO, HO2, or other peroxyl radicals, which 

can be detected by the degradation of ISOPOO radicals by chemical ionization MS 

(Zhang et al., 2003) and laser-induced fluorescence (Stevens et al., 1999). Isoprene 

hydroxy nitrate is generated by both β− ISOPOO and  − ISOPOO isomers, with 

branching ratios of 0.067 and 0.24, respectively (Paulot et al., 2009). The rate constant 
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for the reaction between NO and the ISOPOO radical is 𝑘𝐼𝑆𝑂𝑃𝑂𝑂+𝑁𝑂 = 8.8 ± 1.2 × 

10−12 cm3 molecule−1 s−1 at 298 K (Atkinson et al., 2006), which is the sole source of 

the production of methyl vinyl ketone (MVK) and methacrolein (MACR). However, 

due to the uncertain lifetime of β−ISOPOO, the yields of MVK and MACR from 

isoprene oxidation vary and are not confirmed, ranging from 31% to 44.5% when the 

NO concentrations changed from 20 ppb to 31.8 ppb, respectively (Liu et al., 2013; 

Miyoshi et al., 1994; Paulson and Seinfeld, 1992; Ruppert and Heinz Becker, 2000; 

Sprengnether et al., 2002; Tuazon and Atkinson, 1990). 

Moreover, HCHO and HO2 are produced in the presence of oxygen, and the yield of 

HCHO is equal to the sum of MVK and MACR (Miyoshi et al., 1994; Sprengnether et 

al., 2002; Tuazon and Atkinson, 1990). HCHO, MVK, and MACR are the major 

products of the reaction of isoprene and OH. The reaction of ISOPOO and HO2 

generates the unsaturated hydroxy hydroperoxide named isoprene hydroxy 

hydroperoxide (ISOPOOH) with six possible isomers, which was initially reported by 

PTR in field measurements from the Amazon basin in Suriname (Crutzen et al., 2000; 

Warneke et al., 2001a) and from the savannah in Venezuela (Holzinger et al., 2002). 

The rate constant for this reaction is 𝑘𝐼𝑆𝑂𝑃𝑂𝑂+𝐻𝑂2
=  1.74 ± 0.25 × 10−11 cm3 

molecule−1 s−1 at 298 K (Boyd et al., 2003). As reported in a chamber study (Fabien 

Paulot et al., 2009; St Clair et al., 2016), ISOPOOH plays a crucial role in isoprene 

oxidation in low-NOX conditions, as measured by CIMS combined with PTR-MS. In 
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low-NOX conditions, the self-reactions of RO2 and cross-reactions with their products 

are both important in producing MVK, MACR, HCHO, and ISOPOO (Jenkin et al., 

1998; Jenkin and Hayman, 1995). 

 

 

Figure 2.3 Dynamics of the reported isoprene + OH system in the presence of O2 

(Wennberg et al., 2018). 
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Although the prevailing removal process of isoprene is its reaction with OH radicals, it 

is estimated that approximately 10% of its loss in the atmosphere is related to reaction 

with O3 (Isidorov, 1990). OH radicals, RO2 radicals, Criegee intermediates, stable 

gaseous products, and SOA are generated from the complex reaction process between 

isoprene and O3 (Biesenthal et al., 1998; Isidorov, 1990; Nguyen et al., 2010). 

Ozonolysis of isoprene could also become a significant chemical mechanism of O3 

depletion in isoprene-dominant areas (Fiore et al., 2005). The ozonolysis of isoprene is 

a complex chemical process and includes several steps (Figure 2.4). First, the 

cycloaddition reaction between O3 and isoprene occurs at one of the two double bonds 

and then forms either kind of POZ (Zhang et al., 2003). Approximately 60% of the total 

yields are 3,4-addition POZ, and the rest are 1,2-addition POZ, because in the methyl 

group the effect of steric hindrance takes precedence over that of electron donation, as 

reported by Aschmann (1994). The two types of POZ then decompose into different 

products. The 3,4-addition type becomes MACR or HCHO, whereas the 1,2-addition 

type produces MVK or HCHO. Both kinds of POZ yield C1 or C4 carbonyl oxides with 

high reactivity; these products are called activated Criegee intermediates (Wennberg et 

al., 2018). Some of the generated Criegee intermediates further decompose and 

participate in both bimolecular and unimolecular chemical reactions, and the rest 

become stabilized Criegee intermediates. Because no alkyl substituent is present in 

CH2OO to form a syn conformation, CH2OO has very low unimolecular reactivity. 
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However, CH2OO reacts with some gaseous molecules to form HCHO and hydrogen 

peroxide or highly oxidized multifunctional compounds, water, and formic acid based 

on its branching ratios (Mentel et al., 2015; Mutzel et al., 2015; Rissanen et al., 2014). 

 

 

Figure 2.4 Dynamics of the reported ozonolysis of isoprene (Wennberg et al., 2018). 

 

NO3 radicals undergo photolysis rapidly during daytime, so the reaction of isoprene 

with NO3 mostly occurs at night. Although this pathway contributes only a small part 
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of the isoprene sink (Horowitz et al., 2007), it results in measurably decreased 

concentrations of isoprene after sunset (Brown et al., 2009; Starn et al., 1998), and is a 

major source of nitrates (Beaver et al., 2012; Grossenbacher et al., 2004). Figure 2.5 

demonstrates the reactions and products following isoprene + NO3. The reaction of NO3 

and isoprene begins with addition to the C=C double bond (Berndt and Böge, 1997; 

Schwantes et al., 2015), which is similar to the reaction of isoprene with O3. The 

intermediates continue to gain oxygen and form two kinds of nitrooxy peroxyl radical 

(INO2) isomers: β−INO2 and  −INO2 (Schwantes et al., 2015). Those INO2 radicals 

are traditionally assumed to react with HO2 to produce a series of isoprene nitrates 

hydroperoxide, but some recent chamber studies have deduced the existence of other 

pathways. For example, INO2 radicals can react with NO to form dinitrate and react 

with NO3 to form RO radicals, O2, and NO2 (Ng et al., 2008; Schwantes et al., 2015). 

INO2 radicals can also react with other INO2 radicals when the experimental conditions 

favor RO2 + RO2. Kwan et al. (2012) conducted related experiments on the Caltech 

dual 28-m3 Teflon chamber and found that the products were isoprene hydroxy nitrate 

and isoprene carbonyl nitrate (59% to 77%), C10-organic peroxide compounds (3% to 

4%), and 2INO (19% to 38%). Like in the oxidation of isoprene by OH, INO2 radicals 

can produce peroxyl radicals by H-shift isomerization (Schwantes et al., 2015). The 

detailed mechanism of the reaction between isoprene and NO3 has not been well 

investigated. Future experimental studies are needed to address the products and the 
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mechanism of the reaction between isoprene and NO3. 

 

 

Figure 2.5 Dynamics of the reported isoprene + NO3 system (Wennberg et al., 2018). 

 

The isoprene sink is also somewhat dependent on oxidation by Cl radicals, although Cl 

is a minor oxidant. The global average Cl concentration is estimated to be less than 103 

atoms cm−3 (Rudolph et al., 1996), whereas the peak concentration has been inferred to 

be 105 atoms cm−3 by considering the marine boundary layer (Singh et al., 1996). Both 
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the E and Z stereoisomers of  −chloro peroxyl radicals are formed from the oxidation 

of isoprene by Cl radicals. The predominant mechanism for the reaction between 

isoprene and Cl radicals is an addition reaction, and the addition of Cl at the 4-position 

is estimated to surpass that at the 1-position, as shown in Figure 2.6 (Lei et al., 2002a). 

The carbon-centered radicals produced through oxidation by Cl then react with the O2 

in the atmosphere to rapidly generate peroxyl radicals (Lei et al., 2002b). It remains 

unclear whether the distribution of allylic radicals to peroxyl radicals forms via the 

abstraction channel. 
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Figure 2.6 Dynamics of the reported isoprene + Cl system (Wennberg et al., 2018). 

 

In summary, the studies reviewed above indicate that although the concentrations and 

reactions of VOCs in Hong Kong and the GBA/PRD have been investigated, scientific 

gaps remain to be filled. For example, most studies were performed with offline 

techniques such as gas chromatography with mass spectrometry (GC-MS) detection, 

flame ionization detection (FID), and electron capture detection (ECD) and high-

performance liquid chromatography (HPLC), which focus on the alkanes, alkenes, and 

aromatics emitted from vehicles and industries. Scant knowledge is available about the 
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characteristics of OVOCs, which make a significant contribution to O3 formation 

(Louie et al., 2013). In addition, OVOCs are difficult to detect with offline instruments 

due to their short lifetime and high chemical reactivity. Therefore, in this study, the most 

recently developed online monitoring equipment, proton transfer reaction quadrupole 

mass spectrometry (PTR-QMS), was used for the first time at the Hok Tsui site to 

provide updated information on OVOCs in Hong Kong. 

Furthermore, although chambers have been used in several studies and some 

photochemical and dark oxidation mechanisms of isoprene have been studied in recent 

years, large gaps remain in elucidating the chemical processes in the complex isoprene 

reaction system with more than one oxidant. In general, oxidants coexist in the 

atmosphere and participate in oxidation processes simultaneously (Atkinson et al., 1992; 

Kwan et al., 2012). However, few studies have investigated the reaction of isoprene in 

a comprehensive system while considering the synergy among the relevant oxidants in 

the total oxidation process of isoprene and the highly oxygenated products. Therefore, 

as described below, a newly developed chamber system at PolyU was used to 

investigate isoprene oxidation and its contributions to highly oxygenated compounds 

in a complex system with three types of oxidants (i.e., OH radicals, O3 and NO3 

radicals).  
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Chapter 3 Methodology 

3.1 Sampling site of field study 

The field measurements of VOCs and OVOCs were conducted at the Cape D’Aguilar 

Supersite Air-Quality Monitoring Station (the HT site; owned by the Hong Kong 

Environmental Protection Department; 22.22°N, 114.25°E, 60 m above sea level), 

located at the southeastern tip of Hong Kong Island (Figure 3.1). During autumn, the 

average temperature is 26.7°C, the average relative humidity is 72.5%, and it has a 

typical subtropical monsoon climate. As a rural coastal site that faces the South China 

Sea with a sea view of more than 270°, the HT site is affected by southwest wind in 

summer and northeast wind in autumn. Therefore, it is strongly influenced by oceanic 

emissions, urban plumes, and biogenic emissions (Wang et al., 2009). Although this 

station is located in Hong Kong, the HT site has been widely used as an ideal regional 

background site to investigate air pollution in the GBA and Hong Kong region (Lee et 

al., 2002; Lui et al., 2017). The field campaigns were conducted during late summer 

and autumn in 2018 from 27 August to 10 October, which is a common period of 

photochemical and particulate pollution in Hong Kong and the GBA (Lyu et al., 2020). 

An extremely powerful and catastrophic tropical cyclone, Typhoon Mangkhut, formed 

in early September 2018 and caused extensive damage in Hong Kong and GBA in 

middle-to-late September 2018 (Cheung and Su, 2018). Hence, for safety reasons data 
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for trace gases and VOCs were not obtained for 15–19 September and 17–25 September, 

respectively. 

 

 

Figure 3.1 Location and appearance of the sampling site in Hok Tsui (HT), Hong 

Kong. 

3.2 Chamber system 

The walk-in indoor environmental chamber located at PolyU comprises a stainless-steel 

enclosure of 18.26 m3 with a pivoted door. In order to achieve the required conditions 

such as specific temperature and humidity during the experiment, the chamber system 

has been constructed as a box-in-box design. The stainless-steel enclosure acts as outer 

environment control box and inside the enclosure a 6-m3 Teflon bag is set up as an inner 
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reactor. All reactions occur within the 0.127 mm-thick Teflon PFA 

(poly(tetrafluoroethylene-co-perfluoropropyl vinyl ether)) bag. Figure 3.2 shows the 

brief schematic diagram of the PolyU environmental chamber. 

 

 

Figure 3.2 Schematic of the PolyU environmental chamber system. 

3.2.1 Enclosure 

The Teflon reactor is housed in an environmental chamber made by stainless-steel (3.2 

m × 3.2 m × 2.5 m) and the effective volume of this stainless-steel chamber is 18.26 m3 

(Lee and Wang, 2006). The material of the inner walls is insulated stainless steel sheet. 
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The facility has its own air conditioner which can help control the temperature (T) 

inside the Teflon reactor by a central control system with an adjustable range from 10°C 

to 40°C ± 1°C. Air humidification system including clean water tank, water level safety 

switch and water heating element provides clean water vapor for relative humidity (RH) 

control, which is located beside the stainless-steel enclosure and can be set to a range 

from 5% to 85% ± 3%. 

3.2.2 Teflon reactor 

The inner reactor of a chamber system can be made of different materials, such as Al 

alloy (Tanaka et al., 2003), stainless steel (Lee et al., 2001a; Wang et al., 2011), or FEP 

(fluorinated ethylene-propylene co-polymer) Teflon film (Carter et al., 2005; Lai et al., 

2014; Wang et al., 2014). Because of the stable chemical characteristic and low 

interfacial free energy, Teflon does not participate in chemical reactions easily, and has 

a very small adsorption capacity for particulate matters. Therefore, Teflon film is widely 

used for experimental simulation of chemical reactions for large numbers of smog 

chambers. As one of the Teflon film, PFA (poly(tetrafluoroethylene-co-perfluoropropyl 

vinyl ether)) has been extensively used as material for chamber because of its extreme 

resistance to chemical erosion, optical transparency, and overall flexibility (Bu et al., 

2003; Rohrer et al., 2005; Valente et al., 1995). The Teflon bag reactor has a volume of 

6 m3 i.e., 2 m (Length) × 2 m (Width) × 1.5 m (Height) and it is fabricated from 0.127 
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mm-thick Teflon PFA film. A stainless-steel frame is settled to mount the whole reactor 

bag with four sets of parallel belt loops. A homogeneous mixing of reactants can be 

achieved by the installed mixing fans at the center of the ceiling. 

There are five Teflon ports fitted on the reactor. Three of them are used for injection of  

reagents such as zero air, VOC samples (such as isoprene, O3 and NO2), water vapor 

and seed aerosol. The other two ports are housed at the opposite side of the reactor one 

is used for sampling by connecting with an array of instruments and the other one is 

linked with an outlet pump. All these ports are equipped with Kynar tube fittings and 

reinforced with Teflon to keep sealed. 

3.2.3 Injection system 

A zero air instrument provides clean and dry air, which equips with activated charcoal 

particle filters and High-Efficiency Particulate Air (HEPA) filters to remove gaseous 

organics and particles respectively, the allochroic silica gel to remove water. The flow 

rate of zero air was set to 20 L min-1. The standard of the background air was kept < 1 

ppb for non-methane hydrocarbons (NMHCs), < 1 ppb NOX, O3 and no detectable 

particles. The chamber was flushed continuously for over 48 hours with clean air before 

use. 

Gaseous reactants (such as O3 and NO2) were injected via a non-absorbent tube, which 
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was connected to one of the Teflon port on the left side of the reactor. The volume of 

total gas injection can be calculated by the duration of injection and the air flow rate. A 

certain volume of isoprene was injected by one port of a three-way tube and carried by 

zero air injected into the chamber by another port. Ozone was generated by a 

commercial ultraviolet-light initialed ozone generator (Jelight Model 2001, Jelight 

Company, U.S.A.). Seed particles were generated by an atomizer (TSI 3079, TSI Inc., 

U.S.A.) and then passed through a silicone tube to remove water and a neutralizer (TSI 

3080, TSI Inc., U.S.A.) to eliminate the charges before introducing into the reactor. 

3.3 Instrumentation 

3.3.1 Measurement techniques at Hok Tusi site 

For the first time, state-of-the-art high-resolution proton transfer reaction quadrupole 

mass spectrometry (PTR-QMS) (PTR-QMS 500, IONICON Analytik, Austria) was 

used to comprehensively investigate the photochemical oxidation of VOCs and the 

formation of secondary organic aerosols at a regional urban background site in Hong 

Kong. PTR-QMS has been widely used for online VOC measurements in field studies 

(Li et al., 2019; Yuan et al., 2013). In principle, the continuously introduced VOCs 

which are injected into the drift tube via a Venturi-type inlet undergoes non-dissociative 

proton transfer from H3O
+ ions (from water vapor via hollow cathode discharge) and 

further ionized as VOC·H+ fragments and then detected by a quadrupole mass filter 
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(Hewitt et al., 2003). Normally, PTR-QMS can only detect the substance with a proton 

affinity greater than water (165.2 kcal/mol). During this campaign, the PTR-QMS 

operation system was operated under H3O
+ mode, and H3O

+ primary ions were set to a 

constant drift tube pressure of 2.2 mbar. The field density ratio (E/N; where E is the 

electric-field strength, and N is the gas-number density) was 136 Td, and the 

temperatures of the inside and outside sample inlets were both 60°C. The sampling flow 

rate was 300 mL min-1 for the inlet flow controller and 245 mL min-1 for the pressure 

controller. 

A large variety of VOCs and OVOCs were quantified online with PTR-QMS at a high 

time resolution. The specific species of interest in this study were (1) alkenes, namely 

m/z 69 for isoprene and m/z 137 for monoterpenes; (2) aromatic hydrocarbons, namely 

m/z 79 for benzene, m/z 93 for toluene, and m/z 107 for xylene; (3) OVOCs, namely 

m/z 33 for methanol, m/z 45 for acetaldehyde, m/z 57 for acrolein, m/z 59 for acetone, 

m/z 71 for methyl vinyl ketone (MVK) and methacrolein (MACR), m/z 73 for methyl 

ethyl ketone (MEK), and m/z 113 for products from the ozonolysis of terpenes; and (4) 

others, such as m/z 42 for acetonitrile. The data were collected and processed with PTR-

MS Viewer version 3.2. The signal of m/z 113 was observed in ambient air above a 

Ponderosa pine forest canopy in California, and the results from chamber experiments 

confirmed that this ion is consistent with the products of terpene ozonolysis (Lee et al., 

2006). Another field study at Mount Tai in China also identified the signal as 
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representing unsaturated aldehydes or ketones (Inomata et al., 2010). As a result, we 

attributed this m/z 113 signal to the products from the ozonolysis of terpenes (terpenes 

oxidation products; TOPs). The PTR-QMS program measured the above-mentioned 

m/z values at a time interval of approximately 26 s. 

During the campaign, the ambient temperature changed slightly and humidity change 

contributed little on the major uncertainty in PTR-QMS measurements (Eerdekens et 

al., 2009; Kari et al., 2018; Warneke et al., 2001b). For quality control, the PTR-QMS 

was calibrated with a gas calibration unit (GCU, IONICON Analytik, Austria) 

containing a standard gas canister (RESTEK canister, IONICON Analytik, Austria) 

containing 27 types of VOCs. Zero air was introduced every day, to check the baseline 

of VOCs. Calibration was conducted every week, and a five-point curve was used to 

qualify the concentrations of VOCs. The details of the calibration procedure, including 

the mixing ratio of the standard gas, the calibration curve, the correlation coefficient, 

and the detection limits, are listed in Table 3.1. All species observed during the field 

campaign had good correlation coefficients (0.995 to 0.997). 
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Table 3.1 The calibration curves, mixing ratio, correlation coefficient and detection 

limits for individual VOCs and OVOCs in gas standard. 

Compounds Mixing ratio 

(ppmv) 

Calibration curve Correlation 

coefficient, R2 

Detection 

limit (pptv) 

Methanol 0.99 y = 0.9468x + 0.7201 0.996 162 

Acetonitrile 0.99 y = 1.3145x + 0.1951 0.996 17 

Acetaldehyde 0.95 y = 0.7047x + 0.2353 0.997 101 

Acrolein 1.01 y = 1.0587x + 0.1942 0.997 23 

Acetone 0.98 y = 1.0461x + 0.2326 0.997 31 

Isoprene 0.95 y = 1.0380x + 0.4258 0.995 40 

MVK + MACR 1.01 y = 1.0553x - 0.0652 0.996 25 

MEK 0.99 y = 1.0337x + 0.0236 0.997 18 

Benzene 0.99 y = 0.9816x + 0.1068 0.996 12 

Toluene 0.99 y = 0.9807x + 0.2739 0.997 30 

Xylene 1.02 y = 0.9876x + 0.1760 0.997 25 

TOPs 1.01 y = 0.9642x + 0.1709 0.997 33 

Monoterpenes 1.01 y = 0.8368x + 2.0316 0.996 29 

 

In addition, to integrate the VOC measurements, the concentrations of nitric oxide (NO), 

nitrogen dioxide (NO2), O3, carbon monoxide (CO), and sulfur dioxide (SO2) were 

measured every minute. NO and NO2 were measured with an NOx analyzer (Model 

42i-TL, Thermo Fisher Scientific Inc., U.S.A.), and O3 was measured with an O3 

analyzer (Model 49i, Thermo Fisher Scientific Inc., U.S.A.). CO was measured with an 

CO analyzer (Model 48i, Thermo Fisher Scientific Inc., U.S.A.), and SO2 was measured 

with an SO2 analyzer (Model 43i, Thermo Fisher Scientific Inc., U.S.A.). The data for 
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the CO and SO2 concentrations and for the meteorological conditions (temperature and 

relative humidity) were provided by the Hong Kong Environmental Protection 

Department. The sampling inlets of these trace gas analyzers were at the same position 

as those for PTR-MS, and their flow rates were 1.5 L min−1 ± 10%. 

3.3.2 Measurement techniques for chamber system 

A variety of gas-phase and aerosol-phase instruments were employed in the chamber 

system to investigate isoprene oxidation. As an advanced technology, proton transfer 

reaction-time-of-flight-mass spectrometry (PTR-ToF-MS) has also been used in many 

chamber studies (Chu et al., 2014; Liu et al., 2015; Wang et al., 2015). Here we applied 

PTR-ToF-MS (PTR-ToF-MS 1000 ultra, IONICON Analytik, Austria) to detect the 

concentration of VOCs in real time. The PTR-ToF-MS 1000 ultra combines the latest 

evolution with the new funnel technology to improve ion transmission leading to a 

much higher sensitivity, which is as low as 5 ppt. This online VOCs monitoring 

instrument can be easily used in high-speed applications, even under the situation of 

very low VOC concentrations, or a large number of sample compounds as well. The 

PTR-ToF-MS was calibrated with a gas calibration unit (GCU, IONICON Analytik, 

Austria) containing a standard gas canister (RESTEK canister, IONICON Analytik, 

Austria) weekly. In addition, a  high-resolution time-of-flight-chemical ionization 

mass spectrometer (ToF-CIMS) using nitric acid-adducts was employed to characterize 
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multifunctional highly oxygenated compounds. ToF-CIMS is a latest direct, online, 

reproducible mass spectrometer that is capable for quantifying various classes of 

OVOCs (Bannan et al., 2019; Lee et al., 2014; Zhao et al., 2017). 

For other gases, O3 was measured by an O3 analyzer (Model 49i, Thermo Fisher 

Scientific Inc., U.S.A.), and Model 42i nitrogen oxide analyser (Model 42i-TL, Thermo 

Fisher Scientific Inc., U.S.A.) was used to measure the concentration of NO, NO2 and 

NOx. And the sampling flow rates were 1.5 L min−1 ± 10% for both. All instruments 

were located close to the chamber system and connected to the sampling port of the 

inner reactor directly. 

For aerosol monitoring, particle number concentrations and size distributions were 

obtained from scanning mobility particle sizer (SMPS) (TSI 3080; TSI Inc., U.S.A.). 

Aerosol sampling flow rate was 3.0 L min−1 and the size distribution ranged from 15 

nm to 680 nm was measured within 240 s. The particle number concentration accuracy 

of the SMPS is ± 10%. A temperature and humidity sensor (HBO; Inc., U.S.A.) is 

equipped inside the Teflon reactor to ensure that the temperature and RH are within the 

required range. 
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3.4 Model used in this study 

3.4.1 Photochemical reactivity of VOCs 

VOCs are important precursors of ground-level ozone (Seinfeld et al., 2016). OFP is 

extensively used to estimate the contribution of individual VOC compounds to O3 

generation (Huang et al., 2008), as it reflects the relative contribution of various VOCs 

to the generation of O3. The OFP was developed by implementing the box model 

simulation with different scenarios, and the maximum incremental reactivity (MIR) is 

used to reflect the ozone production which is more sensitive to the variation of VOCs 

than NOX. As a rural coastal site, the peak ozone concentration at HT is controlled by 

both VOCs and NOX in different seasons. But during the sample period, VOCs play a 

more sensitive role in ozone formation (Jin and Holloway, 2015). In addition, the MIR 

was also used for the estimation of OFP at HT (So and Wang, 2004) and PRD rural 

areas (Tang et al., 2007) in previous studies. This is then used to determine the key 

sources and precursors of O3, and specific MIR and VOC concentrations are used for 

OFP calculations, as follows (equation 3.1): 

𝑂𝐹𝑃 (𝑗) = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛(𝑗) × 𝑀𝐼𝑅(𝑗)  (3.1) 

where 𝑂𝐹𝑃 (𝑗) is the OFP for the specific VOC species 𝑗; 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛(𝑗) is the 

concentration of the VOC species 𝑗 (in μg/m3); and MIR (in grams of O3 per gram of 
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organic compound) is the maximum incremental reactivity coefficient of the VOC 

species 𝑗, as developed and obtained by Carter (Carter, 2010). 

3.4.2 Positive matrix factorization model 

Source apportionment techniques generally use a receptor model based on intrinsic 

statistical features of ambient measurement data (Watson et al., 2001). The receptor 

model is used to estimate the source contributions of pollutions and to evaluate the 

bottom-up emission inventories, although these are difficult to establish due to 

significant uncertainties (Zhang et al., 2009). PMF is an advanced multivariate receptor 

model recommended by the United States Environmental Protection Agency (US EPA), 

and is thus widely used for site-specific calculations of source profiles and the time 

series of these sources, including in cases where little is known about the source profiles 

(Brown et al., 2007; Cai et al., 2010; Guo et al., 2011; Huang et al., 2015; Yuan et al., 

2012). EPA PMF version 5.0 was used in this field study to characterize and identify 

the sources of VOC species. 

Theoretically, PMF presents the contribution of n chemical species from p independent 

sources with the following chemical mass equation 3.2 (Miller et al., 1972): 

𝑥𝑖𝑗 = ∑ 𝑔𝑖𝑘𝑓𝑘𝑗 + 𝑒𝑖𝑗
𝑝
𝑘=1   (3.2) 
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where 𝑥𝑖𝑗  represents the concentration of j th species in 𝑖 th chemical sample; 𝑔𝑖𝑘 

represents the contribution of the 𝑘th source to the 𝑖th sample; 𝑓𝑘𝑗 represents the score 

matrix of the jth species on the 𝑘th source factor; 𝑒𝑖𝑗 represents the residual factor for 

the jth species at the 𝑖th chemical sample (Paatero, 1997), and p represents the total 

number of independent sources, which is determined by several normalized factors, 

such as the residual distribution for a specific VOC sample, factor scores of the 

measured concentrations of a VOC, and the error squares of concentration for a specific 

VOC (Anderson et al., 2001). A minimized object function 𝑄  (see equation 3.3) is 

introduced into this receptor model to yield the solution, which is based on uncertainties 

(u). 

𝑄 =  ∑ ∑ (
𝑒𝑖𝑗

𝑠𝑖𝑗
)

2
𝑛
𝑗=1

𝑚
𝑖=1   (3.3) 

where 𝑒𝑖𝑗 represents the residual factor for the jth species at the 𝑖th chemical sample, 

and 𝑠𝑖𝑗 represents the uncertainty of the jth species at the 𝑖th chemical sample, which 

is calculated using the error fraction and method detection limit (Polissar et al., 1998). 

Poirot et al. (2001) and Hopke (2014) have also developed methods to deal with data 

that are missing or below the detection limit. The PMF model could extract source 

contributions from ambient samples without source profile and apportionment. 
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Chapter 4 Characteristics and Source Apportionment of 

VOCs and OVOCs at a Coastal Site in Hong Kong 

4.1 Introduction 

Studies have identified complex VOC sources and contributions in Hong Kong (Guo et 

al., 2007; Lau et al., 2010; Liu et al., 2008), which is a major metropolis south of China 

(Chan and Yao, 2008). Hong Kong’s air quality is affected by its large population (7.5 

million residents) and heavy traffic (nearly 880,000 registered vehicles). Emissions 

from solvents and vehicles are the key contributors to O3 formation in the urban area of 

Hong Kong (Lam et al., 2013; Lau et al., 2010; Ling and Guo, 2014). Hong Kong is 

also affected by the Asian monsoon, which comprises marine wind from the southwest 

in summer and continental wind from the northeast in winter. The northern winds from 

the continent also reduce the air quality in autumn and winter (Lyu et al., 2020). In 

addition, the significant contribution from OVOCs on ozone formation in Hong Kong 

was estimated, which was more than one-third of that from VOCs alone (Louie et al., 

2013). There is insufficient attention on OVOCs in atmosphere, and the database and 

information on OVOCs is scant in Hong Kong. 

In general, the O3 formation potential (OFP) reflects the contribution of VOC species 

to O3 generation, and may be used to evaluate the key VOC species in O3 episodes. 
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Identifying and quantifying the contributions from each source is also crucial for air 

pollution abatement and for the formulation of control measures and strategies. Positive 

matrix factorization (PMF) is one of the receptor models which has been widely used 

to study the source VOC profiles (Anderson et al., 2001; Brown et al., 2007; Cai et al., 

2010; Guo et al., 2011; Zhu et al., 2018). It is crucial to understand the chemical 

composition of VOCs, identify major source regions of air pollution, and quantify the 

relative contribution of each source sector to ambient VOC concentrations, especially 

for cities such as Hong Kong that experience severe photochemical smog and O3 

pollution. 

In this chapter, field measurements were conducted at a coastal site (Hok Tsui; HT) in 

Hong Kong from August to October 2018. The VOC concentrations were measured 

using an online high-resolution instrument proton transfer reaction quadrupole mass 

spectrometry (PTR-QMS). The concentrations of the 13 calibrated species of VOCs 

and oxygenated VOCs (OVOCs) were determined and thoroughly analyzed. The OFP 

was used to identify the key species for O3 generation at the HT site, and PMF was used 

to apportion the VOCs to their respective sources. The updated source contributions 

were identified and quantified in Hong Kong and the GBA according to the PMF 

estimation results. 
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4.2 VOCs and OVOCs characteristics at Hok Tsui 

4.2.1 Observation of VOCs and OVOCs 

The time series of the trace gases such as NO, NO2, O3, CO, and SO2, the 

meteorological conditions, and the representative biogenic VOC isoprene and 

anthropogenic VOC benzene are shown in Figure 4.1. The concentration of VOC and 

OVOC species at the HT site and a comparison with data from four other suburban sites 

are shown in Table 4.1, including: (1) Tai O (Guo et al., 2006), another coastal area on 

the southwestern tip of Hong Kong; (2) Changdao (B Yuan et al., 2013), a coastal area 

between Liaoning Peninsula and Jiaodong Peninsula; (3) the Panyu District of 

Guangzhou (Zou et al., 2015), which is approximately 15 km south of downtown 

Guangzhou (a key city in the GBA); and (4) the Huairou District of Beijing (Li et al., 

2019), which is approximately 50 km from the North 5th Ring Road and influenced by 

the urban plume. The geographic locations of these sites are also illustrated in Figure 

4.2. 
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Figure 4.1 Time series of meteorological parameters, SO2, CO, O3, NOX and 

representative VOC isoprene and benzene at the HT site. The yellow shaded-areas 

highlight the O3 episodes; the green shaded-area marked as super typhoon Mangkhut 

landfall period. 
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Table 4.1 Average concentration of VOCs at HT site and comparison to other studiesa. 

VOCs species This study Tai O, coastal  Changdao, rural Panyu, rural Huairou, rural 

Methanol 3.73 ± 3.26 N.A. 5.67 ± 4.80 N.A. 3.42 ± 2.58 

Acetonitrile 0.20 ± 0.20 N.A. 0.21 ± 0.12 N.A. 0.11 ± 0.10 

Acetaldehyde 0.72 ± 0.59 N.A. 0.63 ± 0.44 3.66 0.83 ± 0.57 

Acrolein 0.26 ± 0.23 N.A. N.A. N.A. N.A. 

Acetone 2.43 ± 1.43 N.A. 1.85 ± 0.92 N.A. 1.59 ± 1.17 

Isoprene 0.47 ± 0.47 0.43 ± 0.73 0.01 ± 0.01 N.A. 0.04 ± 0.04 

MVK + MACR 0.11 ± 0.10 N.A. N.A. 1.14 0.13 ± 0.13 

MEK 0.46 ± 0.31 N.A. 0.35 ± 0.22 N.A. 0.38 ± 0.38 

Benzene 0.29 ± 0.20 0.87 ± 0.92 0.55 ± 0.36 N.A. 0.91 ± 0.91 

Toluene 0.25 ± 0.25 5.67 ± 7.13 0.57 ± 0.51 N.A. 0.73 ± 0.73 

Xylene 0.26 ± 0.26 0.38 ± 0.57 N.A. N.A. N.A. 

TOPs 0.07 ± 0.07 N.A. N.A. N.A. N.A. 

Monoterpenes 0.13 ± 0.12 N.A. 0.07 ± 0.06 N.A. 0.04 ± 0.04 

N.A. – not available. 

a The unit of concentration for all VOCs species is ppb. 
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Figure 4.2 Location of the five rural sampling sites. 

The range of average VOC concentrations measured at HT (0.07 ± 0.07 ppb [TOPs] to 

3.73 ± 3.26 ppb [methanol]) was similar to that from other rural areas. However, slight 

differences existed in the concentration ranges of some species measured in these rural 

areas. For example, the average concentration of isoprene (a representative BVOC) at 

the HT site was 0.47 ppb, which was similar to that at Tai O. Nevertheless, it is quite 

high relative to that at Changdao and Huairou. BVOCs play a critical role in the 

atmosphere and exert a great influence on climate (Fuentes et al., 2000); this has a 

significant effect on Hong Kong, a hot tropical city located downwind from dense 

forests (Guenther, 1995). The HT site is part of a marine reserve and is lush with native 

coastal plants; this large green area may generate high concentrations of isoprene. 

Besides, isoprene is also produced by marine organisms (Arnold et al., 2009; Broadgate 
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et al., 2004; Tran et al., 2013) and it was detected in marine air by PTR-MS in southern 

Indian Ocean (Kameyama et al., 2014) and North Pacific Ocean (Kameyama et al., 

2010). A study conducted on the CHINARE cruises suggested the existence of isoprene 

in the marine boundary layer and the importance of oceanic emissions to isoprene (Hu 

et al., 2013). As a result, the concentrations of MVK + MACR and MEK were also high, 

as they are the major intermediate products generated by isoprene oxidation. The same 

phenomenon was also observed in monoterpenes commonly emitted from plants, 

whose concentration was approximately 1.9 times and 3.3 times than those measured 

at Changdao and Huairou, respectively. 

Methanol was the most abundant species of the measured VOCs at HT (average 

concentration, 3.73 ± 3.26 ppb). The value was lower than that at Changdao, but similar 

to those reported in Barcelona (Filella and Peñuelas, 2006) and in Beijing, whose 

nearby areas of vegetation are similar to those of the HT site. Methanol mostly 

originated from biogenic emissions and secondary formation (from oxidation of 

methane). The dominant sink of methanol was reaction with atmospheric oxidants, such 

as OH radicals, NO3 radicals, and O3. The reactivities were low, which resulted in a 

relatively high concentration of methanol at the HT site (Atkinson, 2000). Acetone had 

the second-highest concentration observed during the HT campaigns (average 

concentration was 2.43 ± 1.43 ppb), which was slightly higher than the concentrations 

in Changdao (1.85 ppb) and Huairou (1.59 ppb). Similar to methanol, the major source 
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of acetone was primary biogenic emissions, and it was consumed by photolysis and OH 

oxidation in the atmosphere. Although acetone showed less reactivity toward 

atmospheric oxidants than methanol, photodissociation still played an important role in 

its removal (Atkinson et al., 1999), which led to a lower concentration of acetone than 

methanol. Benzene, toluene, and xylene are the main components of aromatic VOCs. 

The average concentrations of these benzene series compound (BTX) were lower than 

those in other rural sites. As the HT site is a background site of the GBA, the 

concentrations of VOCs measured at the HT site were typically lower than those found 

at the Changdao and Beijing rural sites (Table 4.1). However, some species were 

present in high concentrations, which indicated the importance of BVOCs and the key 

role of photochemical oxidation on OVOCs formation at the HT site. 

4.2.2 Diurnal variations 

Figure 4.3 shows the diurnal variations in VOC concentrations at the HT site. As shown 

in Figure 4.3, the concentrations of all OVOCs were higher during the daytime than at 

nighttime, due to the solar radiation and higher temperature during the daytime, while 

there was no obvious peak in the concentrations of acetaldehyde and acrolein during 

the daytime. The presence of solar radiation and the higher temperature during the 

daytime facilitated the photochemical reactions that generate OVOCs, and thus the 

concentrations of the OVOCs peaked at noon. There were several minor peaks in 
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methanol concentrations (e.g., at 05:00 and 12:00), which indicates that it had different 

sources. That 05:00 peak was most likely a result of dew formation. During this period, 

the increase in methanol was always accompanied by a reduction in the gap between 

the temperature and the dew point and by a low wind speed (Figure 4.4), which 

indicates that methanol emissions were related to condensation; after the leaves became 

wet, methanol was dissolved and then released to the atmosphere. This phenomenon 

has also been described elsewhere (Filella and Peñuelas, 2006; Warneke et al., 1999). 

The noon peak in methanol concentration due to photochemical reaction was a result 

of the strongest solar radiation occurring at this point in the day. The concentration of 

acetone showed a similar diurnal variation to methanol, without an effect from dew 

formation. There was a slight increase in the concentration of all OVOCs at night, which 

was attributed (except for acrolein) to the change in the boundary layer height. Aromatic 

compounds showed several maximum-concentration peaks throughout the day. The 

07:00 peak was mainly due to the emissions from commuter traffic from a cable station 

near the site. The concentrations of benzene, toluene, and xylene decreased during the 

daytime due to reaction with OH radicals, but the differences in their loss ratios 

demonstrated the differences in their reaction rates (Seinfeld et al., 1998). Another peak 

around 20:00 was slightly later than the time of high emissions from normal rush-hour 

traffic, and thus may have been caused by long-distance transportation from the urban 

area. Isoprene and monoterpene concentrations exhibited the expected trend consistent 
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with solar radiation, reached an apex at noon. The concentrations of MVK + MACR, 

the major photooxidation products of isoprene and monoterpene, and the products from 

the ozonolysis of terpenes, were greater in the afternoon because the accumulation of 

oxidated isoprene and monoterpene was lower at night. Acetonitrile, as an inert 

substance, reacts very slowly with OH radicals (Atkinson et al., 2008). There was a 

slight increase in the concentration of acetonitrile during the daytime, and a slow 

decrease after sunset. This curve was similar to that of acetonitrile concentration data 

from a rural site in New Hampshire, USA (Jordan et al., 2009), and was likely due to 

dry deposition (Talbot et al., 2005). The specific and detailed source apportionment for 

VOCs is discussed in Section 4.5. 
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Figure 4.3 Diurnal variations of VOCs and O3 at HT site. The blue lines are average 

concentrations, and gray areas indicate standard deviations. The unit of concentration 

for all VOCs species is ppb. 

 

Figure 4.4 Diurnal variations of wind speed, methanol concentration and relatively 

humidity. 

4.3 Comparison with urban site 

We previously conducted a study at the Mong Kok (MK) air quality monitoring station, 

a typical urban station in Hong Kong, using PTR-MS to characterize urban VOCs and 

OVOCs (Cui et al., 2016). Figure 4.5 shows a comparison of the VOC concentrations 

at suburban (HT) and urban (MK) sites and the suburban-to-urban ratios of the average 

concentrations for each compound. As shown in Figure 4.5 (a), almost 80% of the 

measured VOCs concentrations at the HT site were lower than those that were 
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previously recorded at the MK site. The blue line in Figure 4.5 (b) shows the average 

ratio (0.59) of the suburban and urban concentrations. In general, the concentrations of 

hydrocarbons were lower at the HT site than at the MK site because fewer emissions 

from vehicles and human activities were present at the former. The concentrations of 

the OVOCs acetone, MEK, and methanol were slightly higher at the HT site than those 

that were previously found at the MK site. As shown in Figure 4.5 (b), the 

concentrations of methanol and acetone at the HT site were 1.13 times higher than those 

that were previously found at the MK site. Green plant emissions, including plant 

growth and decay, are reportedly the principal sources of methanol (Jacob et al., 2005; 

Schade et al., 2011). In addition, the differences in the meteorological conditions during 

these two campaigns may have led to an increase in the concentration of methanol. The 

measurement at the MK site was conducted during four different months (February, 

May, August and November 2013), thus the final obtained concentration was the 

average of the measurements from all four seasons. The lower temperature and weaker 

solar radiation during MK measurements, especially during February and November 

(Table 4.2), may have led to a lower level of methanol formation from photochemical 

reactions. The concentration of MEK in suburban areas is 1.23 times higher than that 

in urban areas. In addition, the HT site is more than 90% covered by vegetation, which 

will lead to a high isoprene concentration and the generation of more isoprene-oxidation 

products in this area. 
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Figure 4.5 Comparison of VOCs between coastal rural (HT) and urban (MK) sites: 
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(a) the average concentration of these two works, the solid squares are average 

concentration; the whiskers are standard deviation; (b) ratio of coastal rural site 

concentration to urban site concentration, the yellow shaded-area marks as 

hydrocarbon species, the green shaded-area marks as OVOCs species, the blue dot 

line is the average ratio value. 

Table 4.2 Average temperature and solar radiation of MK and HT sites during 

measurement periods. 

Site Month Average temperature 

(˚C) 

Average solar radiation 

(MJ/m2) 

MK February 19.1 11.5 

May 25.7 12.3 

August 28.6 14.5 

November 21.7 11.1 

HT September 28 15.6 

October 25.3 14.8 

4.4 Ozone formation potential of VOCs and OVOCs 

Because VOCs and OVOCs are the precursors of O3, it is important to evaluate their 

contribution to O3 formation. The MIR method was developed to calculate and assess 

the contribution of each VOC to total O3 production (Carter, 1994). Table 4.3 presents 

the OFP of the VOC species measured at the HT site. The results indicate that the 

contributions of alkanes, aromatic hydrocarbons, and OVOCs to O3 formation were 

26.54%, 20.45%, and 53.02%, respectively, which indicates that OVOCs were the 

dominant species that contributed to O3 formation at the HT site. OVOCs have also 
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been found to be the major contributors to O3 formation at rural sites rather than at 

urban sites (Luo et al., 2011). The top five VOC species (in order) that contributed to 

O3 formation were isoprene, MEK, xylene, acetaldehyde, and acrolein (Figure 4.6). 

Isoprene had the highest OFP (13.46 μg/m3) of the measured VOCs, which accounted 

for 21.47% of the OFP of all measured VOC species. Previous field studies showed that 

biogenic emissions remain major contributors to O3 formation if only isoprene is 

considered (Lu et al., 2010; Xie et al., 2008). 

 

Table 4.3 Ozone formation potential of VOCs species at HTa. 

VOCs  Concentration 

(ug/m3)* 

MIR 

(g O3/g VOCs) 

OFP 

(ug/m3) 

Methanol 4.89  0.65 3.18  

Acetaldehyde 1.30  6.34 8.22  

Acrolein 0.60  7.24 4.32  

Acetone 5.77  0.35 2.02  

Isoprene   1.31  10.28 13.46  

MVK+MACR (average) 0.32  7.615 2.40  

MEK 1.36  9.39 12.74  

Benzene 0.93  0.69 0.64  

Toluene     0.94  3.88 3.66  

Xylene (average) 1.13  7.55 8.52  

TOPs 0.32  1.1 0.35  

Monoterpenes 0.72  4.38 3.17  

a The concentrations are the average concentration of VOCs at HT site. 
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Figure 4.6 Top five VOC species in emission concentration and corresponding OFP at 

HT site. 

4.5 Source identification 

In this section, the receptor model PMF version 5.0 was used to analyze the measured 

VOC data sets for the HT site. The VOC species measured with online PTR-MS (N = 

2597) were used to base run into the PMF model. Factor numbers 2 to7 were explored 

to resolve the best solution for the PMF results, and various random SEEDs points were 

used to minimize the results for each factor number (Paatero, 1997). In an attempt to 

generate rotational ambiguity, the fPeak values were changed from -3 to 3. To confirm 

the optimal values of the sources, Figure 4.7 shows the trials of the theoretical Q value 

with the function of factor sizes. The value of Q/Qexp decreased by 31% from factor 2 

to factor 3, and by 41% from factor 3 to factor 4. As the number of factors continued to 

increase to 5, the value of Q/Qexp changed from 1.51 (factor 4) to 1.14 (factor 5), and 

the decrease was then not obvious. The additional factors in PMF decrease the Q/Qexp 
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values gradually, and Q/Qexp values should be approximately equal to the number of 

degrees of freedom or the total number of data points (Guo et al., 2011). Finally, five 

source factors were selected for our analysis of Q/Qexp values. 

 

 

Figure 4.7 Q/Qexp values against number of factors in PMF base runs. 

 

Figure 4.8 shows the source profiles as the percentage of each species mapped in each 

respective factor and in terms of source apportionment. Factor 1 comprised high 

percentages of the aromatic hydrocarbons benzene (26.95%), toluene (89.22%), and 

xylene (79.17%). Because the industrial use of benzene has been forbidden and toluene 

is a common ingredient in solvents, the ratio of toluene to benzene (T/B) is a valuable 
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indicator for the identification of emission sources (Zhang et al., 2013). The T/B ratio 

shows a wide range in various studies. Normally, a relatively high T/B value is observed 

in a typical industrial area (Sahu et al., 2016; Tiwari et al., 2010), and the ratio would 

decreases as the contribution of vehicle emissions increases (Sahu et al., 2020). When 

the T/B ratio falls below 1, biomass burning is the dominant source of emissions (Liu 

et al., 2008). Figure 4.9 presents a scatterplot of toluene to benzene; the T/B slope at 

the HT site of factor 1 was 3.2, which fell between the range of industrial and roadside 

emission. The 72-h backward trajectories indicate that winds from mainland China 

passed through many cities on the ground during the high T/B period from 19:00 to 

21:00 on September 28 (Figure 4.10). This result suggests that factor 1 may reflect the 

mix of industrial and automotive emissions. 
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Figure 4.8 Source profiles (percentage of factor total) resolved from PMF at HT site. 
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Figure 4.9 Scatterplots of toluene to benzene at HT site in factor 1. Red line presents 

the T/B ratio in this study, blue dash line presents a study at Qingxi industrial 

township in Dong Guan, Guangdong province (Tang et al., 2007), green dash dot line 

presents a study from Mong Kok roadside station in Hong Kong (Cui et al., 2016). 
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Figure 4.10 72-hours backward trajectories during high T/B period based on 

HYSPLIT model, arriving HT site at 21:00 on September 28 (UTC 11:00 on 

September 28). 

 

The major species of factor 2 were isoprene, comprising more than 80% of its total 

concentration, and its oxidation products (MVK + MACR). TOPs also contributed more 

than 20% of this factor. Moreover, factor 2 peaked during the afternoon and decreased 
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at night, which formed a similar diurnal curve with biogenic signals due to 

photosynthesis. Therefore, factor 2 was related to biogenic emissions. 

Factor 3 was dominated by CO (75.5%), benzene (56.13%), acetonitrile (47.4%), and 

OVOCs (acetone, acetaldehyde, MEK, and acrolein). CO is an excellent tracer of 

combustion emissions, which are discharged from various sources, such as biomass 

(Wu et al., 2016), industry (Taiwo et al., 2014), vehicles (Watson et al., 2001), and 

residences (Gros and Sciare, 2009). Acetonitrile is a typical marker of biomass burning 

(de Gouw et al., 2003; L. Li et al., 2014). To better explain the trend and correlation, 

Figure 4.11 illustrates the time series of acetonitrile and CO concentrations. As 

depicted in Figure 4.11, these two pollutants showed similar concentration variations 

during the field study. The time at which acetonitrile and CO reached their peak 

concentrations was almost identical, and three notable peaks that occurred on 

September 28, October 4, and October 8 are framed by a green dashed line. Figure 4.12 

shows the 72-h backward trajectories and fire plots when the concentrations of 

acetonitrile and CO clearly increased. This reveals the pathways of the air masses that 

accompanied large numbers of fire plots at the HT site, which came mainly from 

mainland China during the period of high acetonitrile/CO concentrations. The 

pollutants that are generated by biomass burning are likely transported to the HT site 

by the continental wind. Biomass burning has been verified as the major contributor to 

benzene emissions (Andreae and Merlet, 2001; Liu et al., 2008), and large 
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concentrations of OVOCs, such as acetone, acetaldehyde, acrolein, and methanol, are 

also generated by this process (Karl et al., 2007; Read et al., 2012). Also, acetone and 

MEK had a high contribution to this factor of 63.6% and 50.6%, respectively. A field 

study at a rural site in north China revealed that primary emissions such as biomass 

burning were also a significant source of some OVOCs, such as acrolein, acetone, and 

MEK (Zhang et al., 2020). Lyu at al. (2020) also proved that biomass burning is the 

largest contributor of organic aerosols at the HT site when the wind comes from the 

continent. Therefore, the VOC species in factor 3 resulted from biomass burning. 

 

 

Figure 4.11 Time series of acetonitrile and CO, the green dash line circles three 

significant increases of acetonitrile and CO at HT site during campaign. 
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Figure 4.12 72-hours backward trajectories for peaks of acetonitrile and CO based on 

HYSPLIT model, arriving HT site at (a) 05:00 on September 28 (UTC 21:00 on 

September 27); (b) 10:00 on October 4 (UTC 02:00 on October 4) and (c) 12:00 on 

October 8 (UTC 04:00 on October 8). (d) fire plots retrieved from Fire Information 

for Resource Management System (FIRMS) based on NASA's Moderate Resolution 

Imaging Spectroradiometer (MODIS) during September 28 to October 4. 
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A positive correlation was found between factor 4 and secondary formed tracers OX (O3 

+ NO2; correlation coefficient, R
2 = 0.59) (Figure 4.13), and factor 4 was distinguished 

by its high percentage of oxidation products. For example, the percentages of oxidation 

products contributed by isoprene and terpenes were 48.51% and 51.26%, respectively. 

In addition, the diurnal variation in factor 4 showed a maximum concentration in the 

afternoon and early evening. Hence, the high concentration of OVOCs was attributed 

mainly to secondary formation in factor 4. 

 

 

Figure 4.13 Time series of resolved factor 4 and OX (O3+NO2) from PMF at HT site 

during campaign. 

 

Factor 5 at the HT site was characterized by high percentages of SO2, NO2, and NO. 

SO2 and NOX are important constituents of the marine boundary layer (Davis et al., 

2001). Because the HT site is a coastal corner with a sea view of more than 270°, Figure 



Characteristics and Source Apportionment of VOCs and OVOCs at a Coastal Site in Hong Kong 

90 

4.14 demonstrates that the concentration of SO2 increased as the wind originated from 

the seaside. Acrolein, which contributed 13% to factor 5, is released when biodiesel is 

heated or burned (Stevens and Maier, 2008). Thus, factor 5 was primarily related to 

shipping emissions. 

 

 

Figure 4.14 6-hours backward trajectories when the level of SO2 increased based on 

HYSPLIT model, arriving HT site at 18:00 on October 01. The three different color 

lines show different altitudes of 100 (red line), 500 (blue line), and 1000 (green line) 

meters, the directions of arrow represent the vectors of wind. 

 

Based on the discussion above, five factors were identified from the PMF results at the 

HT site in Hong Kong. Figure 4.15 illustrates the contributions of the five major 
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emission sources to the measured VOC concentrations. Generally, the most significant 

source was biomass burning, which contributed to 63.7% of the measured VOC 

concentrations. The second-largest source was ship-related emissions, which accounted 

for 13.5% of the measured VOC concentrations. Secondary formation, a mix of 

industrial and vehicle emissions and biogenic emissions, contributed 9.2%, 8.1%, and 

5.5% of the measured VOC concentrations during the campaign, respectively. 

 

 

Figure 4.15 Source apportionment results from PMF at HT site. 



Characteristics and Source Apportionment of VOCs and OVOCs at a Coastal Site in Hong Kong 

92 

4.6 Summary 

In the chapter, the concentrations of VOCs and OVOCs were measured by PTR-MS 

during autumn in Hong Kong and their emission characteristics, OFP, and relative 

contributions from various sources were explored. Methanol was found to be the most 

abundant species among the measured VOCs (average concentration, 3.73 ± 3.26 ppb). 

The concentration of isoprene and MEK in HT was higher than that previously observed 

in other rural studies, suggesting besides biogenic emissions, the distinct oceanic 

emissions contribute to BVOCs as well. A VOC data set was collected to estimate the 

OFP. According to the MIR method, the top five contributors to O3 formation in Hong 

Kong (in order) were isoprene, MEK, xylene, acetaldehyde, and acrolein, and isoprene 

accounted for 21.47% of all measured VOC species. OVOCs were the dominant species 

at the HT site with the potential for O3 formation. 

The receptor model PMF was also used to identify possible sources and to evaluate the 

dominant sources of emissions. Five factors were extracted to identify the sources of 

VOCs in Hong Kong, namely biomass burning (63.7%), ship-related emissions (13.5%), 

secondary formation (9.2%), industry-related and vehicle-related sources (8.1%), and 

biogenic emissions (5.5%). The results indicate that the air pollution in Hong Kong was 

strongly influenced by urban plumes from GBA/PRD and by oceanic emissions during 

autumn. 
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Chapter 5 Characterization of the Environmental Chamber 

5.1 Introduction 

As mentioned in Chapter 2, VOCs can react in the atmosphere with various active 

radicals such as OH radicals, NO3 radicals, O3, and Cl radicals (Barletta et al., 2005; 

Biesenthal et al., 1998; Middleton, 1995). These complex chemical reactions can form 

intermediates or products that contain one or more polar functional groups, such as 

aldehydes, ketones, alcohols, nitro compounds, peroxyl nitrates, and hydroperoxides 

(Atkinson et al., 1980; Carter et al., 1997; Kamens et al., 1982). These chemicals tend 

to be less volatile and can easily transfer to the particulate phase to form secondary 

organic aerosols (SOA) (Ng et al., 2008; Tsigaridis and Kanakidou, 2003; Tuazon and 

Atkinson, 1990). Meanwhile, some second-generation products can also be further 

oxidized (Wennberg et al., 2018). Effective testing and scientific prediction are needed 

to understand the pathway and mechanism of the reaction of VOCs and free radicals. 

However, because thousands of VOCs species are present in the ambient air, both the 

large number of intertwined reactions and the meteorological conditions have an 

unpredictable impact on these transformations. It is thus difficult to identify the 

scientifically reasonable pathways and mechanisms solely by observation of the real 

atmospheric chemical processes. However, temperature, humidity, light, the precursor 
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concentration, and even meteorological factors can be controlled in a chamber system 

(Carter et al., 1997; 2005; Cocker et al., 2001). Therefore, chamber simulation 

experiments are effective in studying the mechanisms of atmospheric pollution and 

could be further used to develop solutions for pollution control. 

The first indoor environmental chamber in Hong Kong was newly established at The 

Hong Kong Polytechnic University (PolyU) and is described in this chapter. This 

chamber facility was designed to study the mechanisms of reactions between isoprene 

and free radicals and their contribution to SOA by implementing state-of-the-art online 

gas and particle monitoring instruments, such as  proton transfer reaction-time-of-

flight-mass spectrometry (PTR-ToF-MS) and  high-resolution time-of-flight-chemical 

ionization mass spectrometer (ToF-CIMS). Characterization of a new chamber system 

is necessary to evaluate its performance and to calibrate the results of future 

experiments (Wang et al., 2014). Therefore, a set of characterization experiments were 

performed to evaluate the performance of the new facility, and the impact of the walls 

inside the reactor on gas-phase reactivity and secondary aerosol formation is discussed. 

5.2 Temperature control and its homogeneity 

Maintenance of the stability and uniformity of the temperature inside the reactor during 

an experiment is very important to obtain ideal experimental results. A separate central 

air conditioning system is incorporated in this chamber to control the temperature, 
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which can be adjusted from 10°C to 40°C ± 1°C. In addition, a stand-alone sensor (HBO, 

Inc., U.S.A.) is installed inside the Teflon reactor to monitor and record the temperature 

each minute. A set of mixing fans is installed at the center of the chamber ceiling to 

achieve homogeneous mixing of the reactants. The surfaces of the fan blades are coated 

with Teflon to prevent the fan blades from polluting the air in the reactor and adsorbing 

the particles. Figure 5.1 shows the evolution of the average temperatures inside the 

reactor over 4 h when the temperatures are set to 10°C, 25°C, and 40°C, respectively, 

and the average temperatures stabilize in approximately 45, 10, and 30 min, respectively, 

when the outside temperature is approximately 25°C. The standard deviations of the 

average temperatures are all within ±1°C, the demonstrating the ability to control the 

temperature inside the Teflon reactor. 
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Figure 5.1 Evolution of the average temperatures inside the chamber. 

5.3 Mixing and dilution 

To avoid the influence of partially concentrated chemicals during the experiment, the 

homogeneity of the reactants must be maintained with the Teflon-coated fans at all 

times. Isoprene was chosen as a tracer to test the gas-phase mix inside the reactor, 100 

ppb of which was injected into the chamber at a rate of 2 L min−1. To achieve a balance 

between low wall loss and even mixing (Carter et al., 2005; Wang et al., 2014), the fans’ 

rotation speed was set to 800 rpm. Figure 5.2 (a) illustrates that isoprene can be well 

mixed in 15 min, which is much shorter than the duration of a typical experiment, which 

is normally longer than 4 h. A similar short mixing time was also achieved for O3 and 

NO2. The chamber volume showed a slight decrease due to the continuous sampling by 
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various instruments, which may have caused a dilution effect. CH3CN, a low-reactive 

VOC, was chosen as the tracer to test the dilution effect, but dilution was not detectable 

and could be excluded due to the uncertainty of the instrument, as shown in Figure 5.2 

(b). 
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Figure 5.2 Evolutions of mixing and dilution of chamber: (a) mixing of isoprene; (b) 

concentration of CH3CN. 
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5.4 Purity of inlet air 

Clean dry air was provided by an air cleaning system generating zero air. The 

purification system was equipped with activated-charcoal particle filters and high-

efficiency particulate air filters to remove gaseous organics and particles, respectively. 

The flow rate of zero air was set to 20 L min−1, and the standards of the background air 

were kept below 1 ppb for non-methane hydrocarbons (NMHCs), less than 1 ppb NOX 

and O3, and no detectable particles (Figure 5.3). The chamber was flushed continuously 

with clean air for more than 48 h before use. 

 

Figure 5.3 Purity of inlet air. 
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5.5 Wall loss of gas species 

During the experimental process in the environmental chamber, the loss of gaseous 

reactants and products can occur on the reactor’s inner surface due to a deposition effect 

or conversion to other species (McMurry and Grosjean, 1985). The correction factor to 

account for the loss on chamber walls is important in explaining the experimental 

results and parameterizing the simulation results, and it is also required to accurately 

calculate the SOA yield. The loss process is generally considered to follow first-order 

kinetics, and its reaction rate is as given in equation 5.1 (Cocker et al., 2001), 

𝑑[X]

𝑑𝑡
= −𝐾𝑤,𝑥[X]  (5.1) 

where [X] is the concentration of the target compound, and −𝐾𝑤,𝑥 is the wall loss rate 

constant of the target compound. 

Various experiments were performed to determine the wall-loss rate constant for O3, 

NO2, and the representative biogenic VOC, isoprene. The objective species (i.e., O3, 

NO2, and isoprene) were injected into the chamber. Their concentrations were 

monitored continuously in dark conditions. Figure 5.4 shows the changes in the 

concentrations and their index curves with time. The index curves of O3, NO2, and 

isoprene demonstrated a strong correlation with time (R2 = 0.979, 0.932, and 0.991 

respectively), which indicates that wall loss for this chamber is a first-order kinetic 
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process. 

 

 

Figure 5.4 Index curves of concentrations and reaction times for (a) O3, (b) NO2, and 

(c) isoprene. 

 

The wall loss of gaseous chemicals in smog chambers has been widely studied due to 

the significant role it plays (Rollins et al., 2009; Wang et al., 2014; Wu et al., 2007). 

Table 5.1 summarizes the wall loss rate constants of gases in the PolyU environmental 

chamber and the constants of the smog chambers reported in other studies. It can be 

concluded from Table 5.1 that the wall loss rate constants of our chamber were 

reasonable. The wall loss rate constant of isoprene in our work was 2.8 × 10−7 s-1 

(lifetime, 52.08 d), which was the lowest of the species and indicates that wall loss of 

isoprene can be neglected in subsequent experiments. 
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Table 5.1 Comparison of the loss rate on walls of gaseous species between the PolyU 

chamber and other chamber systems. 

Institution Volume 

(m3) 

Material Wall loss rate constant References 

O3 NO2   

GIG-CAS 3 Teflon FEP 2.2 × 10−6 s−1 1.4 × 10−4 s−1 (Wang et al., 2014) 

ERT 3.9 Teflon FEP 3 × 10−6 s−1 0–5 × 10−4 s−1 (Rollins et al., 2009) 

Tsinghua 2 Teflon FEP 1 × 10−6 s−1 4.2 × 10−4 s−1 (Wu et al., 2007) 

PolyU 6 Teflon PFA 2 × 10−6 s−1 9.3 × 10−4 s−1 This work 

5.6 Wall loss of particles 

Suspended particles are lost on the walls of environmental chambers through several 

mechanisms, including electrostatic attraction, turbulence, Brownian diffusion, and 

gravitational sedimentation. An accurate evaluation of the particulate matter lost on the 

surface of a reactor is necessary to estimate the total mass of the product in the particle 

phase. The particle loss rate on the walls is proportional to the initial concentration of 

particulate matter and also depends on the particle size. The wall loss rate of the 

particles can be described by first-order kinetics as in equation 5.2 (Cocker et al., 2001),  

𝑑𝑁(𝑑𝑝,𝑡)

𝑑𝑡
= −𝑘(𝑑𝑝) × 𝑁(𝑑𝑝, 𝑡)  (5.2) 

where N(dp, t) is the concentration of the particles, dp is the diameter of the particles, 
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and k(dp) is the wall loss rate constant of particles. 

To evaluate the loss rate constant on the walls of the smog chamber, an aerosol generator 

with a certain concentration of (NH4)2SO4 atomization flow (0.5 mol L−1 (NH4)2SO4 

solution) was introduced into the smog chamber. Meanwhile, the distribution of the 

particle size was measured continuously with a scanning mobility particle sizer (SMPS) 

continuously, as shown in Figure 5.5. An (NH4)2SO4 seed was injected into the chamber 

at the beginning of the experiment. After injection, the particles appeared with an 

average diameter of 100 nm. Owing to coagulation behavior and the probable high loss 

rate of small particles, the size of small particles changed to approximately 250 nm over 

the following hours. 

 

Figure 5.5 Distribution of particle size of (NH4)2SO4 in chamber. 
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According to the relationship between the total concentration of particulate matter and 

the particle size, the wall loss rate constant for particles can be obtained for a cuboid 

chamber with equation 5.3 (Takekawa et al., 2003). 

𝑘𝑑𝑒𝑝(𝑑𝑝) = 𝑎 × 𝑑𝑝
𝑏 +

𝑐

𝑑𝑝
𝑑 (5.3) 

The values of a, b, c, and d for this work were 6.52 × 10−2, 7.55 × 10−2, 41.21, and 1.19, 

respectively. The wall loss rate constant for particles in the PolyU chamber was 0.27 

h−1, as determined from this equation. Figure 5.6 compares the particle wall-loss rate 

constants between the PolyU chamber and other chambers. The loss rate constant in our 

study was similar to others (Wang et al., 2014; Wu et al., 2007) and lower than that 

described by Takekawa et al. (2003). The low loss rates on the walls for gas species and 

particles demonstrated the stable and traceable losses of gases and particles on the walls 

of the chamber system. 
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Figure 5.6 Comparison of the particle wall loss rate constant between the PolyU 

chamber and other chambers. 

5.7 Preliminary results from isoprene dark ozonolysis 

An experiment to study the dark ozonolysis of isoprene was performed with the 

chamber system characterized above. In this experiment, 66 ppb of isoprene was first 

injected into the chamber, followed by the introduction of 440 ppb of O3 under dry 

conditions (relative humidity < 5%) with the temperature set at 25°C ± 1°C. Figure 5.7 

shows the mass spectra of gaseous products obtained by PTR-ToF-MS. At the 

beginning of the experiment, an m/z of 69, as the signal of isoprene, was identified (see 

red bar in Figure 5.7(a)). The peak of isoprene disappeared after 6 h of reaction with 
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an excess of ozone (O3), accompanied by other peaks (see black bars in Figure 5.7(a)). 

The results indicated that the reaction of isoprene with O3 produced a series of gaseous 

products. As shown in Figure 5.7(a), strong ion signals at m/z values of 31, 47, 59, 61, 

and 71 were detected after isoprene dark ozonolysis. The full mass spectrum of gaseous 

products, labeled with the formula for each peak, is displayed in Figure 5.7(b). The 

strongest peak at m/z of 31 was identified as HCHO, and the relatively strong ion signal 

at m/z of 71 was attributed to methacrolein (MACR) and methyl vinyl ketone (MVK). 

As reviewed in Section 2.3.2, isoprene ozonolysis can form ozonides via two pathways 

involving the addition of O3 to the C=C bond, and every ozonide can be decomposed 

into MACR or MVK. Many other studies have noted that MVK and MACR are major 

first-generation products of isoprene ozonolysis (Edney et al., 1986; Holloway et al., 

2005). Hence, both compounds are major oxidation products of the reaction of isoprene 

initiated by O3 (Haofei Zhang et al., 2011). A battery of highly reactive OVOCs was 

also formed during the reaction, indicated by the ion signals at m/z of 47, 61, 75, and 

87, which are attributed to CH2O2, C2H4O2, C3H6O2, and C4H6O2, respectively. These 

OVOCs are all C1–C4 species and can be classified as aldehydes, ketones, and acids (or 

esters), as summarized in Table 5.2. The results are in agreement with those of the 

previous chamber studies and model simulations reviewed in Chapter 2 (Kamens et al., 

1982; Rollins et al., 2009; Wennberg et al., 2018). 
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Figure 5.7 Mass spectra of gaseous products detected by PTR-ToF-MS: (a) 

differences in mass spectra before and after the reaction; (b) Full mass spectrum of 

gaseous products of isoprene reaction with O3. 
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Table 5.2 Summary of C1–C4 OVOCs detected during dark ozonolysis of isoprene. 

Category 
Aldehyde 

(CH3)nCHO 

Ketone 

(CH3)nCO 

Acid/Ester 

CnH2nO2 

Formula CH
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5.8 Summary 

An environmental chamber was constructed and commissioned at PolyU, and the 

characterization experiments described in this chapter demonstrate that the chamber has 

the capacity to carry out simulations to provide valuable data for gas-phase chemical 

reactions and the formation of secondary aerosols. The temperature and relative 

humidity are controllable and can be set to range from 10°C to 40°C (± 1°C) and from 

5% to 85% (±3%), respectively. An air purification system provides zero air for the 

chamber with non-methane hydrocarbon concentrations of less than 1 ppb, NOX and O3 

concentrations of less than 1 ppb, and particle concentrations of less than 102 particles 

cm−3. The average wall loss rate constants for O3 and NO2 were 2.92 × 10−6 s−1 and 9.3 

× 10−4 s−1, respectively, and the particle wall loss rate constant was 0.27 h−1. The 

relatively low loss rate constants of both gas species and particles reflect the long 

lifetimes of these species, confirming that the wall effect in this environmental chamber 

is negligible. C1–C4 OVOCs such as HCHO, MACR, and MVK were identified with 
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PTR-ToF-MS during the reaction between isoprene and O3. These results illustrate the 

chamber’s utility for further evaluation of gas-phase chemical mechanisms. The 

chamber system was subsequently used to investigate and simulate gaseous chemistry 

and secondary aerosol formation. 
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Chapter 6 Chamber Simulation of Nocturnal Isoprene 

Oxidation 

6.1 Introduction 

As reviewed in Chapter 2, isoprene is the most abundant biogenic VOC in the 

atmosphere. It can be oxidized by OH radicals, O3, NO3 radicals, and Cl radicals (Clark 

et al., 2016; Liu et al., 2016b; Santos et al., 2018), and it further influences air quality 

and climate by contributing to the formation of OVOCs, O3, and secondary organic 

aerosols (SOA) (Ng et al., 2008; Wennberg et al., 2018). The results from Chapter 4 

indicated that isoprene had a higher concentration at a rural site in Hong Kong than in 

other rural sites, and it is also the major contributor to O3 formation. The complexity of 

the isoprene oxidation process limits chamber experiments to focus on a simplified 

reaction system with only one oxidant. Several studies have been conducted to 

investigate the products, mechanisms, and effects of isoprene oxidation with a single 

oxidant (Clark et al., 2016; Dommen et al., 2006; Hynes et al., 2005; Kamens et al., 

1982; Li et al., 2017; Liu et al., 2016a; Wennberg et al., 2018). As discussed in Section 

2.3.2, reactions with OH radicals and NO3 radicals were identified as the main pathways 

for sinking of isoprene during the daytime and nighttime, respectively. However, 

oxidants generally coexist in the atmosphere at the same time. It is therefore important 

to investigate how the concomitant oxidants affect the oxidation process of isoprene. 
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O3 is a photochemical product that is considered to be an important atmospheric oxidant 

during both daytime and nighttime (Wennberg et al., 2018). NO3 radicals generated 

from the reaction between O3 and NO2 contribute to the oxidation process of organics 

at nighttime (Ng et al., 2008; Schwantes et al., 2015; Starn et al., 1998). It has been 

reported that OH radicals can be generated in the oxidation process of isoprene by NO3 

radicals and O3, although the concentration of the regenerated OH radicals at nighttime 

was lower than that seen in the daytime (Atkinson et al., 1992; Kwan et al., 2012). 

Therefore, it should be possible that OH radicals, O3, and NO3 radicals contribute 

concurrently to the oxidation of isoprene at night in areas with photochemical pollution. 

In addition, NO2 has been reported to participate in the cycles of the mentioned oxidants 

and can cause SOA formation in isoprene oxidation (Schwantes et al., 2015; Tuazon 

and Atkinson, 1990). Therefore, NO2 also plays vital roles in various oxidation 

pathways. 

The diversity of meteorological and geographical conditions often leads to variations 

in the relative humidity (RH) in the real atmosphere. Several studies have investigated 

the effects of changes in RH on isoprene oxidation (Pankow and Chang, 2008; 

Volkamer et al., 2009; Wenxing et al., 1995). Zhang et al. (2011) described the 

importance of RH in SOA formation. The formation of SOA was shown to be enhanced 

by a low RH (15% to 40%) relative to a high RH (40% to 90%). Lewandowski also 

obtained a decreased aerosol yield of 85% with absolute humidity increasing from 2 to 
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12 g m−3 for isoprene (Lewandowski et al., 2015). However, the opposite results were 

obtained from experiments conducted in the Caltech environmental chambers (Nguyen 

et al., 2016). Major products of isoprene ozonolysis such as HCHO, methacrolein 

(MACR), and methyl vinyl ketone (MVK) did not exhibit strong dependence on RH as 

it was increased from 4% to 76%. Because no general conclusion has yet been reached, 

it is necessary to re-evaluate the influence of RH on isoprene oxidation, especially on 

the major products. 

The oxidation of isoprene can be summarized into two main pathways: one leads to 

decomposition of the parent structure into small molecules, which are mostly present 

in the gas phase (Berndt and Böge, 1997), and the other causes highly oxygenated 

compounds with low volatility to condense into the particle phase (Ng et al., 2008). To 

gain a full understanding of the oxidation mechanisms of isoprene, both small 

molecules and the highly oxygenated compounds generated from the process should be 

measured and analyzed. Analysis of the highly oxygenated compounds could be 

especially important for reducing the knowledge gap regarding SOA formation. 

This chapter describes a series of chamber experiments conducted with various NO2 

concentrations to investigate the nocturnal oxidation of isoprene. Small molecules and 

highly oxygenated compounds were detected by  proton transfer reaction-time-of-

flight-mass spectrometry (PTR-ToF-MS) and high-resolution time-of-flight-chemical 
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ionization mass spectrometer (ToF-CIMS), respectively. The products from various 

oxidants were identified to evaluate the contribution of each oxidant to isoprene 

oxidation. SOA formation was also measured, and the contributions of the detected 

highly oxygenated compounds to its formation were analyzed. The influence of NO2 

on the products, the proportions of various oxidants, and SOA formation was 

investigated. The oxidation of isoprene in the complex system was explored to provide 

an updated mechanism for isoprene oxidation. 

6.2 Products detected by PTR-MS and ToF-CIMS 

Figure 6.1 exhibits the evolutions of isoprene, NO2, O3, and SOA formation. The 

concentrations of these gaseous reactants decreased after mixing, and SOA was 

gradually generated during the oxidation process of isoprene. Several OVOC products 

were formed in the oxidation process of isoprene. Figure 6.2 illustrates typical time 

series of OVOC products with high intensities detected by PTR-ToF-MS, that is, the 

OVOCs with one carbon atom to five carbon atoms (C1 to C5). Because hundreds of 

signals were detected during the reaction, we selected only the products with final 

concentrations in the top ten. As the reaction progressed, the concentrations of most C1 

to C5 OVOCs including HCHO, CH2O2, C2H4O2, C3H4O, C4H6O (MVK + MACR), 

C4H8O (methyl ethyl ketone, MEK), C5H8O, and C5H10O, increased, while the 

concentrations of C2H6O and C3H6O first increased and then decreased slightly and 
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remained constant. HCHO and MVK + MACR were the major products with the 

highest signal intensities, which is in agreement with previous findings (Nguyen et al., 

2016; Wennberg et al., 2018). 

 

 

Figure 6.1 Evolution of isoprene, NO2, O3, and SOA formation. 
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Figure 6.2 Time series of OVOCs with high intensities detected by PTR-ToF-MS. 

 

Numerous oxygenated compounds were identified by ToF-CIMS (Figure 6.3). 

Generally, most detected compounds continued to increase in concentration throughout 

the oxidation process, as shown in Figure 6.4. However, the concentrations of these 

products were all at the ppt level, that is, lower than those detected by PTR-ToF-MS. 

For the detected compounds, compounds with five carbons number (C5) were the most 

dominant HOMs (40%-60%). It was noted that the compounds with nine and ten 

carbons (C9 and C10) were also produced with high concentration despite their low 

volatilities (Figure 6.6(a)). C5H10N2O8, marked in red in Figure 6.3, was the most 
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abundant of the compounds detected by ToF-CIMS, regardless of the concentration of 

NO2. A further discussion is presented in Section 6.3. 

 

 

Figure 6.3 Full spectrum of ToF-CIMS at the end of the oxidation of isoprene. 
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Figure 6.4 Evolution of products with various carbon numbers detected by ToF-

CIMS. 

6.3 Influence of NO2 concentration on isoprene oxidation 

The yields of OVOCs with low carbon numbers (C1–C4) that were detected by PTR-

ToF-MS under various concentrations of NO2 are illustrated in Figure 6.5. The yields 

of gaseous species with one, two, three and four C atoms were calculated using equation 

(6.1) (Pandis et al., 1992), 

𝑌 =
∆[OVOCs]

∆[𝑖𝑠𝑜𝑝𝑟𝑒𝑛𝑒]
  (6.1) 

where ∆[OVOCs]  was calculated according to the generated OVOCs, and 

∆[𝑖𝑠𝑜𝑝𝑟𝑒𝑛𝑒]  is the reduced amount of isoprene. Figure 6.5 indicates that MVK + 

MACR achieved the highest yield among the products and that the yield decreased from 
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79% to 43% when the NO2 concentration was increased from 20 ppb to 800 ppb. The 

second-highest yield was that of HCHO, but as the concentration of NO2 increased, its 

yield first increased and then began to decrease when the NO2 concentration exceeded 

150 ppb. The concentrations of CH2O2, C2H6O, C4H6O, and C4H8O2 decreased as the 

NO2 concentration increased, but the opposite trends were seen with C3H6O2 and MEK. 

The yield of C3H4O was maximized with the lowest concentration of NO2. The 

discrepant trends among the OVOCs may indicate variations in the contributions of 

oxidants to isoprene oxidation with different concentrations of NO2. 

 

Figure 6.5 Influence of NO2 on C1–C4 OVOC yields. 
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Table 6.1 lists the top ten compounds with five or more carbon atoms detected by ToF-

CIMS. It is obvious that the products were also influenced by the NO2 concentration, 

as their concentrations increased with the NO2 concentration (Figure 6.6(b)). It should 

be noted that most products detected by ToF-CIMS contained nitrate groups, which 

were assumed to be generated from the reaction between RO2 and NO or from the 

addition of NO3 radicals to the double bond of isoprene. Because NO was not injected 

into the system and NO3 would hinder its secondary formation, the formation pathway 

for organic nitrate should be dominated by the NO3 oxidation process. The increased 

yields and concentrations of these compounds indicated that the proportion of products 

of oxidation by NO3 increased as the NO2 concentration increased. 
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Table 6.1 Top ten compounds under various NO2 concentrations detected by ToF-

CIMS. 

[NO2] 1 ppb 5 ppb 20 ppb 50 ppb 100 ppb 150 ppb 200 ppb 700 ppb 

1 C5H10O8N2 C5H10O8N2 C5H10O8N2 C5H10O8N2 C5H10O8N2 C5H10O8N2 C5H10O8N2 C5H10O8N2 

2 C10H9O8N1 C10H9O8N1 C5H8O6N2 C4H9O8N1 C4H9O5N1 C5H9O6N1 C4H9O5N1 C4H9O5N1 

3 C10H11O8N C4H9O8N1 C4H9O8N1 C2H3O5N1 C2H3O5N1 C2H3O5N1 C5H8O6N2 C5H8O6N2 

4 C9H9O6N1 C5H8O6N2 C10H9O8N1 C5H9O6N1 C5H9O6N1 C4H9O5N1 C2H3O5N1 C5H9O6N1 

5 C5H9O9N1 C4H9O5N1 C7H5O6N1 C5H8O6N2 C5H8O6N2 C10H9O8N1 C5H9O6N1 C2H3O5N1 

6 C5H10O7N2 C7H5O6N1 C5H9O6N1 C10H9O8N1 C4H9O8N1 C5H11O6N1 C9H9O6N1 C10H9O8N1 

7 C5H8O6N2 C5H10O7N2 C5H10O7N2 C4H9O5N1 C10H9O8N1 C5H8O6N2 C10H9O8N1 C9H13O12N1 

8 C10H13O5N1 C10H11O8N C5H11O6N1 C7H5O6N1 C9H9O6N1 C5H9O7N1 C5H9O9N1 C5H8O8N2 

9 C6H5O3N C7H7O6N1 C7H7O6N1 C5H11O6N1 C5H9O9N1 C9H9O6N1 C4H9O8N1 C9H9O6N1 

10 C6H12O9 C5H9O9N1 C9H9O6N1 C9H9O6N1 C5H11O6N1 C5H9O9N1 C5H11O6N1 C5H9O9N1 
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Figure 6.6 Influence of NO2 on products with different carbon number under different 

NO2 conditions: (a) fraction; (b) yield. 

 

To investigate the changes in the contributions of various oxidants to isoprene oxidation 

as the NO2 concentration increased, tracers were selected for various oxidation 
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pathways. As discussed above, organic nitrate can only be generated from the oxidation 

of isoprene by NO3 radicals (Ng et al., 2008). Therefore, C5H10N2O8 was selected as 

the tracer for oxidation by NO3 radicals. Although MVK + MACR were the major 

products of isoprene oxidation, they could not be selected as the tracers for any reaction 

pathways because they could be generated via the O3, OH radical, or NO3 radical 

oxidation processes (Wennberg et al., 2018). For oxidation of isoprene by OH radicals, 

the tracer should include the skeleton of isoprene in its structure without a nitrate group. 

Therefore, C5H10O3 was selected as the tracer for the OH radical oxidation pathway. 

The difference between the oxidation of isoprene by O3 and by NO3 radicals or OH 

radicals was that Criegee intermediates were generated in reactions that involved O3, 

which could further react with H2O, SO2, or NO2 (Nguyen et al., 2016). In our study, 

we found the CH2OO Criegee intermediate and the MACR-OO + MVK-OO Criegee 

intermediate (C4 Criegee, C4H6O2). It has been reported that hydroxymethyl 

hydroperoxide (CH4O3) is produced from the reaction between CH2OO Criegee 

intermediates and H2O, which was unique in the system (Chen et al., 2016). Hence, 

CH4O3 was used as the tracer for the O3 oxidation process. In addition to the individual 

oxidation by a single oxidant, the combined oxidation process of isoprene by various 

oxidants was also observed. We found a series of products with ten carbons and only 

one nitrate substituent group. Those compounds should be generated from the reaction 

of two RO2 radicals as shown in equation 6.2, where C5HgNOh should be generated 
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from the NO3 radical process and C5Hx-gOy-h should be formed from the OH radical 

process. 

C5HgNOh+C5Hx-gOy-h→ C10HxNOy  (6.2) 

The influence of NO2 on the yields of the tracers, which reflects the influence on the 

oxidation pathways, is plotted in Figure 6.7. As the NO2 concentration increased, the 

O3 oxidation pathway decreased, whereas the NO3 oxidation pathway increased due to 

enhanced NO3 radical formation. However, the OH oxidation pathway first increased 

and then decreased; it subsequently increased slightly, which implied that the influence 

of NO2 on OH radicals may also follow this trend. The combined oxidation by OH 

radicals and NO3 radicals first increased and then decreased slightly. These results 

indicated that the oxidation processes by O3, OH radicals, and NO3 radicals, and the 

combined oxidation by NO3 radicals and OH radicals, co-existed in the reaction system 

under the studied conditions, and they were affected by the concentration of NO2. 
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Figure 6.7 Influence of NO2 on the yields of tracers of various oxidants. 

6.4 Humidity-dependent product yields 

A series of experiments was carried out to investigate how changes in RH affect the 

formation and yield of OVOCs. The RH was controlled from 5% to 60% in the chamber 

system. Figure 6.8 compares the dry condition (RH < 5%) and the humid condition 

(RH = 60%). Higher concentrations were observed for the products under dry 

conditions. For example, the concentration of CH2O2 decreased from 13.76 ppb to 5.53 

ppb as the RH increased from <5% to 60%. With the decline in the HCHO concentration 

under humid conditions, the hydrophilicity of HCHO could result in its adsorption and 
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transformation into the particle phase (Vlasenko et al., 2010). Ketone products like 

C3H6O and MVK + MACR changed only slightly, although lower concentrations were 

found with an RH of 60%. The results of these experiments suggested that the formation 

of OVOCs was RH-dependent. An increase in the generation of oxidation products 

would contribute to SOA formation due to the effects of the liquid water content on 

SOA yields. 

 

 

Figure 6.8 Comparison of OVOC concentrations among various RH values. Blue bar 

(upper): RH < 5% and red bar (lower): RH = 60%. 

6.5 SOA formation 

SOA was generated in the system during the reactions (Figure 6.9). The yields of SOA 
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under the studied conditions varied from 0.002% to 0.3% and increased as the NO2/O3 

concentration ratio increased, as presented in Figure 6.10. Products with low volatility 

should contribute to SOA formation (Presto et al., 2010). We therefore examined the 

volatility of the measured products. All of the products measured by PTR-ToF-MS were 

VOCs, and the corresponding volatility measurements are shown in Figure 6.11(a). For 

the compounds detected by ToF-CIMS, the volatility ranged from values typical of 

VOCs to those of extremely low-volatility organic compounds (ELVOC) (Figure 

6.11(b)). Semi-volatile organic compounds (SVOC) accounted for the largest 

proportion, because C5H10N2O8, the most abundant compound among those products, 

belonged to this type. 

The contributions of the detected products to the formation of SOA were calculated 

based on the methods proposed by Troestl et al. (2016). For compounds with volatility 

(log C) lower than −1, the condensation method was used to calculate the contribution 

to the formation of SOA, whereas for compounds with log C greater than −1, the gas–

particle partition method was used. Figure 6.12 shows a typical result that reflects the 

contributions of compounds with different levels of volatility to the formation of SOA 

under conditions of 150 ppb NO2. In this case, approximately 90% of SOA could be 

explained by our detected products. Compounds with log C lower than −2 dominated 

the formation of SOA, and more than 90% of these compounds existed in the particle 

phase. Although C5H10N2O8 was the most abundant highly oxygenated compound 
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detected, its contribution to SOA was less than 2%. These phenomena indicated the 

importance of detecting the highly oxygenated compounds with low volatility. Because 

of their low volatility, their gas-phase concentrations were low, which hinders their 

detection and prevents a deeper understanding of SOA formation. 
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Figure 6.9 Distribution of SOA with the reaction processes under different NO2 

concentrations. 
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Figure 6.10 SOA yield as a function of NO2/O3 concentration ratio. 
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.  

Figure 6.11 State of oxidation and volatility of products detected by (a) PTR-ToF-MS 

and (b) ToF-CIMS. Where IVOC is for intermediate volatile organic compounds, 

SVOC is for semi-volatile organic compounds, LVOC is for low-volatility organic 

compounds, ELVOCs is for extremely low-volatility organic compounds and OSc is 

for oxidation saturations. 
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Figure 6.12 (a) Calculation of the contribution of the detected highly oxygenated 

compounds to the formation of SOA; (b) distribution of highly oxygenated 

compounds in the gas phase and in the particle phase. 
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6.6 Carbon balance 

The carbon balance in the oxidation process of isoprene was calculated based on the 

identified products. Figure 6.13 shows that the carbon balance varied from 37.2% to 

60.4% and was controlled by the NO2 concentration. As discussed in Section 6.2, the 

concentrations of the products detected by ToF-CIMS were at the ppt level, which 

accounted for only a fraction of the consumption of isoprene. The carbon balance was 

almost entirely accounted for by the products detected by PTR-ToF-MS, such as HCHO, 

MACR + MVK, and other OVOCs. Therefore, the trend of the carbon balance as the 

NO2 concentration increased was affected by the yields of products with low carbon 

compounds. However, the carbon balances were lower than 100%, which has several 

possible causes. First, the contribution of SOA to the carbon balance was not considered. 

Second, CO and CO2, as the end products of the oxidation of isoprene, were not 

detected in our study and made uncertain contributions to the carbon balance. Third, 

several gaseous organic products were not measured by PTR-ToF-MS or ToF-CIMS, 

most likely including organic peroxides, hydroxyl-containing compounds, and high-

molecular-weight compounds (Huang et al., 2011). 
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Figure 6.13 Carbon balance in the oxidation of isoprene at various NO2 

concentrations. 

6.7 Summary 

In the experiments described in this chapter, the nocturnal oxidation reactions of 

isoprene by OH radicals, O3, and NO3 radicals in a 6-m
3 chamber were investigated 

with PTR-ToF-MS and ToF-CIMS. The combination of these two state-of-the-art 

online instruments allows us to better understand the oxidation mechanisms in a 

complex system. Numerous oxygenated compounds with m/z values between 31 and 

400 were identified in the oxidation process, wherein MVK + MACR accounted for the 

highest yield, ranging from 43% to 79% with various concentrations of NO2. HCHO 



Chamber Simulation of Nocturnal Isoprene Oxidation 

134 

was the second largest product and showed significant RH-dependent properties. A 

decline in the yield of HCHO was observed from 20% to 5% when the RH was 

increased from < 5% to 60%. Unexpectedly, C5H10N2O8 was the most abundant 

compound among the highly oxygenated compounds under various concentrations of 

NO2. The contributions of various oxidants to isoprene oxidation were estimated, which 

indicated that the oxidation processes by OH radicals, O3, and NO3 radicals and the 

combined oxidation by OH + NO3 radicals existed concurrently in the reaction system 

under all studied conditions, and the pathways were affected by the NO2 concentration. 

In addition, the yield of SOA was influenced by NO2 concentration. Highly oxygenated 

compounds with low volatility were the dominant species for SOA formation, which 

comprised more than 90% of SOA. The carbon balance in the oxidation of isoprene 

varied from 37.2% to 60.4% with the changes in the NO2 concentration. 
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Chapter 7 Conclusions 

VOCs and OVOCs are the precursors of O3 and aerosol pollution, which are among the 

world’s most emergent environmental problems. They can react with O3, OH radicals, 

NO3 radicals, and halogens such as Cl radicals and play a vital role in the atmosphere. 

A comprehensive field study was carried out from August 27 to October 10, 2018, in a 

rural coastal site in Hong Kong. In this study, the concentrations of VOCs and OVOCs 

were measured with proton transfer reaction quadrupole mass spectrometry (PTR-QMS) 

for the first time. Meanwhile, their emission characteristics, O3 formation potential, and 

relative contributors from various sources were studied. Methanol was the most 

abundant species among the measured VOCs (average concentration, 3.73 ± 3.26 ppb), 

and higher concentrations of isoprene were detected at the Hok Tsui site than those 

reported in studies of atmospheric chemistry in rural areas. Evident diurnal variations 

in the concentrations were observed for various VOC species, which indicates the 

influence of photochemical reactions on the VOC concentrations. The amount of 

potential O3 formation was estimated based on the maximum incremental reactivity 

scale of the VOCs. The top five contributors to O3 formation in Hong Kong (in the order 

of amount) were isoprene (13.46 μg/m3), methyl ethyl ketone (12.74 μg/m3), xylene 

(8.52 μg/m3), acetaldehyde (8.22 μg/m3), and acrolein (4.32 μg/m3), which suggests 

that OVOCs were the dominant species at the Hok Tsui site with the potential for O3 
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formation. In addition, the receptor model of positive matrix factorization was used to 

identify possible emission sources and evaluate their proportions. Five major VOC 

sources were identified from positive matrix factorization analysis, including (1) 

biomass burning (63.7%), (2) ship-related emissions (13.5%), (3) secondary formation 

(9.2%), (4) industry-related and vehicle-related sources (8.1%), and (5) biogenic 

emissions (5.5%). The source apportionment results showed that the measurements 

taken at the sampling site at the southeastern tip of Hong Kong were strongly influenced 

by urban plumes from the Guangdong–Hong Kong–Macao Greater Bay Area/Pearl 

River Delta region and by oceanic emissions during autumn. 

A new environmental chamber was constructed and characterized at PolyU to provide 

a better understanding of the formation and impact of OVOCs in Hong Kong, where 

the concentrations of isoprene and oxygenated VOCs were high. The chamber consisted 

of a 6-m3 Teflon PFA film reactor inside a stainless-steel enclosure with a pivoted door. 

The box-in-box design provided controllable and stable reaction conditions, as the 

temperature and relative humidity (RH) could be set between 10°C and 40°C (±1°C) 

and between 5% and 85% (±3%), respectively. An air purification system provided zero 

air into the chamber with a concentration of non-methane hydrocarbons (NMHCs) of 

less than 1 ppb, concentrations of NOX and O3 of less than 1 ppb, and a particle 

concentration of less than 102 particles cm−3. Characterization experiments were 

performed at 298 K in dry conditions, wherein the average wall-loss rate constants for 
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O3 and NO2 were observed as 2.92 × 10−6 s−1 and 9.3 × 10−4 s−1, respectively, and the 

particle number wall loss rate was measured as 0.27 h−1. The characterization results of 

isoprene dark ozonolysis revealed OVOC products similar to those found in other 

chamber studies. The results of the characterization experiments demonstrated the 

chamber’s performance and utility for evaluation of chemical mechanisms. The 

chamber system can be further used to investigate and simulate gaseous chemical 

reactions and the formation of secondary aerosols. 

Furthermore, a series of chamber experiments was carried out to investigate the 

nocturnal oxidation of isoprene by OH radicals, O3, and NO3 radicals under various 

concentrations of NO2. The full spectrum of both small molecules and the highly 

oxygenated compounds with m/z values between 31 and 400 was identified by proton 

transfer reaction-time-of-flight-mass spectrometry (PTR-ToF-MS) and high-resolution 

time-of-flight-chemical ionization mass spectrometer (ToF-CIMS). Methyl vinyl 

ketone (MVK) plus methacrolein (MACR) showed the highest yield (43% to 79%) 

among these products when the NO2 concentration changed from 800 ppb to 20 ppb. 

HCHO was the second largest generator of OVOCs and presented significant 

dependence on the RH due to its high degree of hydrophilicity. A decrease in the HCHO 

yield from 20% to 5% was observed when the RH was increased from the dry condition 

(< 5%) to 60%. In addition, C5H10N2O8 was the most abundant substance among the 

highly oxygenated compounds detected by high-resolution ToF-CIMS. 
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The contributions of various oxidants to the oxidation of isoprene were estimated under 

different NO2 concentrations. Tracers were selected for various oxidation pathways, 

and the concentrations varied with the NO2 concentration. The oxidation processes by 

OH radicals, O3, and NO3 radicals and the combined oxidation by OH + NO3 radicals 

existed concurrently in the reaction system under the studied conditions, and the 

pathways were affected by the NO2 concentration. Secondary organic aerosols (SOA) 

were also influenced by the changes in the concentration of NO2. The yield of SOA 

increased from 0.002% to 0.3% as the NO2 concentration increased from 1 ppb to 800 

ppb. Moreover, it was found that highly oxygenated compounds with low volatility 

were the dominant species that caused the formation of more than 90% of SOA. Finally, 

the carbon balance in the oxidation of isoprene was shown to vary from 37.2% to 60.4% 

with the change in the concentration of NO2. 

Overall, the concentrations, diurnal variations, potential for O3 formation, and dominant 

sources of emissions for VOCs and OVOCs were investigated via field measurements 

at a coastal site in Hong Kong with PTR-MS. It could be concluded that OVOCs were 

the dominant O3 precursors in Hong Kong with high photochemical reactivity and great 

potential for O3 formation. A series of chamber simulations was conducted to further 

explore the formation and impact of OVOCs. Nocturnal oxidation of isoprene by OH 

radicals, O3, and NO3 radicals was investigated in a complex system. In-depth analysis 

of both small molecules and highly oxygenated compounds indicated that multiple 
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oxidation processes could co-exist in the reaction system and that the pathways were 

affected by the NO2 concentration. MVK + MACR and HCHO were the major products, 

and C5H10N2O8 showed an unexpectedly high yield. The formation of SOA from 

isoprene oxidation was controlled by highly oxygenated compounds with low volatility. 

In a word, OVOCs play important roles in Hong Kong’s atmosphere, and isoprene 

makes a large contribution to their formation. 

  



Significance and Suggestions for Future Research 

140 

Chapter 8 Significance and Suggestions for Future Research 

8.1 Significance 

This work presents a combined study that includes both a field campaign and laboratory 

experiments. The latest updated information regarding VOCs and OVOCs from the 

field study will allow an informed interpretation of the in-chamber experimental results. 

The nocturnal reaction of isoprene with various radicals was demonstrated in the newly 

constructed chamber. 

The novelty and significance of this study include but are not limited to the following 

aspects: 

a) Proton transfer reaction quadrupole mass spectrometry (PTR-QMS) was used for 

the first time to investigate the characteristics of air pollutants at a coastal site in 

Hong Kong; this provides a more accurate measurement and understanding of 

OVOCs; 

b) An updated emission profile for VOCs and OVOCs was obtained by making 

continuous measurements from August to October 2018, which will help to address 

the deficiency in our knowledge of these pollutants in Hong Kong and the Greater 

Bay Area/Pearl River Delta; 
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c) A newly developed chamber coupled with an array of state-of-the-art online 

instruments was applied in Hong Kong for the first time to understand the chemical 

mechanisms of nocturnal oxidation of isoprene, which provide a controllable and 

repeatable condition for the investigation and simulation of its gaseous chemical 

reactions and secondary aerosol formation; 

d) The online equipment, namely,  proton transfer reaction-time-of-flight-mass 

spectrometry (PTR-ToF-MS) and  high-resolution time-of-flight-chemical 

ionization mass spectrometer (ToF-CIMS), were coupled and installed in the 

chamber system, providing a full picture of OVOCs generated from nocturnal 

isoprene oxidation; 

e) A comprehensive reaction system with three kinds of oxidants (OH radicals, O3, 

and NO3 radicals) was studied for the first time, which will help to estimate the 

contributions of various oxidants to isoprene oxidation in real situations; 

f) The importance of highly oxygenated compounds with low volatility to the 

formation of secondary organic aerosols was identified, which will provide a deep 

understanding of this process. 

8.2 Suggestions for future research 

Although this work has filled some knowledge gaps in the field of OVOC formation 
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and chamber simulation of isoprene oxidation by OH radicals, O3 and NO3 radicals, 

many questions must still be addressed in future studies: 

a) PTR-QMS was used for field studies to measure VOCs and OVOCs, but isomers 

and isobars could not be distinguished with this analytical technique; 

b) The field study was only conducted in autumn, whereas the long-term data of 

VOCs and OVOCs, including spring, summer, and winter, should be collected to 

complete the database; 

c) Isoprene oxidation was only studied under nocturnal conditions, but the 

photochemical reactions of isoprene are recommended to add in the future studies 

to obtain a comprehensive understanding of its oxidation process; 

d) Particulate matter was detected only by SMPS in a chamber system. The results 

indicated that other products not detected in this study still account for a large part 

of the carbon balance. More advanced techniques with high time resolutions are 

recommended for further chamber simulation, including aerosol mass spectrometer 

(AMS), thermal-desorption aerosol gas-chromatograph (TAG), and gas 

chromatograph coupled with flame ionization detection (GC-FID). 
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