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ABSTRACT
With the emphasis on particulate matter (PM) and persistent organic
pollutants (POPs) from uncontrolled sources, this study focused on the ambient air
pollution of e-waste recycling regions and the indoor air quality of urban areas in
South China.
In the past decades, severe PM and POPs pollutions were recorded in e-waste
recycling regions in China. Since the 2010s, more effective measures, stricter
regulations and sophisticated dismantling technologies have been implemented in
Guiyu and Qingyuan by local authorities. In this study, total suspended particles
(TSP), fine particles (PM2.5), gas phase samples, and indoor settled dust were
collected simultaneously in the primary recycling areas as well as reference sites
in Guiyu and Qingyuan in August, 2013. The results showed that both PM,
PCDD/Fs (polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans) ,
PBDEs (polybrominated diphenyl ethers) and PCBs (polychlorinated biphenyls)
in ambient air showed significantly reduced levels in the regions, compared with
the former corresponding reports. The changed source patterns of the POPs
confirmed the environmental effects of the implementation of stricter regulation
and advanced technologies in these years. Nevertheless, the remained
uncontrolled e-waste recycling activities in Guiyu, including plastics recycling
and circuit board baking, still made significant influence to the air environment
and resulted in alarming levels of PCDD/Fs (0.73~2.43 pg I-TEQ/m3) in the
recycling areas. While in Qingyuan, high environmental PCBs burden was
observed both in informal (1737 pg/m3) and formal recycling areas (1075 pg/m3),
which could attribute to the uncontrolled dismantling of PCB-contained
ii

transformers. The estimated non-cancer risk for children and adults in the
recycling regions were 2.7~25.2 and 1.2~3.2, respectively, and moderate cancer
risk were found for the residents living in the recycling regions of Guiyu and the
vicinage of the formal recycing factory (CR>10-4). The unacceptable estimated
risk for both children and adults suggested unsafe air environments in the two
recycling regions.
To date, few studies have focused on PM air quality in office areas with
different indoor conditions. Rare risk assessment has been reported for the
integrated human risk with the consideration of human activity pattern in different
daily spaces. The aim of the present study was to investigate fine particle and
associated chemicals in indoor and outdoor air of South China urban areas. The
indoor and outdoor fine particle samples were collected in 14 offices and 3
residential houses from March to October 2015 in Guangzhou. The major
chemical composition of PM including water-soluble ions, carbon species, and
metal elements, as well as certain compounds with possible adverse effects on
human health such as polycyclic aromatic hydrocarbons (PAHs) and
organophosphate flame retardants (OPFRs) were analyzed for investigating the
influence of indoor source and outdoor pollution to indoor air quality. Both indoor
and outdoor average concentrations were found substantially higher than the
guideline value of WHO Air Quality Guideline (25μg/m3), suggesting unsafe air
quality in the urban areas. The indoor PM2.5 and PM associated pollutants could
be characterized by the presence or absence of PM sources. Smoking and
photocopying were found to be significant indoor sources of PM2.5 and associated
pollutants in related indoor spaces on normal days. While on haze days, serious
iii

outdoor pollution greatly increased the impact of the outside on office
environments, even to the point of masking the original differences of the indoor
characteristics, which caused even poor indoor quality. PAHs were found to be
the important PM-associated POPs in various daily spaces. Over 85% of PAHs
exposure were found from indoor exposure, dominating by the contribution from
private homes. The risk assessment results indicated unacceptable indoor air
quality in Guangzhou in terms of PAHs exposure. In addition to PAHs, the
substitutes of brominated flame retardants, OPFRs, were found to be other kind of
ubiquitous organic pollutants in indoor areas. Although the integrated averaged
daily doses (ADDs) and estimated non-cancer risk of the studied population
appear tolerable to the exposure of OPFRs, due to the uncertainty of insufficient
toxic data of OPFRs, the preliminary assessment results could not be felt
optimistic. The dominated contribution of halogenated OPFRs in the selected
indoor areas may reveal a contradictory problem in human daily life for the
popular application and the unpopular POPs characteristics on halogenated
OPFRs.
Collectively, our results suggest unsatisfactory air quality in both e-waste
recycling regions and common urban areas. The air problems could both attribute
to the uncontrolled sources of the related spaces. The obtained results firstly
indicated that a long way to solve e-waste issues and more effective measures are
needed to control the contaminants release and the exposure to the local residents.
Secondly, indoor air quality standard for fine particulate matters as well as
associated toxicants such as PAHs is urgently needed
populations and communities.
iv
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Chapter 1
GENERAL INTRODUCTION

1.1 General background
1.1.1 Air pollution
According to the estimation of the World Health Organization (WHO), about
3.7 million people died worldwide from either chronic or acute eﬀ ects of
breathing atmospheric pollutants in 2012, and 88% of these deaths occurred in the
developing countries (World Health Organization, 2014). Following tobacco
smoking and household air pollution from solid fuels, ambient air particle
pollution became the third leading environmental health risk to premature death in
the developing countries (about 45 deaths per 100,000 people). It ranked fifth if
considered all the potential causes of premature death. Based on Global Burden
Of Disease (GBD) data in 2010 (Awe et al., 2015), the death rate caused by air
particle pollution was significantly higher than that caused by unimproved
sanitation (~5 deaths per 100,000 people) or unimproved water sources (~2 deaths
per 100,000 people).
China is one important member of the developing world. Since the 1980s,
China has experienced an unprecedented continuous growth of gross domestic
product (GDP), and become one of the leading economic giants in the world.
However, the growth method of the lord was the pattern of extensive growth at
1

the beginning decades, which has come at a substantial cost to the environment
and public health of China. Nowadays, China has become the largest producer of
major pollutants in the world, and serious air pollution has risen a concern of
people and the authorities with the consideration of public health damage and
economic loss. According to the results of the Global Burden of Disease Study in
2010, ambient air pollution was the fourth risk factor that constituted the largest
number of attributable DALYs (disability-adjusted-life-years), which can be
considered of as one lost year of "healthy" life (25 million) in China, followed by
household air pollutions(Yang et al., 2013b). It was estimated that about
350000~500000 Chinese people per year would die prematurely because of air
pollution (World bank, 2007; Yu et al., 2012).
Because of the multiple sources and various pollutants, as well as the climate
change across regions and cities of the big country, China is faced with the largest
challenge of the regulation of air pollution (Chen et al., 2013). As a substantial
part of the 12th national Five-Year Plan (2011~2015), a National Plan on Air
Pollution Control in Key Regions (China's Ministry of Finance, 2012) was
launched for the first time with strict targets and regulations to prevent and control
air pollution in thirteen key regions in China.
1.1.2 Air pollutants
As we know, various kinds of air pollutants release from different kinds of
sources, such as industry, vehicle, waste combustion, power plant, cooking and so
on. And many of the released pollutants would make a series of reactions with
each other in the mix air family under different conditions. Therefore, they defer
in chemical property, physical characteristics, transportation ability, as well as
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human toxicity and so on. However, based on their some similarities and the
major air pollution styles, they can be grouped into four categories (Kampa and
Castanas, 2008): (1) gaseous pollutants; (2) particulate matter (PM); (3) heavy
metals; (4) persistent organic pollutants (POPs).
Gaseous pollutants refer to sulfur dioxide (SO2), nitrogen oxide (NOx),
carbon monoxide (CO), ozone (O3), volatile organic compounds (VOCs) in most
of the time. Due to their great contribution to the polluted air and prevalently
found in different kinds of emission sources, this group of pollutants was firstly in
regulations in the world. They were listed as Criteria Air Pollutants in the first US
EPA Clean Air Act in 1997 except for VOCs, which had been listed in regulation
since 2003. They are mostly the products of combustion of fossil fuels, various
industrial processes, and motor vehicles (Katsouyanni, 2003).
Particulate matter (PM) is the generic term used for the suspended particles
varying in size and composition and could be produced by various natural and
anthropogenic activities. In the US EPA Clean Air Act, particles less than 10
micrometers in diameter (PM10) and 2.5 micrometers in diameter (PM2.5) are in
the list of Criteria Air Pollutants. It is proposed that PM10 can get deep into human
lungs and thus will cause greater problems than the coarse one. Fine particles
(PM2.5) are proved to be the main cause of visibility reduction thus cause haze
days (Tsai, 2005). Moreover, due to the smaller size of fine particles, they can go
deeper into human lungs and cause short-term irritation, affect lung function and
result in asthma and heart diseases. Fine particle pollution is now identified as a
major risk globally.
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Heavy metals commonly defined as those metal elements with a specific
density of more than 5 g/cm3 (Järup, 2003), such as lead (Pb), mercury (Hg),
cadmium (Cd), silver (Ag), nickel (Ni), chromium (Cr) and manganese (Mn).
Although arsenic (As) is a metalloid, it is usually grouped into heavy metals.
Incineration, industry and heavy traffic may produce heavy metals and release to
ambient air (Micó et al., 2006). Tobacco smoke could also release some heavy
metals into the air, such as cadmium (Järup, 2003). Previous studies have revealed
that the primary threats to human health from heavy metals are associated with the
exposure to Cd, Hg, As and Pb. Inhalation of these heavy metals can eventually
get into the human bloodstream and metabolic organs, and further cause life threat.
For instance, Cadmium exposure may cause kidney damage (Buchet et al., 1990),
and long-term exposure to low-level lead may lead to a diminished intellectual
capacity of children (Committee on Environmental Health, 2004).
Persistent organic pollutants are carbon-based chemicals and possess a
particular combination of physical and chemical properties which could be
interpreted as four characters: (1) persistent in environment (long half-life); (2)
long-range transport; (3) bioaccumulation; (4) toxicity to both humans and
wildlife(Stockholm Convention, 2004). Once POPs is released to the environment,
it is hard to eliminate and would finally enter to human’s food chain. There are
many kinds of serious health effects that may relate to POPs exposure, such as
cancers, reproductive systems diseases, birth defects, dysfunctional immune
systems, damages to the peripheral and central nervous cells (Stockholm
Convention, 2004). Due to its high risk to the environment and transboundary
transportation, no one country acting alone can protect its people and environment
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from POPs effect. Therefore, it has become a serious global issue since 2001
when the Stockholm Convention was adopted by the Conference of
Plenipotentiaries. Since the Convention enter into force in 2004, 26 kinds of POPs
have been listed to force the parties to eliminate (22 POPs in Annex A) or restrict
(2 POPs in Annex B) the production and use, or reduce the unintentional releases
(5 POPs in Annex C) of the chemicals (Table 1.1). Polychlorinated dibenzo-pdioxins and Polychlorinated dibenzofurans (PCDD/Fs), and polychlorinated
biphenyls (PCBs) are the two groups of notorious POPs in the Conversion due to
their high toxicity and unintentional production. They were found to be the chief
culprit of the famous “Orange Agent” contamination in Vietnam and “Yusho
disease” incidents in Japan and Taiwan, respectively. The incidents all caused
higher levels of the chemicals in the body of exposed people and serious health
effects of animals and humans. As the Convention lists are preferentially focusing
on the POPs found to be in urgent risk to most of the parties, many factors more
than chemical toxicities need to be considered, such as the production, usage,
alternatives and so on. There are many POPs other than the listed are found to be
carcinogenic to human beings or animals that as well are a concern by many types
of research, such as polycyclic aromatic hydrocarbons (PAHs), short-chain
chlorinated paraffins (SCCPs), and Decabromodiphenyl ether (Deca-BDE). Some
of them have been proposed for listing in the Convention.
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Table 1.1 Listing of POPs in the Stockholm Convention
Annex A
(Elimination)

Annex B
(Restriction)

Aldrin a
Chlordane a
Chlordecone a

DDT a
Perfluorooctane
sulfonic acid, its
salts and
perfluorooctane
sulfonyl fluoride b

Dieldrin a

Annex C
(Unintentional
production)
Hexachlorobenzene c
Pentachlorobenzene c
Polychlorinated
biphenyls (PCB) c
Polychlorinated
dibenzo-p-dioxins
(PCDD) and
Polychlorinated
dibenzofurans (PCDF)
c

a

Endrin
Heptachlor a
Hexabromobiphenyl b
Hexabromocyclododecane
(HBCD) b
Hexabromodiphenyl ether and
heptabromodiphenyl ether b

Polychlorinated
naphthalenes c

Hexachlorobenzene (HCB) a
Hexachlorobutadiene
Alpha hexachlorocyclohexane
a

Beta hexachlorocyclohexane a
Lindane a
Mirex a
Pentachlorobenzene a
Pentachlorophenol and its salts
and esters a
Polychlorinated biphenyls
(PCB) b
Polychlorinated naphthalenes b
Technical endosulfan and its
related isomers a
Tetrabromodiphenyl ether and
pentabromodiphenyl ether b
Toxaphene a
a
Pesticide; b Industrial chemical; c Unintentional production
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As heavy metals and POPs are distributed between the gas phase and particle
phase, there are some overlaps of the above classification of the air pollutants.
However, most of the countries tend to use such similar classification based on the
history of air monitoring development and control measures. The first two groups
are usually in the list of criteria pollutants, while the other two are mostly
hazardous pollutants. In the National Plan on Air Pollution Control in Key
Regions, one of the key emphasis in work is to enhance the reduction of toxic
waste gas with emphasizing the monitoring of PCDD/Fs, PAHs, Cd, Hg and Cr in
the key regions (China's Ministry of Finance, 2012). In terms of POPs regulation,
China is one of the earliest participants of the Stockholm Convention and moving
to implement regulations to meet its treaty obligations. For instance, the listed
organic chlorinated pesticides such as Chlordane, Mirex, and HCBs, had been
prohibited in the production, usage, importation and exportation in China since
2009. From 2014, the emission standard for PCDD/Fs control on the municipal
solid waste incineration has tightened to 0.1 TEQ ng/m3 (China, 2014). With the
high concern of health effect and climate change (Haze), the National Plan also
emphasized the regulation of PM2.5 emissions from the key pollution sources and
enhanced the regular monitoring of PM2.5 in major cities (China's Ministry of
Finance, 2012).
Both PM and non-pesticide POPs in air are primarily from anthropogenic
combustion and industrial sources (Liu et al., 2009; Markakis et al., 2010;
Olendrzyński et al., 2007). Therefore, the major regulation for PM and POPs are
aimed at flue gas in the control sources in most countries, such as municipal waste
incineration, thermal power plants, metal smelting factories, and chemical plants.
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However, there are many uncontrolled sources of PM and POPs in human’s life.
For instance, straw burning and domestic coal combustion were found to be
important sources of PAHs and PM2.5, and result in haze days in North China
every year (Li et al., 2008a; Qu et al., 2012; Xu et al., 2006; Zhang and Tao,
2009); Household stove and barbeque parties would release remarkable amount of
PM2.5 and POPs to the surroundings (Bergauff et al., 2009; Estrellan and Iino,
2010). The worst case could be e-waste recycling. In China, the highest
documented POPs in the ambient air were observed in e-waste recycling sites (Li
et al., 2007; Li et al., 2008b), and extremely high emission factors of PM (15600
for circuit board samples and 17500 for insulated wire samples, respectively) were
observed in the case of e-waste open burning (Gullett et al., 2007).
Up to now, abundant studies in geography, chemistry, physics have been
performed to investigate the severity and cause of air pollutions in different
countries and regions (Leung, 2015). General survey of reported researches shows
that over 90% of the literature about air pollution were about ambient air (outdoor
air) no matter in China or in other countries. That is, less than 10% of reports
about indoor spaces. In terms of air pollution on human health, the majority of
government policy and public concern in nowadays continue to be ambient air.
However, people spend most of their lifetime indoors (>80%) (Jenkins et al., 1992;
Klepeis et al., 2001). That is to say, a significant fraction of human exposure to air
pollutants is depend on indoor air quality. Generally speaking, the term “indoors”
refer to varied microenvironments that are usually people occupied, such as
private/public houses, supermarkets, offices, classrooms, workshops, restaurants,
as well as transports and so on (Tsakas et al., 2011). In addition to the outdoor
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infiltration of outdoor air, there are many indoor sources of air pollutants. Decades
ago, tobacco smoke, formaldehyde, radon and nonpolar volatile organic
compounds had been found to be of particular concern indoors (USA National
Research Council, 1981). With the changes of the building envelope, building
materials and consumer products used indoors in modern cities, a variety of new
indoor chemicals emit into indoor environments, including solvents, unreacted
monomers, and additives. Some of the pollutants were found in increasing levels
indoors and remained high since the 1950s, such as nonionic surfactants,
brominated flame-retardants (BFRs), phthalate esters, and their degradation
products (Weschler, 2009). In nowadays, the sick building syndrome (SBS) is a
well-known health effect with symptoms that include a headache, fatigue, and
difficulty concentrating. Zamani et al. (2013) reported that SBS symptoms were
significantly associated with high levels of indoor air pollutants.
1.1.3 Research gap
As we know, the air pollution regulation measures of the Chinese
government mostly focus on controlling the stationary sources of industries and
municipal facilities, and mobile sources including vehicles and other
transportations. A series of emission standards are applied for the majority of
industrial stationary sources, such as boilers, municipal waste incinerators, power
plants, secondary metal industry, petroleum refining industry, crematory and so
on. A variety of mobile source emission limit is carried out under the control of
the main engine driven transportations. Cooking fume emission standard is
released for the catering services such as restaurants and coffeehouses. However,
there is limited environmental control on many small factories such as family-run
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workshops of e-waste recycling, residential heating, cooking, and smoking as well
as any other indoor pollutant generations in daily life places. As mentioned above,
these kinds of uncontrolled sources may significantly affect human health due to
high contribution of toxic air pollutants exposure. Therefore, from the respective
of human health, the pollution status of the uncontrolled sources affected
environment and human exposure assessment for the related people are always
essential for the awareness of the people and policy making of the government.
Therefore, with emphasized of particle and POPs pollutants, this study focus
on the ambient air pollution of e-waste recycling regions and the indoor
environments of urban areas.
1.2 E-waste recycling
1.2.1 What is “e-waste”?
There is no standard definition for “E-waste” yet. Generally speaking, Ewaste is short for electronic waste, and WEEE is short for Waste Electrical and
Electronic Equipment (Robinson, 2009). Nowadays, due to the advent of
pervasive computing, there is little distinction between electrical waste and
electronic waste, and most organizations and scientists use the terms “E-waste”
and “WEEE” synonymously (Köhler and Erdmann, 2004).
1.2.2 Problems of e-waste
As we know, people and countries almost cannot live without E-items in the
modern societies. Thus, the production of E-items would depend on economy
growth and new technology development, and the total number of computers and
other potential E-waste items have been proven to be strongly correlated with the
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country's GDP (Hischier et al., 2005; Robinson, 2009). When these E-items
become broken or unwanted, they would turn into E-waste. Besides the strong
demand, technology change is also an essential factor that affects the global mass
of E-waste generation. Short innovation cycles of hardware have resulted in a
large shrink of the turnover period of devices. For instance, in 1997 the lifespan of
central processing units in computers is 4-7 years but in 2005, it dropped to 2
years (Babu et al., 2007).
StEP (Solving the E-waste Problem), an international initiative which is
created to develop solutions to address issues associated with WEEE, graphically
portray the generation of E-waste in a first-of-its-kind StEP E-Waste World Map
(available online at www.step-initiative.org/index.php/WorldMap.html). The map
illustrates E-waste database from 184 countries and points out that in 2012 almost
48.9 million metric tons of used electrical and electronic products was produced
— an average of 7 kg for each of the world's 7 billion people. China and the
United States are the top two of the world’s totals in market volume of EEE and ewaste. Detail information is shown in Table 1.2. And the flood of e-waste is
growing. Based on current trends, StEP experts predicted that, by the end of 2017,
the total annual volume will be 33 percent higher at 65.4 million tons
(http://www.step-initiative.org/index.php/id-2013-12-15-world-e-waste-mapreveals-national-volumes-international-flows.html).
E-waste is physically and chemically different from industrial or municipal
waste (Robinson, 2009). This kind of obsolete products is always made up of
metals, plastics, glass, ceramics and other materials which are valuable and
recyclable (Hoffmann, 1992; Robinson, 2009). Although there is the “Basel
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Convention” on the Control of Transboundary Movements of Hazardous Wastes
and Their Disposal, the unclear defination of e-waste in the world make a
loophole for e-waste trading. Driven by economic benefit, e-waste recycling was
boosted and became a large industrial chain in some developing countries, such as
Pakistan, India, and China (Hicks et al., 2005; Hosoda, 2007; Ogunseitan et al.,
2009) (Figure 1.1).

Table 1.2 Overview of e-waste related information from different countries.
EEE Put on Market

E-waste Generated

Country

kg per
inhabitant

total in
kg per
total in
metric
inhabitant
metric
kilotonnes
kilotonnes
11,054.8
5.36
7,253.01

China

8.17

USA

31.71

9,965.66

29.78

Canada

28.59

995.83

Japan

26.14

South Korea

Purchasing
Power
USD per
Inhabitant

Population

9,146.38

total
inhabitants
in million
1,353.82

9,359.78

49,802.15

314.31

24.72

860.74

41,506.88

34.83

3,335.56

21.49

2,741.76

36,179.43

127.61

24.20

1,210.06

19.22

961.33

32,431.04

50.01

Australia

28.95

656.72

25.23

572.31

42,354.19

22.68

Russia

14.85

2,107.08

10.41

1,477.66

17,697.53

141.92

Norway

33.28

167.51

33.14

166.77

55,264.45

5.03

Sweden

28.70

272.05

24.86

24.86

41,749.58

9.48

Italy

22.91

1,395.03

17.83

1,085.76

30,116.15

60.90

Germany

27.51

2,249.76

23.23

1,899.64

39,058.79

81.78

Netherlands

26.90

485.15

25.20

422.66

42,321.63

16.77

France

25.81

1,636.76

21.09

1,337.24

35,519.57

63.42

Spain

23.08

23.08

18.01

832.93

30,412.15

46.25

UK

26.41

1,665.41

21.82

1,375.89

36,727.80

63.07

Switzerland

30.12

241.02

27.02

216.19

45,285.80

8.00

Belgium

26.20

298.83

22.40

250.03

38,089.45

11.04

India

3.57

4,362.85

2.25

2,751.84

3,851.3

1,223.17

Brazil

10.53

2,069.09

7.06

1,387.85

12,038.46

196.53

Namibia

7,04

15,18

4,57

9,86

7,813,62

2.16
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Figure 1.1 Map of the main routes of transboundary transport of e-waste (left) and
e-waste dismantling regions in China
(e: e-waste dismantling sites) (Zhang et al., 2012)

1.2.3 E-waste recycling in China
In the last two decades, China becomes the largest e-waste dumping site in
the world, receiving e-wastes from the Untied State, Europe countries, and
neighboring countries such as Japan and South Korea (Chi et al., 2011; Hosoda,
2007) (Figure 1.1). Besides, domestic e-waste is also increasing produced in
recent years with the rapid industrialization of China (Liu et al., 2006). It has been
estimated that there would be 1.5, 4 and 7 times greater of obsolet TV sets,
computers and cell phones, respectively domestically generated in China by 2020
than in 2007 (Zhang et al., 2012).
Unfortunately, due to high cost of operation and lack of technique support
for envrionmental friendly recycling approaches, most of the e-wastes were
informally dismantled in China (Robinson, 2009). Most illegal e-waste recyclers
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were farmers receiving little education, due to lack of knowledge, they generally
ignored human health and environmental effect, using substandard processes
which were primitive and rude (Hicks et al., 2005). Taizhou region, Guiyu Town,
Qingyuan Town, and Huanghua city are important e-waste recycling areas in
China (Figure 1.1). Primative recycling methods were very popular in such sites,
which include: (1) open-pit acid baths to recover metals; (2) baking the printed
circuit boards over a grill (3) chipping and melting plastics without proper
ventilation; (4) open burning cables, wires and unwanted materials ; (5) dumping
unrecyclable materials in the backyards and farmlands; (6) manually dismantling
electronic equipment without any labor hygiene protection (Wong et al., 2007).
1.2.4 Air pollution derived from primitive e-waste recycling activities in China
E-waste contains more than 1000 different substances, many of which are
toxic.

Hence, dismantling activities have been considered to cause serious

environmental problems to the surroundings (Ha et al., 2009; Hischier et al., 2005;
Leung et al., 2006; Li et al., 2007; Robinson, 2009). The pollutants include POPs,
heavy metals, particle matters, and VOCs (An et al., 2014; Fu et al., 2012), as
shown in Table 1.3. Due to the high potential carcinogenic properties to human
beings and biological species and the high concentrations found in different kinds
of environmental and biological matrix (Chan and Ming, 2013), polychlorinated
dibenzo-p-dioxins and dibenzofurans (PCDD/Fs), polybrominated diphenyl
esthers (PBDEs) and polychlorinated biphenyl (PCBs) were found to be the most
intractable environmental chemicals in such areas.
Li et al. (2007) measured the ambient air concentrations of PCDD/Fs in
Guiyu and reported the highest documented values in the world which ranged
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0.909~48.9 pg WHO-TEQ/m3. In 2009, relative high PCDD/Fs levels (0.06–
29.28 pg I-TEQ/m3) in ambient air were also recorded in Qingyuan by Xiao et al.
(2014a). Xing et al. (2009) reported that ∑37 PCBs average concentration around
open burning sites in Guiyu could be up to 472300 pg/m3. And the results of the
monitoring of atmospheric PCBs in 2008-2009 by Chen et al (2014) revealed that
the concentrations of PCBs at the e-waste site ranged from 7825 to 76330 pg/m3
in Longtang. Besides, the infamy were also related to severelyly contaminated
surface soil, sediment, dust, and biota there (Hu et al., 2013; Leung et al., 2006;
Leung et al., 2007; Ren et al., 2015; Wong et al., 2007).
1.2.5 Management and controls on E-waste issue in China
Due to all the negative consequences mentioned above and highly concern of
public health, regulators have realized the seriousness of environmental and
human health problems associated with primitive e-waste recycling.
To ban e-waste importation, China has ratified the Basel Convention on the
Transboundary Movements of Hazardous Wastes and Their Disposal in 1992.
Since 2000, the Chinese government has issued a wide variety of national
environmental laws, regulations, technical guidance related to e-waste
management over the past decades. Details are listed in Table 1.4. All the
primitive e-waste recycling activities are deemed as illegal industries.
Nevertheless, most of administrative and statutory interventions have been hardly
brought into practice on the local level (Fu et al., 2012). It may mainly attribute to
the contradiction between environmental issue and the economic benefits and
social impact of e-waste industry to local people (Zhang et al., 2012). As a matter
of fact, e-waste could be seen as one kind of resource mine. Metals contained in e15

waste could be more abundant than that in ores, e-waste recycling therefore has
become profitable business and served for China’s rapidly growing manufacturing
demands. For instance, the annual amount of recycling copper from e-waste in
China could reach 5.6 million tons, which is about 20% of the copper
reserve(National Bureau of Statistics of China, 2010). Moreover, there are many
positive social impacts resulted from e-waste recycling. With the creation of
employment opportunities and economic benefits, recycling has provide
remarkable revenue for local governments and local residents as well migrants,
which made an important start in industrialization of the rural areas (Lin et al.,
2001). Compared with the net income from farming (~1000 USD per year for
Qingyuan residents) (National Bureau of Statistics of China, 2010), the workers
seem to be more satisfied with their jobs because of higher payment (~1600 USD
per month for a wire-stripping worker in Qingyuan) no matter the potential health
risk from the exposure of toxicant during their working and living (Zhang et al.,
2012). In addition, there are many variations between different recycling regions
on matter in the respect of dominated recycling manners or recycling materials,
which could lead to different characteristics of environmental pollution in these
regions. Therefore, the use of one standard policy to manage recycling activities
in different regions is infeasible in China. In recent years, the authorities of local
governments has begun to put in more practical regulations according to actual
conditions of local recycling activities, aiming at reducing the environmental
effects as well as economic losses.
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Table 1.3 Potential environmental contaminants arising from E-waste disposal or
recycling (Robinson, 2009)
Contaminant

Relationship with E-waste

Americium (Am)
Antimony (Sb)

Smoke detectors
Flame retardants, plastics

Arsenic (As)

Doping material for Silicon

Barium (Ba)

Getters in cathode ray tubes (CRTs)

Beryllium (Be)

Silicon-controlled rectifiers

Cadmium (Cd)

Batteries, toners, plastics

Chromium (Cr)

Data tapes and floppy disks

Copper (Cu)

Wiring

Gallium (Ga)

Semiconductors

Indium (In)

liquid crystal displays (LCDs)

Lead (Pb)
Lithium (Li)

Solder, CRTs, batteries
Batteries

Mercury (Hg)

Fluorescent lamps, batteries, switches

Nickel (Ni)

Batteries

Selenium (Se)

Rectifiers

Silver (Ag)

Wiring, switches

Tin (Sn)
Zinc (Zn)
Polybrominated diphenyl ethers (PBDEs)
polybrominated biphenyls (PBBs)
tetrabromobisphenol-A (TBBPA)
Polychlorinated biphenyls (PCB)

Solder, LCD screens
Solder LCD screens
Flame retardant

Polycyclic aromatic hydrocarbons (PAHs)

Product of combustion

Polychlronated dibenzo-p-dioxins (PCDDs),
polychlorinated dibenzofurans (PCDFs)

Product of low-temperature combustion
or thermal reaction of polyvinyl chlorides
(PVCs) and other plastics
Product of low-temperature combustion
or thermal reaction of PVCs and other
plastics

Condensers, transformers

Polybrominated dibenzo-p-dioxins and
dibenzofurans (PBDD/Fs)
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Table 1.4 China’s laws related to the management of e-waste
Name

Aims

Catalogue for
Managing the import
of Wastes

Bans the import of e-waste

Technical policy on
pollution prevention
and control of WEEE

Set principles of “3R” and “polluter
pays principle”
Stipulates eco-design
Makes provisions for
environmentally-sound collection, reuse, recycling and disposal of WEEE
Requirements for product eco-design
Restrictions on the use of hazard
substances
Requirement for producers to provide
information about their products

Date of
Legal
Issue
Authority
Feb,2000 MEP, MOC,
NDRC,
GAC,
AQSIQ
Apr,
SEPA
2006

Ordinance on
Mar,
MIIT
Management of
2007
prevention and
control of pollution
from electronic and
information products
Administrative
Calls for prevention of pollution
Feb,
SEPA
measures on
caused by the disassembly, recycling
2008
pollution prevention
and disposal of e-waste
of WEEE
Licensing scheme for managing eTechnical
waste recycling companies
specification of
pollution control for
processing WEEE
Regulation on
Makes e-waste recycling mandatory
Jan,
State Council
Management of the
Implements Extended Producer
2011
Recycling and
Responsibility
Disposal of Waste
Establishes a special fund to subsidize
Electrical and
e-waste recycling
Electronic Equipment
MEP. Ministry of Environmental Protection
MOC, Ministry of Commerce
NDRC, National Development and Reform Commission
GAC, General Administration of Customs
MOFTEC, Ministry of Foreign Trade and Economic Cooperation
AQSIQ, Administration of Quality Supervision & Inspection and Quarantine
SEPA, State Environmental Protection Administration
MIIT, Ministry of Industry and Information Technology
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1.3 Daily life and air quality in urban areas
1.3.1 Human activity pattern and daily life places of urban people
In modern society, most urban population spend more than 80% of their
lifetime in varied indoor spaces. In China, the average indoor activity time for
urban people is 1239 min/day, which includes approximately 8 hours a day in
office and about 10 hours household time per day for most office workers in
workdays. That is, the daily life of urban people could be divided into three main
parts, which including working, sleeping and other family activities, and outdoor
activities. Generally speaking, the commuting on road could be grouped into
outdoor activities. Therefore, the three important daily life places are
corresponding to offices, residential house and outdoor environments for majority
of work people. With the development of industrialization and urbanization, city
has become a term representing higher education, more chances, and better life
and so on. Therefore, more and more people in China rush into cities and become
a city resident in recent decades. By the end of 2011, the urban population of
China had accounted for 51.27% which for first time surpassed the rural
population (Zhang, 2013). And it is estimated that China’s urbanization rate
would reach about 70 %, that is nearly one billion people will live in cities (Zhang,
2013). Therefore, the investigation of city environment is always important no
matter the past or the future.
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1.3.2 Ambient air pollution in Chinese cities
As we know, China’s urbanization has given rise to an increase in energy
consumption, vehicles on road, air pollution and associated health effects (Chan
and Yao, 2008). With the frequently reported about the low visibility days (haze)
and alarming air pollution in many mega cities in China, more and more urban
citizens concern about the air quality of their cities and call for the source
identification and responding measures to improve the air environment. It has
been proposed that PM2.5 is the main cause of visibility reduction that causes haze
days (Tsai, 2005; US EPA). Since 2012, the limit value of PM2.5 have been added
into the national ambient air quality standard (24h-average: 75μg/m3; annual
average: 35μg/m3), and many cities have begun to report real time PM2.5
concentration every day. Up to now, the number of the cities which in the real
time monitoring PM2.5 by the national monitoring system has been up to be 367.
Compared with PM10, PM2.5 is believed to be more dangerous to human health
due to smaller size. Therefore, with the concern of human health and better air
climate of cities, scientists have carried out wide investigation of the ambient air
of Chinese major urban areas. It has been reported that only 25 out of 190 cities in
China were able to meet the National Ambient Air Quality Standards (NAAQS)
(daily, 75 μg/m3), and the population-weighted mean of PM2.5 in China cities (61
μg/m3) was approximately three times folds higher than the global value (20
μg/m3) (Zhang and Cao, 2015). In 2014, a self-organized research institute, the
Beijing City Lab (BCL), reported that 1,322 million people, that is 98.6% of
China’s total population, were exposed to PM2.5 at a level above the daily
guideline of the WHO (25 μg/m3) for more than half a year (Long et al., 2014).
Beijing, Shanghai, Guangzhou and other large cities are suffering increasing
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occurrences of haze episodes in recent decades, events that are characterized by
high PM2.5 levels and low visibility (Zhang et al., 2014b; Zhang et al., 2015b).
Generally higher PM2.5 concentrations were observed in North China than in the
South, which could be attributed to relative large PM emission such as biomass
burning and heating supply, and the more stable meteorological conditions in the
North, especially in winter time (Zhang and Cao, 2015). Source apportionment
indicate that industrial activities, coal combustion, and traffic sources are the
major contributors of particle pollution in majority of Chinese cities (Wang et al.,
2015; Wang et al., 2013a).
1.3.3 Indoor air pollution in varied microenvironments
On one hand, the ambient air pollution could affect indoor air quality due the
infiltration of pollutants mainly from air exchange processes, such as
window/door opening (natural air exchange), mechanical air exchange systems
(air conditioning, ventilation system, fresh air system) as well as penetrated
through building cracks (Chen and Zhao, 2011). Due to smaller size of PM2.5, it
could penetrated into indoor spaces easier than larger aerosols. Previous studies
showed that the air quality of indoor spaces with windows orienting to main
streets could be affected by the outdoor heavy traffic activities (Amato et al., 2014;
Janssen et al., 2001; Kingham et al., 2000; Tong et al., 2016). For the residential
houses and classrooms without obvious indoor sources in the former studies,
indoor aerosols were proposed mainly related to outdoor air (Buczyńska et al.,
2014; Hassanvand et al., 2014).
On the other hand, indoor sources are important contributors of indoor
pollutants more than aerosols. More and more indoor air researches have been
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conducted and revealed that there are a variety of indoor sources of air pollutants
other that outdoor air infiltration. In terms of aerosol particles, smoking, cooking,
stove heating, printing, cleaning activities as well as incense burning are found to
be important emission sources indoors (Barthel et al., 2011; Bergauff et al., 2009;
Heudorf et al., 2009; Löfroth et al., 1991; Li et al., 2015; Slezakova et al., 2009).
In addition to direct particle emissions, indoor gases from the sources above and
building materials and furniture could act as precursors for new particle formation
(Koivisto et al., 2010).
Moreover, most of the sources of PM above would also release substantial
amount of POPs to indoor spaces. PAHs is the mostly reported POPs indoors.
Over 500 PAHs have been identified in tobacco smoke (Rodgman and Perfetti,
2006). Cooking is another remarkable PAHs source to indoor air as well as
ambient air (Bhargava et al., 2004; Shuguang et al., 1994). Emission rates of total
PAHs (21 species) and total BaPeq (Benzo[a]pyrene equivalents) from cooking
sources in a city in southern Taiwan were found to be 8,973 and 675 kg/year,
respectively, and the rate of Chinese cooking was significantly higher than that of
western cooking, fast food and Japanese food (Li et al., 2003). Although the
cooking sources showed significantly lower emission rates of total PAHs than
traffic sources (13,500 kg/year), it present much higher BaPeq emission rates than
that for traffic sources (61.4 kg/year) (Li et al., 2003).
In recent years, attention is turning to another kinds of POPs—flame
retardants (FRs). Because most flame retardants are simply mixed into the
materials rather than chemically bonded, these kinds of chemicals would escape
into surrounding environments by volatilization, leaching or abrasion (Sjödin et
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al., 2001). Due to the good ability of the fire protection, brominated flame
retardants (BFRs) had been widely used in most of flammable components of
electrical and electronic goods and varied indoor settings, such as building
materials, sofas, mattresses, wooden furniture, car seats and stereos before 2000s
(Betts, 2008). BFRs have been highly detected in varied kinds of
microenvironments, such as cars, homes, offices and hotels (Abdallah and Harrad,
2010; Batterman et al., 2010; D’Hollander et al., 2010; Suzuki et al., 2009;
Takigami et al., 2009). Nevertheless, with the proven POPs characteristics of
some PBDEs emerged to Europeans, the production and usage of the most
popular PBDE formulations—penta-BDE and octa-BDE had been banned in most
of parties of the Convention since 2001. With the phase out of these BFRs, the
alternative chemicals of BFRs such as organophosphate compounds, are getting
more and more attentions in recent years (Marklund et al., 2005a).
With the rapid development of social economy and continuous improvement
of living standards, the popularity rate of information technologies and high
quality of indoor decoration are increasing year by year, which have change the
indoor building materials, furniture, electrical and electronic equipment for
majority of urban peoples in nowadays. In addition, the improved insulation and
reduced ventilation in modern building design makes many indoor spaces act as
concentrators of the pollutants emitted from indoor sources, while also as
protector from outdoors contaminants. Therefore, inhalation of indoor air is likely
the major determinant of human exposure to many pollutants.
1.4 Description of selected air pollutants
1.4.1 Persistent organic pollutants related to e-waste recyclings
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1.4.1.1 Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans
(PCDD/Fs)
Polychlorinated

dibenzo-p-dioxins

(PCDDs)

and

polychlorinated

dibenzofurans (PCDFs) are two series of almost planar tricyclic aromatic
compounds with very similar chemical properties (Rappe, 1994). Figure 1.2
shows the general formulae. This group includes 210 different substances and are
divided into 135 PCDFs and 75 PCDDs. Although Greenpeace describe dioxins as
“some of the most dangerous chemicals on earth” (Davy, 2004), there are only 17
substances which are 2,3,7,8 substitute congeners have been proven to be
biological toxic (Malisch, 2000). 2,3,7,8-TCDD is known as the most toxic one.
To further promote risk assessment and source control of exposure to these
mixtures, toxic equivalency factors (TEF) were developed in term of relative
toxicity of other dioxin compounds to that of 2,3,7,8-TCDD (TEF=1). A number
of different TEF-schemes have been developed for PCDDs and PCDFs (Table
1.5). With the TEFs, the toxicity of a mixture of dioxins and dioxin-like
compounds can be expressed in the toxic equivalency (TEQ), see equation (Eq
1.1).
TEQ = Σ[Ci] × TEFi (Eq 1.1)
Where
Ci = the mass concentration of PCDD/F congener
PCDD/Fs did not exist prior to industrialization except in very small amounts.
They are the byproducts of the production of pesticides and PCBs and many other
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industry process. The primary sources include (1) Chemical reaction; (2) Thermal
reactions; (3) Photochemical reactions; (4) Enzymatic reactions (Rappe, 1994).
Health effects include skin disease, liver damage, cancer, and endocrine
disruption (ATSDR, 1998). Shocked health damage appear after PCDD/Fs
contamination accident such as “Yusho” “Yucheng accidents, “Seveso accident”
and “Agent Orange”.

Figure 1.2 Structures of PCDDs and PCDFs
(1-9 indicate the possible positions of the chlorine atoms)
Table 1.5 Toxic equivalency factors of PCDD/Fs
Name
2378-TCDF
12378-PeCDF
23478-PeCDF
123478-HxCDF
123678-HxCDF
234678-HxCDF
123789-HxCDF
1234678-HpCDF
1234789-HpCDF
OCDF
2378-TCDD
12378-PeCDD
123478-HxCDD
123678-HxCDD
123789-HxCDD
1234678-HpCDD
OCDD

I-TEF
0.1
0.05
0.5
0.1
0.1
0.1
0.1
0.01
0.01
0.001
1
0.5
0.1
0.1
0.1
0.01
0.001
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WHO2005-TEF
0.1
0.03
0.3
0.1
0.1
0.1
0.1
0.01
0.01
0.0003
1.0
1.0
0.1
0.1
0.1
0.01
0.0003

1.4.1.2 Polychlorinated biphenyls (PCBs)
Polychlorinated biphenyls are built up from the biphenyl molecule, two sixcarbon rings linked by a single carbon-carbon bond. The PCB molecule comprises
12 carbon atoms with chlorine atoms substituted for hydrogen atoms at any of 10
possible positions (Figure 1.3). Thus theoretically, 209 individual PCB
components can be formed, depending upon the number of chlorines and their
location on the biphenyl rings.
Polychlorinated biphenyls have been produced commercially since the 1920s,
by direct chlorination of biphenyl. Generally, due to hardly synthetization of
individual congener, PCBs were produced as commercial PCB mixtures. The
commercial products of PCBs were mainly used in heat-transfer systems,
electronic appliances, and hydraulic fluids. Due to the persistent characteristics of
PCBs in the environment, they had been openly banned in many countries since
the 1970s. Nevertheless, they may still be in use in closed systems such as
capacitors and transformers. The disposal of households and industrial PCBcontained facilities is the major source of PCB in the environment. Among 209
congeners, there are two groups of PCBs very important: Dioxin-like PCBs and
Marker-PCBs, which conclude 12 congeners and 7 congeners, respectively.

Figure 1.3 Structures of PCBs
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1.4.1.3 Polybrominated diphenyl ethers (PBDEs)
Polybrominated diphenyl ethers (PBDEs) (Figure 1.4) are a class of
brominated flame retardants used in a wide variety of polymer-based household
and commercial products, such as electronics, furniture, and textiles, to meet
increasingly strict fire safety standards (Shaw, 2010).
PBDEs are produced as three technical mixtures including penta-BDE, octaBDE, and deca-BDE. There is increasing regulation and phasing-out of
production of the penta- and octa-BDE technical mixtures due to their widespread
presence in the environment. Octa-BDE was never manufactured in China, and
Chinese producers have stopped production of commercial penta-BDE mixtures
since 2004. However, the use of deca-BDE is not subject to any regulatory action
in China. Rapid development of the electronic industry has attracted an increasing
demand for PBDEs and other BFRs at 8% per annum in China (Xian et al., 2008).
There are no known natural sources of these compounds and they exist as
solids and are colorless to off-white. The combustion of PBDEs has been reported
to produce polybrominated dibenzo-p-dioxins and furans (PBDD/PBDFs), which
are also toxic (de Wit, 2002). In addition, although data on environmental fate is
limited, the data suggest that biodegradation of PBDEs is not an important
degradation pathway, but that photo-degradation may be significant (UNEP,
2002).
PCDD/Fs can be formed as secondary contaminants during crude thermal
processes in e-waste recycling. Since e-waste contains polyvinyl chloride which
are PCDD/F and PCBs precursors, open burning e-waste contributes far more
27

significantly than other disposal manners to the levels of PCDD/Fs in the ambient
environment (Leung et al., 2007; Takasuga et al., 2003). As PCBs and PBDEs
were commercial materials which were widely used in electrical equipments and
electronic products, manual dismantling and open dumping could also result in
large amount of PCBs and PBDEs into the environment (Deng et al., 2007; Li et
al., 2008b).

Figure 1.4 Structures of PBDEs
1.4.2 Selected indoor pollutants
1.4.2.1 Fine particle (PM2.5)
PM2.5 is the particle with the diameter that are not larger than 2.5μm (US
EPA). It is more than 30 times smaller than a single hair of human being (70 μm
in diameter) (Figure 1.5). It is one of the criteria air pollutants in China and USA.
Generally, indoor fine particles consist of the primary and secondary aerosols
infiltrated from outdoors as well as indoor generations (Weschler, 2004; Weschler
and Shields, 1997). Water-soluble ions, carbon species (organic carbons and
elemental carbons) and metal elements are found to be major chemical
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components of fine particles (Yang et al., 2005; Ye et al., 2003). Moreover, due
to high specific surface area of fine particles, many kinds of airborne toxicants
tend to absorb on them, such as organic compounds (e.g. polycyclic aromatic
hydrocarbons) and inorganic species (e.g. heavy metals). Althought the toxicity
associated with PM2.5 is still in question, the presence of the toxicants within the
particles seems to increase their potential health risk to human beings (Loxham et
al., 2013; Sangiorgi et al., 2013).

Figure 1.5 Size comparisons for PM particles (US EPA)
Figure
source:
https://www.epa.gov/pm-pollution/particulate-matter-pmbasics#effects
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1.4.2.2 PAHs
Polycyclic aromatic hydrocarbons (PAHs) are a group of several hundred
chemically related compounds containing two or more fused aromatic rings,
environmentally persistent with various structures and varied toxicity (Shibamoto,
1998). Some of them have been identified as carcinogens (International Agency
for Research on Cancer, 1989) as well as priority toxic air pollutants due to their
extremely hazardous to human health (Keith, 2015; Office of Environmental
Health Hazard Assessment, 2001). Similar to PCDD/Fs, PAHs are as well the
products of incomplete combustions of organic materials including coal, wood,
gas and oil (World health organization, 1987). Motor vehicles (Harrison et al.,
1996; Marr et al., 1999), power generation via combustion of fossil fuels (Simcik
et al., 1999; Wolfgang F. Rogge et al., 1997), incineration (Durlak et al., 1998)
and wood burning (Benner et al., 1995) are found to be most important PAHs
sources to the atmosphere in many cities. While in indoor spaces, the major PAHs
sources include cooking (Wallace, 2000), smoking (Slezakova et al., 2009) and
household heating (Fullerton et al., 2008).
Sixteen PAH compounds are identified as priority pollutants by U.S. EPA.
(Environmental Protection Agency) and become the most commonly analyzed
PAHs, as shown in Table 1.6 and Figure 1.6. Benzo[a]pyrene (BaP) is notable for
being the first chemical carcinogen to be discovered, and other carcinogenic
PAHs (cPAH) are applied cancer slope factors which derived from assays on BaP.
Therefore, similar to PCDD/Fs, the toxicity equivalency factor (TEF) for each
cPAH is an estimated value of the relative toxicity of the cPAH compared to BaP
(Nisbet and Lagoy, 1992). In many studies, the target PAHs are classified into
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three classes: LMW, lower molecular weight (2- and 3-rings PAHs); MMW,
Middle molecular weight (4-rings PAHs); HMW, higher molecular weight (5- and
6-rings PAHs) (World Health Organization 1998).

Table 1.6 Abbreviations and CAS numbers of 16 US EPA PAHs
CAS
Class
TEFa
number
Naphthalene
Nap
91203
LMW
0.001
Acenaphthylene
Acy
208968
LMW
0.001
Acenaphtene
Ace
83329
LMW
0.001
Fluorene
Fl
86737
LMW
0.001
Phenanthrene
Phe
85018
LMW
0.001
Anthracene
Ant
120127
LMW
0.01
Fluoranthene
Flu
206440
MMW
0.001
Pyrene
Pyr
12900
MMW
0.001
Benzo[a]anthracene
BaA
56553
MMW
0.1
Chrysene
Chr
218019
MMW
0.01
Benzo[b]fluoranthene
BbF
205992
HMW
0.1
Benzo[k]fluoranthene
BkF
207089
HMW
0.1
Benzo [a]pyrene
BaP
50328
HMW
0.1
Indeno[1,2,3-cd]pyrene IcdP
193395
HMW
0.1
Dibenzo[a,h]anthracene DahA
53703
HMW
5
Benzo[g,h,i]perylene
BghiP
191242
HMW
0.01
a
TEF: Toxicity equivalency factor, proposed by Nisbet and Lagoy (1992)
Compounds

Abbreviation
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Figure 1.6 Structure of the 16 priority PAHs identified by US EPA
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1.4.2.3 Organophophate flame retardants
Since some BFRs were listed under the Stockholm Convention on POPs,
organophosphate flame retardants (OPFRs) are often proposed as alternatives for
BFRs in view of their relative low prices as well as market and policy perspective
(Brandsma et al., 2013; Li et al., 2014; Stapleton et al., 2009; USEPA, 2005). In
China, It has been reported that about 35% of global OPFRs were produced in
China in 2007, which accounted for more than 70,000 tons (Wang et al., 2010). In
2012, the global OPFRs consumption were 550000 tons (28% of total FRs), and it
is estimated that the number will reach to 1050000 tons in 2018 (40% of total FRs)
(Zhiyan consulting group, 2014). In the recent decade, OPFRs are widely used in
a variety of commercial products, including textiles, polyurethane foam, building
materials, cutting oils, cotton, antistatic agent, cellulose, electronic equipment
materials, such as printed circuit boards, casting resins, epoxy resins, cables (Li et
al., 2014; Marklund et al., 2003; van der Veen and de Boer, 2012).
Phosphinates, phosphonates, and organophosphate esters (OPEs) are the
three different general structures of OPFRs (van der Veen and de Boer, 2012)
(Figure 1.7). OPEs is the widely used group of OPFRs, such as Tributyl phosphate
(TBP), Triphentyl phosphate (TPhP), Tricresyl phosphate (TCP), Tris(2butoxyethyl) phosphate (TBEP) and some halogenated PFRs including Tri(3chloropropyl) phosphate (TCPP) , Tris(2-chloroethyl) phosphate (TCEP) and
Tris(1,3-dichloro-2-propyl) phosphate (TDCP) (Andresen et al., 2004a; van der
Veen and de Boer, 2012). Besides, the non-halogenated organophosphates are
also used as plasticizers and lubricants (Andresen et al., 2004a). Compared with
BFRs, OPFRs were thought to be more environmental friendly reagent and acted
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as substitutes. However, some experimental evidences have demonstrated the
toxic effect of some OPFRs on living organism (Table 1.7), such as TCEP, TCPP,
TDCPP and TPhP (Kojima et al., 2013; Leisewitz et al., 2000; Umezu et al., 1998;
van der Veen and de Boer, 2012; World health organization, 1998b). In the
previous studies, there are 14 OPFRs detected in varied indoor environments, as
summarized in Table 1.7 and Figure 1.8.

Figure 1.7 General structure of organophosphorus flame retardants
(left: phosphinate; middle: phosphonate; right: phosphate esters)
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Table 1.7 Abbreviations, CAS numbers and reported adverse effects of 14
common OPFRs
No Compound
1
2
3

4

5
6
7

Triethyl
phosphate
Tripropyl
phosphate
Tributyl
phosphate
Tris(2chloroethyl)
phosphate
Tri(3chloropropyl)
phosphate
Tris(2chloropropyl)
phosphate
Tris(1-chloro-2propyl)
phosphate

8

Tris(1,3dichloro-2propyl)
phosphate

9

Triphentyl
phosphate

10
11
12
13
14

Tris(2butoxyethyl)
phosphate
Resorcinoal
bis(diphenyl
phosphate)
Tri-o-cresyl
phosphate
Tri-p-cresyl
phosphate
Tri-m-cresyl
phosphate

Abbrev
iation

CAS
number

TEP

78400

TPrP

513086

TBP

126738

TCEP

115968

TCPP

26248-87-3

TMCP
P

6145-73-9

TCiPP

6145-73-9

TDCP

13674878

TPhP

115866

TBEP

78513

RDP

57583-54-7

TOCP

78308

TPCP

78320

TMCP

563042

reported
adverse effects

References

Neuro-and
reproductive
toxicity in rats;
Potential
human
carcinogen

(Regnery and
Püttmann, 2010;
Tilson et al.,
1990)

A probable
human
carcinogen;
category
2carciongen
A suspected
sensitizer for
allergies and a
potent human
blood
monocyte
carboxylestera
se inhibitor
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(ECHA, 2010;
WHO, 1998b)

(Camarasa and
Serra‐ Baldrich,
1992; Saboori et
al., 1991)

TEP

TPrP

TBP

TCEP

TDCP

TPhP

TCiPP

TCPP

TMCPP

TOCP

TPCP

TMCP

TBEP

RDP

Figure 1.8 Structures of studied OPFRs
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1.5 Objectives of this study
With the above mentioned background in mind, air pollution resulted from
uncontrolled sources such as e-waste recycling activities and varied indoor
sources of the daily life of common citizens, may significantly affect human
health of related population. For Chinese people, the great task of fighting air
pollution for better environment is still at an early stage. There is still lack of
comprehensive knowledge of air pollutions in the respect of these uncontrolled
issues. For the sake of human health, the pollution status of the uncontrolled
sources and human exposure assessment for the related people are always
essential for the awareness of the people and policy making of the government.
As mention above, the ambient air pollutions and human health effects in
primitive e-waste dismantling areas have been of increasing concern by the
stakeholders. Although most of the previous regulations are infeasible for many
local conditions and received few changes of the environments, most of local
authorities has taken more practical measures to regulate e-waste recycling
activities to minimize the emission of toxicants in recent years. Although large
amount of reports have revealed the severe contaminations of e-waste recycling
sites since 1990s, there is no reports about the current contamination status of
these areas after the specific regulations issued by local authorities. Therefore, the
effect of these measures are still unknown.
For majority of urban citizens, indoor air quality could become more and
more important for their health. It seems to be an increasing of air pollutants
found indoors with the development of building materials and indoor apparatus.
However, the related research is still limited in China. For instance, PM2.5 has
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been proposed hazardous to human health. However, most of the health risk
assessment (such as premature mortality estimation) nowadays were based on
outdoor air data. Therefore, it is in urgent need of the knowledge of fine particle
in varied indoor environments. Up to now, most of indoor researches in China
were focus on residential houses and public areas such as supermarket, while
there are few reports that evaluate the air quality in office which is an important
daily life space for common urban citizens. Therefore, a detailed understanding of
indoor and outdoor pollutant levels is required for any evaluation of the human
health risks caused by exposure to airborne fine particles in daily life. In addition,
the understanding must include the contribution of indoor source as well as
outdoor pollution impact.
Based on the concern of the uncontrolled pollution in e-waste recycling
regions and the common urban environments, the main objectives of this study
were specifically listed as follows:
(1) To investigate and characterize the changes after stricter regulations were
implemented in the levels and spatial distributions of typical persistent organic
pollutants (PCDD/Fs, PCBs, PBDEs) and particulate matter (TSP and PM2.5) in
two typical e-waste recycling sites in south China.
(2) To conduct assessment and comparison of typical POPs in the two ewaste dismantling regions in order to identify priority POPs and PM in terms of
sources, fates and impacts on environment.
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(3) To estimate non-cancer toxic risks and cancer risks of the local residents
pertaining to exposure to e-waste contaminated ambient air and indoor dust by
inhalation and ingestion pathways.
(4) To characterize fine particle matter and associated chemicals in indoor
and outdoor air of urban areas.
(5) To evaluate the influence of indoor source and outdoor haze day to
indoor air quality.
(6) To assess human health risk of common urban population by exposure to
airborne toxicants in daily life.
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Chapter 2
AMBIENT AIR POLLUTION IN E-WASTE
RECYCLING SITES AFTER STRICTER
REGULATIONS

2.1 Introduction
Guiyu Town and Qingyuan City are two important e-waste recycling regons
of South China. Both of them have the recycling history of more than 20 years.
Guiyu is a small town of Shantou city, Guangdong province (Figure 2.1). It
turned into an e-waste recycling center in 1995. More than 5500 family-run
workshops and small-scale factories made a living on e-waste recycyling in this
region. During the 1990s to 2000s, e-wastes were recycled in this region by the
following primitive means: (1) set fire to wires or cables in wild or even on
farmland to recover copper; (2) baking printed circuit board over coal grills to
recover lead-tin solder and integrated components; (3) use acid baths to recover
gold and finally pour the strong acid into nearby rivers and farmlands; (4) dump ewaste residues directly into rivers, irrigation ditches and farmlands.
Qingyuan is located in northern Guangdong with a population of 3.7 million.
Since the 1990s, it has become famous for its secondary metal industry and been
known as “copper capital of China”. However, as a matter of fact, the secondly
metals they produced mostly come from informal e-waste recycling activities.
40

Similar to Guiyu, the recycling industry is made up of pervasive family
workshops with primitive recycling manners. Open burning and disposal of ewaste and residuals on farmland, acid washing as well as the physical dismantling
of e-waste by hands were the easiest available recycle methods in this region
before the 2010s.
Grievous environment pollutions there have been reported multiple times in
the last two decades. In the past 20 years, the study reports about POPs
contamintion in the ambient air of e-waste recycling areas have presented many
appalling values as summerized in Table 2.1.
Open burning, acid washing and open dumping were found to be the major
uncontrolled sources of PCDD/Fs, PCBs and PBDEs pollution in these recycling
regions(Duan et al., 2012a; Leung et al., 2007; Yu et al., 2006; Zheng et al., 2008;
Zhu et al., 2008).
Although the regulation has been launched since the 2000s, the reform
process of Guiyu and Qingyuan was much more sluggish than other recycling
centers in China, mostly due to the strong resistance from the people who made a
living in this industry. Due to the rising of e-waste amounts generated in China
(Yu et al., 2010) and the economic and social benefits of e-waste recycling, it is
more important to standardize the dismantling processes instead of compulsively
prohibiting by laws and regulations. Since the 2010s, the authorities of
Guangdong province and local government have enhanced law enforcement and
environmental regulation to abolish uncontrol e-waste recycling activities,
especially for the three crude manners: open burning, acid washing and circuit
board baking.
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From 2010, the authorities in Guiyu carried out a series of stricter controlling
policies and pushed advanced techniques for recycling industries, which include:
(1) ban open burning and acid washing of e-waste; (2) use wire-stripping
machines to recover copper and other metals; (3) set up modern plastics industries
involving sorting, melting and granulating to recycle plastics residues. As a result,
plastics recycling and circuit board baking became the two representative
industries in Guiyu town in recent years. In Qingyuan, large centralized industrial
parks have been established and put into running with more sophisticated
techniques since the 2000s. By the end of 2012, most of informal workshops in
Qingyuan moved into centralized industrial parks, although many families still
dump e-wastes in their backyard without cleaning. At the beginning of 2013,
open burning and acid washing were finally abolished both in Guiyu and
Qingyuan.
On the face of it, the transforms of the two regions in recent years seem to
make a great impovement on the local environment. However, the effects of these
actions on the local environments is still unknown. It is very necessary to reveal
the current contamination status and the emission sources in these regions to
assess the effect of the regulation actions and give useful information for further
policy-makings. As we know, the related POPs in recycling processes are firstly
release into the ambient air and then deposit into other environmental matrix.
Thus, the behavior of atmospheric POPs could firstly reflect the POPs
contamination status in such regions. In this study, PCDD/Fs, PBDEs and PCBs
in PM2.5, TSP and gas phase of ambient air, as well as indoor dust were
determined to assess their pollution status, spatial distributions, source patterns
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and human health risk in typical reycing regions of Guiyu and Qingyuan after
enhanced regulations.

Table 2.1 Former reports of POPs levels in the air of e-waste dismantling sites
Location

Sampling
Date
PCDD/Fs (pg TEQ/m3)
Guiyu
Aug, 2005

Concentration

Reference

Congener
numbers

0.972-51.2
(8.78)(summer)
16.0 (winter)

(Li et al.,
2007)

17

0.65

(Wong et al.,
2007)
(Xiao et al.,
2014a)
(Li et al.,
2008b)

17

Chen,et
al,2014
(Li et al.,
2008b)

171

(Xing et al.,
2009)
(Han et al.,
2010)
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Qingyuan

Aug-Sep,
2004
Aug, 2009

0.06–29.28 (3.13)

Taizhou

Oct, 2005

0.20-3.45 (1.10)

PCBs (pg/m3)
Qingyuan

Sep, 2005

7825 -76330

Taizhou

Oct, 2005

4230-11350
0.05-0.859
(0.209)
WHO-TEQ
472300

Guiyu

17
17

18

Taizhou

Jan, 2007

12407

PBDEs
(pg/m3)
Guiyu

Sep, 2005

9579 (day)
3182 (night)

(Chen et al.,
2011a)

11

Aug-Sep,
2004
Aug-Sep,
2004
Oct, 2005

16800
(PM2.5+gas)
16575 ( PM2.5)
21474 (TSP)
894

(Wong et al.,
2007)
(Deng et al.,
2007)
(Li et al.,
2008b)

22

Guiyu

Taizhou

43

38

22
8

2.2 Methodology
2.2.1 Sampling location
Owing to the differences in the type of e-waste recycling manner and the
revolution of the recycling mode in these two regions, four and three sampling
sites nearby e-waste recycling sites were chosen in Guiyu and Qingyuan,
respectively. As shown in Table 2.2 , Figure 2.1 and Figure 2.2. Briefly, the
sampling sites in Guiyu located in the neighborhoods of plastic recycling
workshops (GY1# and GY2#), circuit board baking activities (GY3# and GY4#).
The neighborhoods around an informal dismantling family workshop (QY2#) and
a formal recycling center (QY3#, QY4#) were chosen as typical sampling sites in
Qingyuan. In addition, two remote small villages with no e-waste recycling
activities and located in the upwind of recycling areas (~7 km away) were
investigated as control sites (GY5# and QY1#, in Guiyu and Qingyuan,
respectively). During the sampling period, the predominant wind direction of
Guiyu and Qingyuan were both northeast.
2.2.2 Sample collection
Total suspended particles (TSP), PM2.5 and gas phase samples were collected
simultaneously on the rooftops of one building from each site in August, 2013.
The sampling procedure of TSP and gas phase samples were according to our
previous study (Zhang et al., 2014a). PM2.5 samples were collected on quartz fiber
filters (10.1cm×25.4cm, Whatman, Maidstone, England) and gas phase was
trapped in a polyurethane foam (PUF, thickness:7.6cm; diameter: 6.5cm) using a
high-volume air sampler (Tianhong, China) equipped with a particle size-selective
impactor. The sampling rate of both PM2.5 and TSP sampler were about 300L/min.
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Before sampling, surrogate standard (EPA 23 SSS, Wellington Laboratories) were
added in sampling matrix. Settled indoor dust samples were collected by manually
brushing in the same building or nearby building for air sampling. More than 6
samples were collected and mixed into one pool sample in each building.

Table 2.2 The information of sampling sites
Code name

Location

Description

GY1#

Xianma primary school

GY2#

Neighborhood, Dutou

GY3#

Beilin primary school

Circuit board baking and equipment

GY4#

Neighborhood, Beilin

dismantling

GY5#

Neighborhood, Fushan

Reference site

QY1#

Neighborhood, Xinmin

Reference site

QY2#

Primary school, Longtang Informal dismantling family workshop

QY3#

Neighborhood, Shijiao

QY4#

Dismantling park, Shijiao

Plastics sorting, melting and granulating

Central recycling factory

45

Figure 2.1 Sampling sites in Guiyu

Figure 2.2 Sampling sites in Qingyuan
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2.2.3 Sample preparation and chemical analysis
All the organic solvents were pesticide residue grade or ultimately purified
grade from Tedia (USA). Silica gel was purchased from Merck (silica gel 60,
Darmstadt, Germany). Basic alumina was obtained from Aldrich (Brockmann I,
standard grade, Milwaukee, USA). Florisil was from Merck (60-100 mesh,
Germany). Calibration standard solutions, stock native standards,
surrogate standards and

13

C12-labeled

13

C12-labeled injection standards were purchased from

Wellington Laboratories (Guelph, Canada) and Cambridge Isotope Laboratories
(Andover, MA USA).
2.2.3.1 Extraction
The fiber filter or PUF of each sample was transferred into Soxhlet extractor
after spiked with a mixture of

13

C12-lablled internal standards (EPA 23 IS for

PCDD/Fs, EPA 68A IS for PCBs, MBDE-MXE for PBDEs). Then extracted
using toluene for 24h. The extracts were concentrated to approximately 10 mL
through rotary evaporation.
2.2.3.2 Cleanup
Step 1: Acid washing purification
The extract was transferred to a 40mL glass vial and concentrated to nearly
dry through high purity nitrogen gas stream. After diluted by 7mL hexane, the
extract was reacted with 8mL sulfate acid with stirring, after one-hour standing,
centrifugation was applied to separate the organic layer from acid layer. The
organic layer was then transferred into a 24mL vial. The acid wash was repeated
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two more times. The three times 7-mL organic layer were combined for the next
cleanup procedure.
Step 2: multilayer column cleanup
An acidic silica gel column (upper column) was packed with 8 cm acidic
silica gel. And lower column was pack with 1g florisil, 1g basic alumina. After
two columns were connected in series, 10mL hexane was used to pre-wash the
columns.
With the loading of the organic volume from the last step, the elute was
collected in PCBs and PBDEs fraction, then 15mL hexane and DCM mixture
(95:5, V: V) were used to elute remainder PCBs and PBDEs fraction. Finally,
50mL DCM was applied to elute PCDD/Fs fraction.
Step 3: Gel permeation chromatography
Because lipids are usually eluted with PCBs in the multilayer column, gel
permeation chromatography (GPC) is needed to remove lipids in PCBs and
PBDEs fraction.
GPC column was pre-treated in the soak of 50%DCM in hexane. After
loading the raw PCB/PBDE fraction, 75mL DCM and hexane mixture (50%, V:V)
was added to wash away the lipid compounds, and then purified PCB/PBDE
fraction was eluted by 50mL DCM and hexane mixture (50%, V:V).
PCB/PBDE fraction and PCDD/Fs fraction were finally concentrated into
20μL. Injection standards were added before instrument analysis.
2.2.3.3 Instrumental analysis
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The qualitative and quantitative analyses of 17 PCDD/Fs, 36 PCBs and 27
PBDEs were conducted using a high-resolution gas chromatograph (HRGC) and a
high-resolution mass spectrometer (HRMS).
For PCDD/Fs and PCBs analysis, the GC (Agilent 6890N) was equipped
with a 60 m DB-5MS column (0.25 mm i.d., 0.25 μm film thickness) and a CTC
PAL auto-sampler. For PBDEs analysis, the GC column was changed to a 20m
DB-5MS column (0.25 mm i.d., 0.1 μm film thickness). Exactly 1 μL of each
sample was injected in splitless mode. Helium was used as carrier gas. The
following oven temperature program was employed: (1) for PCDD/Fs, the initial
temperature was 140 °C, which was maintained for 2 min; this temperature was
then increased to 220 °C at 8 °C/min and subsequently increased to 260 °C at
1.4 °C/min; finally, the temperature was increased to 320 °C at 4 °C/min and
maintained for 4 min. (2) for PCBs, the initial temperature was 90°C and
maintained for 2 min, then increase to 220°C at 13°C/min and maintained for
7min; the temperature was then increased to 260°C at 1.4 °C/min; finally, the
temperature was increased to 290°C at 4.0°C/min. (3) for PBDEs, the initial
temperature was 90°C and maintained for 2 min; this temperature was then
increased to 180°C at 15°C/min, following the temperature was increased to
240°C at 5.0°C/min and maintained for 2 min; finally, the temperature was
increased to 310°C and maintained for 6 min.
Except the selecting monitoring ions, the basic conditions of mass
spectrometer (MS) were the same for the three groups of target analysis. The
HRMS (Micromass Autospec Ultima, Waters) was equipped with an electron
impact (EI) ionization source (EI+ mode) and the electron impact ionization
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energy was 35 eV. The HRMS operated in the selected ion monitoring (SIM)
mode for each congener group at a resolution of > 10,000. The source temperature
was 250 °C.
2.2.4 Quality assurance
2.2.4.1 Method detection limit (MDL)
The concentration of the lowest level of calibration curve (CS1, 0.25 pg/μL)
was used as a reference level. Seven duplicate spiked samples (5 pg) along with
blank samples were processing the whole sampling preparation procedure and
instrumental analysis. Three times of standard deviation (SD) of the detected
results were calculated as the MDL of the target compounds.
2.2.4.2 Blanks
Field blanks (FB) were prepared by loading a PUF and GFF filter to the
sampler for 48h at two sampling sites with no air drawing through. Method blanks
(MB) were conducted in each batch (N<=12) of sample preparation. Clean PUF
and GFF were used as blank reference matrix. All the compounds level in the MB
and FB samples fall far below the MDL. That is, no interference were found in
sample preparation and field sampling.
2.2.4.3 Ongoing precision and recovery tests
In each batch of sample preparation, clean PUF spiked with mixed target
analysts were used to test the ongoing precision and recoveries of the method.
The reproducibility of the targets and the recoveries of the surrogate
standards from seven spiking experiments satisfied the quality control limits
prescribed by US EPA 1613, EPA 1668 and EPA 1614.
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2.2.5 Human exposure and risk assessment
2.2.5.1 Average Daily Dose (ADD)
The average daily human intake of POPs via air inhalation and dust ingestion
can be calculated using the following equations (US EPA), and the reference
values and brief explaination of the exposure factors of the equantions were listed
in Table 2.3.
𝐴𝐷𝐷𝑖𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 =

𝐶𝑎𝑖𝑟 ×𝐼𝑛ℎ𝑅×𝐸𝐹×𝐸𝐷
𝐵𝑊×𝐴𝑇

Eq.(2.1)

and
𝐴𝐷𝐷𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 =

𝐶𝑑𝑢𝑠𝑡 ×𝐼𝑛𝑔𝑅×𝐸𝐹×𝐸𝐷
𝐵𝑊×𝐴𝑇

Eq.(2.2)

Human exposure factor plays a critical role in health risk assessment. In the
past, risk assessors always used the exposure factor values proposed by US EPA
(1997, 2011), due to the lack of values from China. However, there are different
exposure factor values for the people from different region. The use of exposure
factors from the US EPA or other countries in our exposure or health risk
assessment may cause bias(Wang et al., 2009). Fortunately, by the end of 2013,
ministry of environmental protection of China (MEP) have proposed the exposure
factor handbook of Chinese population. In our study, we apply the exposure factor
recommended in the fresh handbook, as listed in Table 2.3.
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Table 2.3 Exposure factors for a child and an adult (US EPA, 1977; China, 2013)
Abbreviate
IngR
InhR
BW
EF
ED
AT

Exposure factor
Ingestion rate, mg/day
Inhalation rate,m3/day
Body weight, kg
Yearly exposure frequency, days
Exposure duration, yr
Mean lifetime, yr
For noncaner risk estimation
For cancer risk estimaton

Child
200
14.5
20.8
350
6

Adult
50
18
62.7
350
30

6
74.8

30
74.8

2.2.5.2 Non-cancer Toxic Risk
To evaluate the potential health risks of the residents from the pollutants of
concern in e-waste recycling sites, cancer and non-cancer health effects were
assessed in this study according to the method of US EPA (ATSDR, 2005).
The measure used to describe the potential for non-cancer health effects to
occur in an individual is expressed as hazard quotient (or non-cancer toxic risk),
HQ. It can be determined by dividing the average daily dose for a given exposure
pathway by the reference dose (RfD), as shown in Table 2.4. The qualitative
descriptions for non-cancer toxic risk is shown in Table 2.5.
Therefore,
𝐻𝑄 =

𝐴𝐷𝐷
𝑅𝑓𝐷

(Eq 2.6)

The non-cancer risk from the exposure to PCDD/Fs and DL-PCBs was
estimated based on the TEQ concentrations, and the risk from PBDEs was only
based on the values of BDE-47, BDE-99, BDE-153 and BDE-209 of which the
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toxicities had been quantified. Then the sum of HQ’s for all pathways and similar
toxic effects is present as a Hazard Index (HI).
2.2.5.3 Cancer Risk
An estimated cancer risk is an upper bound probability that a person may
develop cancer during his or her lifetime under the exposure to certain toxicants.
It is not a specific estimate of expected cancers.
The life-time average daily dose (LADD) by averaging the total exposure
over the life-time of the individual was firstly estimated (Eq 2.1). And the cancer
risk could be expressed as formula (Eq 2.7). In the opinion of US EPA, a risk
falling in the range of 1 in a million to 1 in 10,000 constitute an acceptable risk,
which is the possibility range of cancer happening in America (US EPA, 1997a).
The qualitative descriptions for cancer risk is shown in Table 2.5.
𝐶𝑅 = 𝐿𝐴𝐷𝐷 × 𝑆𝐹 (Eq 2.7)
SF is slope factor of the dose-response curve in the low-dose region where
the relationship between the exposure dose and response is assumed to be linear.
Basically, only contaminants that are carcinogenic for a certain specified exposure
pathway have a slope factor.
For PCDD/Fs, PCBs and PBDEs, 17 kinds of 2378-PCDD/Fs and 12 kinds
of dioxin-like PCBs are considered as carcinogen, and their SF values are listed as
Table 2.4, which are recommended by US EPA. As these dioxin like compounds
affect the same target organs and produce the same form of cancers, and they
could be present as TEQ concentrations in terms of their toxicities, it is acceptable
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to add the CRs calculated from each of the chemicals together, and then use ∑CRs
to make qualitative descriptions.
2.2.6.4 Qualitative descriptions for non-cancer toxic health risks and cancer risk
The estimated cancer and non-cancer risk were interpreted using cancer and
non-cancer potency estimates derived for that toxicant by the authoritative health
agencies, such as the US EPA. The following qualitative ranking of cancer and
non-cancer risk estimates, developed by New York State Department of Health
(2007) was then used to rank the risk (Table 2.5).

Table 2.4 Toxicity values of target POPs (IRIS, 2016)
CSF
RfD
(mg/kg
day)-1
(mg/kg-day)
2378-TCDD
7.0 E-10
130000
BDE-47
1.0 E-4
BDE-99
1.0 E-4
BDE-153
2.0 E-4
BDE-209
7.0 E-3
a
Minimal risk level of 2378-TCDD which recommended by the Agency for Toxic
Substances and Disease Registry (ATSDR)
Chemical

Table 2.5 Qualitative descriptions for non-cancer toxic health risks and cancer risk
(New York State Department of Health, 2007)
Hazard Index
≤1

Qualitative
descriptor
Minimal

Cancer
risk
≤10-6

1~5
5~10
>10

Low
Moderate
High

10-6~10-4
10-4~10-3
10-3~0.1
>0.1
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Qualitative descriptor
Very low and
acceptable
Low
Moderate
High
Very high

2.3 Results and discussion
2.3.1 PM mass concentrations
TSP and PM2.5 concentration from all sampling sites are illustrated in Table
2.6. According to the Chinese Ambient Air quality Standard (GB3095-2012), the
PM levels of most sampling sites were below the annual average limit of the
second grade standard (TSP: 200μg/m3; PM2.5: 35μg/m3), and were much lower
than most of the reported data from many urban areas in Asia and the former
records from the e-waste recycling studies in China (Table 2.7).
According with the study of WHO (WHO, 2003), PM2.5 and PM10 were
produced by mechanical processes such as construction activities and road dust
re-suspension, and PM2.5 are originated primarily by combustion sources and
secondarily formed aerosols via gas-to-particle conversion. The reduction of TSP
and PM2.5 in Guiyu may result from the disappearance of open burning in these
years. Gullett et al. (2007) used to reveal the severe particle emission from open
burning of e-waste, they conducted simulated rudimentary recycling operations to
characterize the air emissions, and obtained high emission factors of TSP (15600
for circuit board samples and 17500 for insulated wire samples, respectively).
Moreover, as the industrialization of E-waste recycling in Guiyu was earlier than
any other hot spots, almost all the streets and indoor house where the primary
recycling venue are, have been ground hardened. It may largely lower the particle
suspension of ground dust. Table 2.6 showed that, the PM levels of Guiyu also
relatively lower than that in the industrial and urban environment of many other
cities in Asian (Table 2.7), only comparable with some place in Taiwan and
Vietnam. The PM2.5 concentration of five study sites were all under 24-h PM2.5
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ambient air quality standards in China proposed in 2012 (75μg/m3 applies to
residential, commercial, cultural, industrial, and heavily trafficked areas),
although the data were mildly higher the new US 24-h PM2.5 ambient air quality
standard (35μg/m3) (USA government, 2013). Therefore, the survey indicate that
under the stricter control of open burning and other uncontrolled recycling process,
the current recycling activities in Guiyu does not produce large amount of
particulate matters.
In contrast, the TSP data from Qingyuan recycling sites (average value: 112
μg/m3) show higher levels than Guiyu (p<0.05), but lower than most of the Asian
cities. As Shijiao and Longtang both are remote town in Qingyuan, TSP may
come from the dust resuspension of the unhardened ground of mountainous region
and the undergoing construction of new town. Nevertheless, both TSP and PM2.5
level of the four sampling sites are under the 24 h average standard of China and
USA. The same as Guiyu, no PM level difference was found between the
recycling sites and control points indicate few PM contribution of recycling
activities.
Furthermore, the ratio of PM2.5 to TSP mass concentrations was applied to
study the size distribution of aerosols collected from Guiyu. The ratio ranged from
45~98% (mean: 77%) in recycling sites indicated that a larger number of fine PM,
compared to coarse particles, exist in the atmosphere of Guiyu. The average value
was higher than the former report (53%) about Guiyu by Deng et al. (2007) and
the mean ratios obtained throughout the US (31%) for 1972–2000 (Lall et al.,
2004). The ratio of PM2.5 to TSP mass concentrations of four sampling sites in
Qingyuan (average: 20%, ranged 16-23%) were significantly lower than Guiyu
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and other reports (Lee et al., 2002). The ratio of PM2.5 to TSP mass concentrations
higher than 0.5 was an indicator of the potential for the fine particles with high
levels of POPs (Deng et al., 2007). Due to smaller in particle size as well as its
potential transport in a regional scale, the POPs loaded PM2.5 may result in
regional air pollution and adverse impact to human health. Thus, the PM2.5
contamination status in Guiyu should draw our attention, even though the mass
concentration there showed relatively low levels.

Table 2.6 TSP and PM2.5 mass concentration of study areas in Guiyu and
Qingyuan (μg/m3)
Sampling
sites
GY1#
GY2#
GY3#
GY4#
Mean
GY5#

TSP
Mean
31.8
48.0
44.5
51.4
43.9
54.7

QY1#
QY3#
Mean
QY2#
QY4#
Mean

96.8
92.4
94.6
142
114
128

SD
9.6
19.3
10.4
20.4
25.3
22.8
6.1
42.7
36.0

PM2.5
Mean
29.0
41.1
28.7
22.9
30.4
22.4
20.8
16.1
18.4
29.9
16.1
27.8
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SD
14.5
17.9
2.8
12.5
20.8
3.1
6.9
23.4
21.4

PM2.5/TSP %
Mean
91
86
65
45
69
41
23
17
20
23
29
26

Table 2.7 Mass concentration of TSP and PM2.5 in E-waste recycling sites and urban areas (μg/m3)
Guiyu
Chendian
Qingyuan
(Recycling)
Qingyuan
(Controlling)
Taizhou
(Recycling)
Taizhou
(Controlling)
Japan
Beijing
(roadside)
Beijing

TSP
124±44.1
389
332
121(summer days)
154(summer nights)
156(summer days)
194 (summer
nights)

275(75~1350)

PM2.5
62.12±22.5

year
2004
2005
2005
2009

Reference
(Deng et al., 2006)
(Li et al., 2007)
(Li et al., 2007)
(Xiao et al., 2014a)

2009

(Xiao et al., 2014a)

49.6(summer)

2006-2007

(Gu et al., 2010)

37.5(summer)

2006-2007

(Gu et al., 2010)

2009
2009
2010

Fang et al., 2005
(Liu et al., 2014)
(Liu et al., 2014)
(Yu et al., 2013)

2006
2008
2012~2013

(Yu et al., 2013)
(Xiao et al., 2014b)

60.7-90
92.6 (annual)
73.8 (summer)
55.0±40.2
51.2±28.2

470
Guangzhong
137±66.3(annual)
101±43.3(summer)

53.7
62.5±33.6(annual)
40.2±19.1(summer)
79.2±34.2

2007

446(urban)
Wuhan

65

2013
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(Tao et al., 2009)
(Li et al., 2008)
(Huang et al., 2016)

Shanghai
(university)
Shanghai
(Pudong)
Shanghai
(Jingshan)
Vietnam
Taiwan
suburban/coastal
Taipei
Korea
Korea

TSP
204 ± 129
89.8(day)
67.0(night)
135(day)
88(day)
73.6

PM2.5
90.5
45.3(day)
32.8(night)
49.3(day)
49.8(night)
32 (urban)
75 (Temple)

149 (Semirural)
92.3
30(annual)
115 (Industrial)
43.5(annual)
26.6±16.5
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year
2006
2011~2012
2009

Reference
(Chen et al., 2011b)
(Ma et al., 2013)
(Zhu et al., 2015a)

2001
2003
2002
2009–2010
2010
2002
2009
2008-2009

(Chang et al.,2009)
(Chang et al.,2009)
(Chao et al., 2004)
(Fang et al., 2014)
(Chang et al., 2010)
(Heo et al., 2009)
(Heo et al., 2009)
(Son et al., 2012)

2.3.2 Significant decreased atmospheric PCDD/Fs, PCBs and PBDEs levels after
stricter regulations
2.3.2.1 PCDD/Fs
Similar to PM, PCDD/Fs showed significantly decreased levels compared to
the previously reported data in these two areas. As present in Table 2.8, the
atmospheric average TEQ concentrations (TSP plus gas phase) in the studied
recycling sites of Guiyu (1.21±0.76 pg/m3) was 7 times lower than that in 2005
(average 8.78 pg I-TEQ/m3)(Li et al., 2007). In Qingyuan, the current data also
showed 31 times lower levels in informal or formal recycling sites (0.271 pg ITEQ/m3 and 0.644 pg I-TEQ/m3, respectively) than the values obtained in 2009
by Xiao et al. (2014a) (summer, average 8.48 pg I-TEQ/m3). Nevertheless, the
values in recycling sites in Guiyu were all above the annual standard of air quality
in Japan (0.6 pg TEQ/m3), which indicating alarming air pollution there.
2.3.2.2 PBDEs
The average PBDE concentrations (particle- and gasphase) in Guiyu and
Qingyuan are summarized in Table 2.9. Compare with the results monitored in the
same period in 2004 by Wong et al. (2007) and Deng et al. (2007) as well as the
one in 2005 by Chen et al (2009) (Table 2.1 ), a relative lower levels of ∑26
PBDEs are found in the recycling sites in Guiyu in this study (~2500 pg/m3).
In Qingyuan, the situation were very different from Guiyu. First of all,
particularly low levels of PBDEs were observed in all the samples from Qingyuan
(Table 2.9), in the range of 38.0~84.7 pg/m3 in recycling area and was comparable
with the concentration of Σ21PBDEs in air samples from a rural area in Ontario
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(Canada) (6 ~85 pg/ m3) (Gouin et al., 2006). Compared with former reports, it
was the lowest recorded atmospheric data referring to e-waste recycling (Table
2.1). In addition, BDE-209 was undetectable in all the samples of Qingyuan and
the sum of homologue concentrations (mono- to deca-BDEs, 92~168 pg/m3) were
also at an extremely low state.
According to the former investigation, higher concentrations in the air of
Guiyu and Qingyuan were attribute to the open burning of e-waste or the heating
of SPCBs inside the recycling workshops, because PBDEs would release into
atmosphere when BFR-containing e-wastes were heated (de Wit, 2002; Leung et
al., 2006). Therefore, the significantly down-regulated levels in this study could
be the achievement of stricter control over e-waste burning nowadays. However,
the values in Guiyu were over 10 times higher when compared with the levels of
Guangzhou and Hong Kong (33.8–372 pg/m3).
2.3.2.3 PCBs
Similarly, significant lower concentration of PCBs in both studied regions
were also recorded in this study than the former reports (Table 2.10). The values
in Guiyu were comparable or lower than the data from Yokohama in Japan (62–
250 pg/m3) (Kim and Masunaga, 2005). However, the DL-PCBs do contribute a
notable TEQ concentration, ranged from 501 to 767 fg/m3 in recycling sites in
Guiyu, while ranged 447~912 fg/m3 in Qingyuan region, which were relative
higher than most urban environment. And DL-PCBs contribute around 8-19% of
the total TEQ concentration (plus PCDD/Fs) in recycling sites, which was
obviously higher than the controlling site. For Qingyuan case, PCB levels were
higher than Guiyu and some cities, such as Birmingham, UK (230 pg/m3) (Harrad
61

and Mao, 2004), but comparable with Milwaukee, USA (1900 pg/ m3) (Rd and
Hornbuckle, 2005), and lower than Tainan, Taiwan (3480–7830 pg/m3) (Chen and
Hsu, 1994).
The consistent results were also observed in Taizhou which is another ewaste hot spot in China. Remarkable decreasing of PCDD/Fs, PBDEs and PCBs
were recorded in Taizhou after the local government closed down nearly 10000
small-size informal workshops and stopped open burning activities (Fu et al.,
2012).
Both of PM and POPs results revealed that the enhanced regulations and
centralized dismantling action may have a positive environmental effect in these
two studied regions. However, obvious air pollutions in terms of PCDD/Fs and
PBDEs were still exist in Guiyu, while high PCBs levels in Qingyuan recycling
region should draw our attention.

Table 2.8 Summary of PCDD/Fs mean concentrations in the atmosphere of Guiyu
and Qingyuan (pg/m3)
Site

PM2.5
∑D/Fs

TSP

GY1#
GY2#
GY3#
GY4#
Mean
GY5#

13.8
31.3
7.40
7.80
15.1
0.59

∑D/Fs
(TEQ)
0.291
0.917
0.115
0.146
0.367
0.0022

QY1#
QY2#
QY3#
QY4#
Mean

1.33
2.24
7.34
14.2
6.3

0.036
0.083
0.091
0.204
0.104

∑D/Fs

Gas phase

3.38
6.80
2.64
2.79
3.90
0.60

∑D/Fs
(TEQ)
0.63
1.08
0.44
0.50
0.66
0.021

Air concentration
(TSP+Gas)
∑D/Fs
∑D/Fs
(TEQ)
18.3
0.97
43.9
2.43
14.5
0.73
20.7
0.82
24.3
1.24
1.14
0.023

0.493
0.818
2.73
3.144
1.80

0.058
0.116
0.345
0.296
0.204

2.9
5.0
17.8
50.2
18.96

∑D/Fs

14.9
37.1
11.83
17.95
20.4
0.54

∑D/Fs
(TEQ)
0.34
1.35
0.29
0.32
0.58
0.0019

2.39
4.18
15
47
17.1

0.081
0.156
0.191
0.348
0.19

62

0.139
0.271
0.536
0.644
0.40

Table 2.9 Summary of PBDEs mean concentrations in the atmosphere of Guiyu
and Qingyuan (pg/m3)
Site

PM2.5

TSP

GY1#
GY2#
GY3#
GY4#
Mean
GY5#

1056
1552
756
2222
1397
22

BDE209
3016
1222
725
935
1474
33

QY1#
QY2#
QY3#
QY4#
Mean

2.8
16.5
12.8
15.3
11.9

<0.4
0.77
0.57
<1.4
0.7

∑26BDE1

Gas phase
∑26BDE

1328
1692
882
4104
2001
60

BDE209
5051
4282
1136
1126
2899
101

151
228
390
1315
521
13.0

BDE209
1.84
<0.3
0.66
8.56
3.7
8.2

5.3
17.4
29.8
47.3
25.0

<0.5
<0.5
9.19
2.79
6.0

14.3
20.5
29.49
37.37
25.4

0.6
<0.3
<0.3
<0.3
0.6

∑26BDE

Air concentration
(TSP+Gas)
BDE∑26BDE
209
1479
5053
1920
4282
1272
1136
5419
1134
2522
2902
73
109
20
38
59
85
50.4

0.6
<0.5
9.19
2.79
4.18

1

∑26BDEs: Sum of the concentrations of 26 PBDEs including BDE-3, -7, -15, 17, -28, -47, -49, -66, -71, -77, -85, -99, -100, -119, -126, -138, -153, -154, -156, 183, -184, -191, -196, -197, -206, -207.
Table 2.10 Summary of PCBs mean concentrations in the atmosphere of Guiyu
and Qingyuan (pg/m3)
Site

PM2.5

GY1#
GY2#
GY3#
GY4#
Mean
GY5#

∑37
PCB a
0.78
0.34
0.26
0.63
0.50
0.53

QY1#
QY2#
QY3#
QY4#
Mean

7.2
87.0
4.9
33.1
55

TSP

0.0000022
0.0000117
0.0000010
0.0000033
0.0000046
0.0000017

∑37
PCB a
1.15
1.97
0.22
0.64
1.00
0.6

0.0000095
0.0000668
0.0000097
0.0000638
0.000037

10.8
121
10.8
122
65.8

TEQ b

Gas phase

Air concentration
(TSP+Gas)

0.0000058
0.0000149
0.0000010
0.0000042
0.0000065
0.0000019

∑37
TEQ b ∑37 PCB a
PCB a
108
0.054
109
167
0.060
169
110
0.050
110
227
0.077
228
153
0.060
154
98.6 0.00018
99

0.0539
0.0600
0.0501
0.0767
0.0602
0.0002

0.0000012
0.0003208
0.0000471
0.0000921
0.000153

63.0
1616
239
1042
740

0.0082
0.0524
0.0447
0.0912
0.049

TEQ b

a

0.008
0.052
0.045
0.091
0.049

74
1737
250
1075
784

∑37PCBs: Sum of the concentrations of 37 PCBs including PCB-1, -3, -4, -15, 19, -28, -37, ,-52, -54, -67, -81, -77, -101, -104, -82, -123, -118, -114, -105, -126,
-155, -156, -157, -169, -180, -191, -188, -189, -202, -205, -206, -208, -209
b
TEQ concentrations: Sum of the WHO2005 TEQ concentrations of 12 DL-PCBs,
including PCB -77, -88, -105, -114, -118, -123, -156, -157, -167, -169, 189.
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TEQ b

2.3.3 PCDD/Fs, PCBs and PBDEs distribution in different recycling sites
As shown in Table 2.8 and Table 2.9, the air samples in four recycling sites
in Guiyu had the highest PCDD/Fs, DL-PCBs, PBDEs levels of all samples,
which were averaged more than 10 times higher than the reference site (GY5#),
implying the significant impact of the e-waste dismantling activities on the
airborne PCDD/Fs and PBDEs levels in this area. On one hand, the informal
dismantling process of scrap printed circuit boards (SPCBs) were found to be
associated with rapid PCDD/Fs production(workshop air particles:14.5 WHO
pg/m3)(Duan et al., 2012b; Z et al., 2014), which may due to low-temperature
pyrolysis(Huang et al., 2009). On the other hand, mechanized plastic granulation
which is thought to be an improved approach to replace open burning for plastic
materials at GY3# and GY4# seems to make server PCDD/Fs contamination as
SPCBs dismantling. As far as we know, there is still no study about PCDD/Fs
formation in the plastics recycling process. Actually, the plastic material is firstly
melted at a low temperature (about 200-400℃) which could be a favorable
temperature of the PCDD/Fs formation. In addition, PBDEs were also related to
the processes of SPCBs dismantling and plastic recycling. From the former study
(An et al., 2014; An et al., 2011), it has been revealed that the averaged on-site
atmospheric PBDEs (during worktime)in e-waste dismanltling workshop (EWDW)
and plastic recycling workshop (PRW) were up to 2975000 pg/m3 and 320000
pg/m3, respectively. The possible reason of PBDE release in these workshops is
that the temperature increase in the processes of recycling.
Compared with Guiyu, the concentration of PCDD/Fs and PBDEs in
Qingyuan were much lower, but higher PCBs were observed. There could be two
64

reasons for this difference. The first was the variation of e-waste types between
the two regions. E-waste in Qingyuan is mainly electric equipment, while in
Guiyu the dominations are electronic items and plastic products. Thus the
predominant dismantling manners in the two sites were different. Another reason
could be the centralized management of the recycling activities by the authority in
Qingyuan in recent years. More than 200 quantified dismantling factories were
moved into an e-waste dismantling park which was established and began running
in 2006. In these quantified factories, metals were recovered from mainly seven
kinds of e-wastes (e.g. transformer, cables, wires, electric motor ) in the quantified
factories applying automotive shredding, separation and metal refining procedures.
Since 2012, open burning which used to recover copper and other metals from
plastic containing cables and wires were hardly found in the two regions after
stricter prohibition and heavier punishment. Nevertheless, airborne PCDD/Fs and
DL-PCBs levels in and around the centralized industrial park (QY3# and QY4#)
were nearly or already exceed the safe limit (0.6 pg TEQ/m3) and relatively higher
than the family workshop (QY2#) as well as the reference site (QY1#), indicating
better regulation for the recovery factories is needed. Besides, relative higher
PCBs concentrations were found in both two recycling sites in Qingyuan. As we
know, PCBs containing e-waste such as capacitors and electric transformers used
to be dismantled in a large qualities in many recycling sites in China(Han et al.,
2010), which caused significantly high levels of PCBs in the air samples in sites
(Meng, 2000). Although these kinds of dismanltling activities have been banned
by local governments, copper coil in transformers were still very popular in
Qingyuan for copper recovery. Therefore, in the process of dismantling these
kinds of equipment, PCBs would spontaneously release into the atmosphere. And
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the notable values in Qingyuan may reveal that there were still a small amount of
PCBs containing e-wastes entered and recycled in this region.
2.3.4 Congener and homologue profiles.
As we know, congeners and homologues profiles are always used to identify
the source differences of environmental pollutions in terms of PCDD/Fs, PCBs
and PBDEs.
2.3.4.1 PCDD/Fs
The profiles shown in Figure 2.3 reveal that relative higher abundances of
low chlorinated PCDFs (4~6 Cl) and lower abundances of high chlorinated 2378PCDFs and 2378-PCDDs (7~8 Cl) were found at e-waste recycling sites in Guiyu,
compared with control sites. It also illustrates some differences between the two
studied regions. Notably, the higher contribution of four and five chlorinated
2,3,7,8-PCDFs with lower OCDF were observed in Guiyu in contrast to Qingyuan
areas. The comparison of the current data and the former reports shows drastically
reduction of 1234678-HpCDD, 1234678-HpCDF, OCDD, OCDF and 4~6
chlorinated 2378-PCDFs. This was consistent with the congener patterns of
emission during simulated e-waste open burning (Gullett et al., 2007). The
consistent results may indicate the important contribution of these groups of 2378PCDD/Fs to the severe PCDD/Fs pollutions in previous reports as well as
nowadays in Guiyu. Moreover, the factor loading plot of principal component
analysis (PCA) (Figure 2.4) based on homologue data present the differences
between the air samples collected from different recycling districts and former
reports. Therefore, we could conclude that the dominant PCDD/Fs emission
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sources were different in these two recycling regions after stricter environmental
regulation.

Figure 2.3 PCDD/Fs congener distributions (mass concentration) in Guiyu and
Qingyuan
(data source: QY2009, from Xiao et al. (2014a); GY2005, from Li et al. (2007))

67

Figure 2.4 Factor loading plot of PCA for the deposition samples from the e-waste
recycling sites, rural sites and former studies
(data source: QY2009, from Xiao et al. (2014a); GY2005, from Li et al. (2007))
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2.3.4.2 PBDEs
Figure 2.5 indicate that the mass distribution in air (including gas and
particulate phases) was dominated by BDE-47, -99, -183 and -209 in Guiyu,
which contributed over 70% of the total 37 PBDEs. Notably, these levels are also
a bit higher than that recorded by Chen et al. (2011a) and other urban environment
(Zhang et al, 2009). BDE-209 was present in much higher contribution (~30%%
in GY3#~GY4# and ~70% in GY1#~GY2#) than Chen et al. (2011a) recorded in
2005. Considering the two kinds of recycling mode in Qingyuan, recycling
factory appear to emit larger amount of PBDEs than family workshops (Figure
2.6), which was the same in the observation of PCDD/Fs. The species of
dominants seem to be more diversity than that were in Guiyu, including BDE-47,
99, 119, 153, 183, 196 and 197. The composition distinction from different
recycling sites mainly result from the different kinds of handling raw materials.
And various recycling processes are also make an effect. As the PBDEs are
always simply blend with plastics, it would be easier leach out of product in the
process of the plastic recycling and circuit board baking. That could be the reason
of higher levels obtained in Guiyu.
To our knowledge, PBDEs are applied as additive in all kinds of e-items and
easily release to the surrounding environment even in low temperature. Generally,
commercially produced Deca-BDE contains mainly BDE-209 and only low levels
of nona-BDEs (<3%), while Octa-BDE products is mainly consist of BDE-183
and BDE-153 (Hexa-BDE). Penta-BDE formulation is a viscous liquid, which
consists of 41–42% tetra-BDEs (predominantly BDE-47), 44–45% penta-BDEs
(mainly BDE-99 and BDE-100 with a lesser extent), and 6–7% hexa-BDEs (BDE69

153 and BDE-154). In the process of product usage and dismantling, PBDE may
finally release and enter the environment. Therefore, the composition of PBDEs in
environmental samples may reveal the origins. As shown in Figure 2.7, the
atmospheric BDEs in GY1# and GY2# primarily came from the deca-BDE and
octa-BDE products, while penta-BDE and deca-BDE might share similar quotient
in GY3# and GY4#, add up to over 75%. Penta- and octa- product were the main
sources of atmospheric PBDEs in Qingyuan, while deca- products’ residues were
hardly found in these areas. Thus, it could reveal that different species of e-waste
were handled in different recycling regions majoring in different recycling
manners.
2.3.4.3 PCBs
When we reviewed the investigation of the atmospheric PCBs congener
behavior at open burning sites, we could find that PCB-28,37,49 and 77 were
dominators in gas phase, and the heavier ones such as PCB-156, 183 and 189
were important contributors in particle phase(Xing et al., 2009). It is very
different from the observation we got from Guiyu and Qingyuan areas nowadays
where four marker PCBs (CB-28, CB-52, CB-155, CB-101) were the atmospheric
dominators in Guiyu and Qingyuan (Figure 2.8 and Figure 2.9), In addition to
these congeners, CB-15 and CB-118 were also identified in the contaminated air
as minor contributors in Guiyu. And in Qingyuan CB-15 and CB-138 were found
at visible levels. Few PCBs in particle phase could be found in both places. That
is to say, open burning could not be the important source of PCBs in these two
recycling centers in recent days. Moreover, the congener profiles comparison and
PCA results based on 7 marker-PCBs indicated two facts as follows (Figure 2.10):
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(1) the sources of PCBs in recycling sites were different from the ones in control
sites; (2) the sources of PCBs in the two studied regions were different. It is
consistent with the above discussions.
To further investigate the contribution of the three alternative groups of
commercial PCBs which comprise mainly lower chlorine PCBs, homologue
profiles in studied sites and PCB product formula

are illustrated in Figure

2.11and Figure 2.12, respectively. Marketed PCBs under the trade name Aroclor
have been widely used in US since 1930s. There are several kinds of mixtures
with different PCB species and mass composition in Aroclor groups. As the
release from products, atmospheric PCBs pattern could reflect the similar
composition in specific commercial mixtures. Comparison with Aroclor products,
it is easily to find out that PCBs in Qingyuan showed the same homologue pattern
in all sampling sites, may mostly be the result of Aroclor 1016 releasing, while it
could be the results of Aroclor 1248 and Aroclor 1242 containing e-wastes
contamination in Guiyu.
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Figure 2.5 PBDE congeners distributions (relative concentrations) in Guiyu (up)
and Qingyuan (down)
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Figure 2.6 Selected PBDE congeners distributions (mass concentration) in Guiyu
and Qingyuan
(Data source: GY2007, from(Deng et al., 2007); GY2005, from (Chen et al.,
2009)) (For comparision with former reports, only selected BDEs were shown)
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Figure 2.7 Relative compositions of major industrial BDEs in recycling sites
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Figure 2.8 Atmospheric PCB congeners in Guiyu

Figure 2.9 Atmospheric PCB congeners in Qingyuan
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Figure 2.10 Factor loading plot of PCA (based on marker-PCBs) for the
deposition samples from the e-waste recycling sites and reference sites
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Figure 2.12 Mono- to Deca-PCB homologues patterns in sampling sites
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2.3.5 Size distribution of particle-bound PCDD/Fs
High correlations of PCDD/Fs congener distribution in PM2.5 and TSP were
obtained in all e-waste recycling sites (r>0.97). The average PM2.5/TSP ratio of
the total 2378-PCDD/Fs at four recycling site in Guiyu and central industry park
in Qingyuan were 92% (GY1#), 84% (GY2#), 62% (GY3#), 43% (GY4#), and
30.2% (QY4#), respectively, which were consistent with the mass ratios of
PM2.5/TSP (Table 2.3). It seems that no size effect between PM2.5 and TSP for the
total PCDD/Fs was observed in the recycling sites. Nevertheless, higher
PM2.5/TSP ratios found in plastics recycling regions company with the relative
higher PCDD/Fs concentrations in PM should draw our attention. The residents in
this region may exposure more inhalable toxicants than in other regions.
Similar results about PCBs and PBDEs could be observed in our study and in
another recycling region-Taizhou have been reported some years ago (Han et al.,
2009; Han et al., 2010). However, the consistency could not be found in other four
studied sites, which may indicate that the selected POPs generation was closer
related to PM production in e-waste industrial areas.
2.3.6 Transfer of POPs in e-waste recycling sites
The TEQ concentration of PCDD/Fs in indoor dust around e-waste recycling
areas in Guiyu ranged 1020~3637 pg/g (averaged 2662 pg/g)(Table 2.11), which
were 59 times higher than the reference site (GY5#，45.4 pg/g) and even higher
than any other reported data from e-waste areas (Leung et al., 2007; Ma et al.,
2008; Ogunseitan et al., 2009). In Qingyuan, dust concentration was about ten
times lower than that from Guiyu, ranged from 49 to 446 TEQ pg/g, and the
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highest level was found in indoor environment in an office building near the ewaste industrial park. In the aspect of PCBs and PBDEs, the concentrations were
relative lower than the former data from e-waste areas (Kang et al., 2011; Xing et
al., 2009; Xing et al., 2011), and were comparable with that of the urban
residential indoor dust (Harrad et al., 2009; Wang et al., 2014).
Moderate correlations (Pearson r >0.5) of PCDD/Fs, PBDEs and PCBs
congeners composition were found between total air samples (TSP plus gas) and
dust sample (Table 2.12). As a matter of fact, dust samples were collected from
classrooms and subdistrict offices where no indoor e-waste activities were related.
Therefore, such high PCDD/Fs values in these dust samples may possibly come
down to ambient air deposition around the e-waste activities. To further
investigate the transfer of POPs in e-waste recycling sites, the relationship
between PM2.5, TSP, gas phase, and dust samples were also evaluated. Relative
higher averaged correlation coefficient (Pearson, r) between dust and particles
were obtained than gas phase samples in terms of PCDD/Fs and PBDEs,
indicating that these two groups of POPs in dust were mostly attributed to day-today particle deposition from the ambient contaminated environment. In addition,
no difference could be found between the PM2.5 and TSP evaluation, which
suggested that the selected POPs in fine particles in this recycling site may finally
transfer to indoor environment in these regions.
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Table 2.11 POPs concentrations in indoor dust samples (ng/kg)
Site

PCDD/Fs

GY1#
GY2#
GY3#
GY4#
GY5#

∑PCDD/
Fs
35863
39262
10403
n.a
382

PCBs
TEQ
3329
3637
1020
n.a
45.4

∑37
PCB a
52536
34566
90492
n.a
3455

PBDEs (ng/g)
∑markerPCB b
17851
60073
10259
n.a
1390

TEQ c

∑ PBDEs

14.8
19.5
184
n.a
0.02

1006
1470
1133
n.a
42

BDE209
4481
505
1242
n.a
23

QY2#
1884
79
67880
33087
8.64
136
65
QY3#
7157
446
138793
89939
22.5
193
477
QY4#
9927
486
253719
150168
35.9
380
101
a
∑37PCBs: Sum of the concentrations of 37 PCBs including PCB-1, -3, -4, -15, -19, -28, -37, ,-52, -54, -67, -81, -77, -101, -104, -82, -123, -118,
-114, -105, -126, -155, -156, -157, -169, -180, -191, -188, -189, -202, -205, -206, -208, -209
b
∑marker- PCB: Sum of the concentrations of 37 PCBs including PCB-28. -52, -101, -138, -153 , -183.
c
TEQ concentrations: Sum of the WHO2005 TEQ concentrations of 12 DL-PCBs, including PCB -77, -88, -105, -114, -118, -123, -156, -157, 167, -169, 189.
n.a. Not available

80

Table 2.12 Correlationship of POPs between air and dust samples (Pearson r)
Site

PCDD/Fs

GY1#
GY2#
GY3#

0.82
0.65
0.77

PCBs
Total
TSP Gas
PM2.5
air
0.82 0.44 0.89 0.67
0.60 0.67 0.68 0.48
0.74 0.24 0.79 0.15

QY2#
QY3#
QY4#

0.81
0.68
0.96

0.88 0.10
0.72 0.31
1.00 0.14

PM2.5

0.87
0.75
0.98

0.32
0.59
0.50

PBDEs
Total
TSP Gas
air
0.70 0.79 0.74
0.71 0.70 0.50
0.18 0.60 0.56
0.46 0.75
0.83 0.77
0.34 0.63

0.78
0.76
0.63

0.98
0.81
0.50

Total
air
0.99 1.00
0.80 0.79
0.57 0.70

0.84
0.51
0.75

0.96
0.57
0.76

PM2.5

81

TSP

0.66
0.70
0.72

2.3.7 Implication for exposure to POPs via inhalation and dust ingestion
2.3.7.1 PCDD/Fs and DL-PCBs average daily doses
Human exposure to POPs may occur through background (environmental)
exposure, diet intake, accidental and occupational contamination. As we know, in
terms of environmental exposure, inhalation and dust ingestion may take
important contribution in the total exposure to POPs. The average daily intake
from inhalation and dust ingestion (average daily doses, ADDs) were calculated
using the model proposed by US EPA. As shown in Figure 2.13, because of the
reduction of POPs levels in exposed air, the inhalation exposure doses were
relatively lower than before(1.8-5.81pgW-TEQ kg) (Li et al., 2007). However,
when dust ingestion exposure was considered, residents in Guiyu recycling areas
were at the highest risk of PCDD/Fs and DL-PCBs exposure from the
enviornment, ranged from 1.06~3.00 pg TEQ/kg/day and 9.50~33.4 pg
TEQ/kg/day for adults and children, respectively. Our personal conversation with
local residents and authorities showed that most of food consumption came from
other places, which indicated that the food intake doses in Guiyu and Qingyuan
were similar as other areas of Guangdong province, China. The studys of dietary
intake of PCDD/Fs and dioxin-like PCBs from the Chinese total diet reported that
the average intake dose of adults in Guangdong was 0.92 pg TEQ kg

-1

bw day-1,

and the average dose of Chinese children was 1.08 pg TEQ kg-1day-1 (Zhang et al.,
2013; Zhang et al., 2015a). Take the aveage diet intake doses of adults and
children into the assessment of total daily intake of the people in studied areas.
The results showed that the TDIs of the residents lived in the recycling sites
ranged 0.12~3.92 pg TEQ/kg/day and 1.88~42.9 pg TEQ/kg/day for adults and
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children, respectively. The recommended TDI of PCDD/Fs established by WHO
is 1-4 pg TEQ kg-1day-1 (WHO, 1998a). Althought the doses of adults were lower
than the upperbound of the recommended values, the childern in Guiyu take more
than 2 times of this value. Therefore, children in Guiyu may be more susceptive of
the bad air quality and surrounding environment. Therefore, it is not surprising
that the children there suffer elevated prevalence of respiratory symptoms in
recent years (Zeng et al., 2016). Moreover, the exposure doses could be higher for
the workers who employed by the e-waste dismanlting workshops and exposure
the posonous air and dust directly released from the workplace without any health
preventive measures.
In this study, the environmental exposure in current study showed higher or
comparable contribution (53%~90%) to the total intake than the common diet
intake (10~50%). Howeve, it was estimated that more than 90% of the exposure to
these compounds is via diet for general population because of the high
lipophilicity and persistence of PCDD/Fs and PCBs (Djien Liem et al., 2000;
Robinson, 2009; WHO, 1998a). It seems that this estimation was not suitable for
the scenarios of these recycling related residents. That is, for the residents living
in e-waste recycling regions, nondietary exposure was more severe than dietary
exposure,

which was in agreement with the investigation results by Ni et al.

(2010).
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2.3.7.2 PBDEs exposure doses
As shown in Figure 2.14, the estimated ADDs of PBDEs from the inhalation
and dust ingestion for adults were between 2.40 and 6.17 ng/kg-bw/day in the
recycling sites in Guiyu and a bit higher than those observed from the residents in
the United States (Adult:2.9 ng/kg-bw/day) (Johnson-Restrepo and Kannan, 2009).
However, the values of children there take higher burden of PBDEs exposure
(19.4~52.5 ng/kg-bw/day) than that of the children in Europe (2~3 ng/kg-bw/day)
(Zuurbier et al., 2006) ,USA (13.3 ng/kg-bw/day) and other place in China
(0.5~56.3 ng/kg-bw/day) (Meng et al., 2007). Due to the lower PBDEs levels in
environmental matrix in Qingyuan, the exposure doses were extremely low there
(0.16~0.53 ng/kg-bw/day for adults, 1.86~6.19 ng/kg-bw/day for children), and
comparable with the estimation of other Chinese population (0.215~0.608 ng/kgbw/day for adults) (Meng et al., 2007) .
2.3.7.3 Non-cancer risk assessment
From Figure 2.15, it could be found that the estimated non-cancer risk of the
exposure to POPs in investigated areas were mainly from the dust ingestion of
dioxin-like compunds (>90%). The risk of the exposure to PBDEs (including
BDE-47, BDE-99, BDE-153 and BDE-209) showed negleted values which were
as lower as < 0.001. The risks of non-cancer effects were found to be high
(HI >10) for a child scenario at the plastics recycling and waste curcuit board
baking regions, and the risk was moderate in the vicinage of the formal recycling
factory, whereas the risks were low to minimal at the other sites. For the adult
scenario, the hazard indices suggested minimal risk of noncarcinogenic effects
(HI<5) in all studied areas.
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2.3.7.4 Cancer risk assessment
The cancer risks were quantified and illustrated in Figure 2.16. Moderate
cancer risk were found for the residents living in the recycling regions of Guiyu
and the vicinage of the formal recycling factory (CR>10-4). Although the ambient
air in the recycling regions were significantly reduced after stricter regulations
were implemented, the results of risk characterization suggest that there is a
potential human health risk associated with exposure to the carcinogenic
compounds (PCDD/Fs and DL-PCBs) in the contaminated air and indoor dust in
these recycling sites. In other hand, the estimation cancer risk of children were
comparable with adults. However, children are believed to be more susceptible
than adults and thus may undertake higher potential of carcinogenic effects.
Which should draw our attentions in the further investigation.
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Figure 2.13 Estimated human exposure doses of PCDD/Fs and DL-PCBs for adult
and child in studied areas

Figure 2.14 Estimated human exposure doses of PBDEs for adult and child in
studied areas
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Figure 2.15 Estimated non-cancer risk of dioxin-like compounds and BDEs for
adult and child in studied areas

Figure 2.16 Estimated cancer risk of dioxin-like compounds for adult and child in
studied areas
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2.4 Conclusions
By comparing with the former corresponding reports, significantly reduced
levels of particulate matters (TSP and PM2.5) and three typical related POPs
(PCDD/Fs, PBDEs and PCBs) in ambient air were observed in Guiyu and
Qingyuan in this study, which could attribute to the stricter regulations in
uncontrolled recycling activities in recent years. The results also presented that
there were many differences between the two studied regions, in terms of
pollution status, primary contaminants and pollution sources. In Guiyu, industrial
processes of circuit board baking and plastics recycling were still making
significant impact on the atmospheric envrionments, showing alarming levels of
PCDD/Fs. In Qingyuan, PCBs was the major problem both in informal and formal
recycling sites, which may release from the process of transformer dismantling. In
addition to atmospheric POPs, the selected POPs in fine particles in recycling
sites may finally transfer to indoor environments and result in high contribution of
POPs exposure through accumulated dust ingestion to the local residents. Human
health risk assessment indicated that exposure to POPs by air inhalation and dust
ingestion for both child and adult scenarios may result in evident cancer and noncancer risk in all recycling regions, except the informal recycling site in Qingyuan.
To our knowledge, this is the first report about POPs and PM contaminations in
this two regions after stricter regulations were implemented, and the results has
been submitted to the authorities for the policy making in the following years.
In terms of PCDD/Fs and PBDEs pollution, in the following years, the
authorities can focus on regulating the industrial processes of circuit board baking
and plastics recycling in Guiyu, while supervising the flue gas treatment facilities
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in centralized industry parks in Qingyuan to ease the PCDD/Fs problems. Though
the implemented measures showed significant reduced effects on the release of
PCDD/Fs, the pollution status was still considered to be severe in Guiyu town,
further industrial reforms and scientific investigation are in urgent need.
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Chapter 3
INDOOR ORGANOPHOSPHATE FLAME
RETARDANTS AND POLYCYCLIC AROMATIC
HYDROCARBONS ON FINE PARTICULATE IN
URBAN ENVIRONMENT

3.1 Introductions
With the concern of the longer exposure time in indoor environment to
human health, more and more researches focus on indoor air quality in recent
years. Cooking and smoking were proposed to be important aerosol and organic
pollutants (such as PAHs) indoor sources (Bhargava et al., 2004; He et al., 2004;
Li et al., 2015; Slezakova et al., 2014; Slezakova et al., 2009; Wan et al., 2011).
Private heating with solid fuels during winter days became a serious problem in
many north areas of the world (Jin et al., 2006; Lissowska et al., 2005). It was
estimated that 4.3 million deaths were attributable to household air pollution
(HAP) in 2012 globally, which was about three times of that to ambient air
pollutions (World Health Organization, 2014). In the past decades, most of the
reports were focusing on peoples’ living places and the heating issues in the north
areas. However, only numbered reports pay attention to the air quality in office
which is another important daily place for urban citizens (Dong et al., 2013; Lim
et al., 2011; Sangiorgi et al., 2013; Tang et al., 2012). Although the residents
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living in urban cities in south China would not worry about the heating issues due
to the all year long warm weather, comprehensive study on indoor environment is
still needed with the above considerations.
Previous studies have found that some electronic equipment, including
computers, multifunctional office machines, air conditioners, and particularly
photocopiers / printers, were the sources of PM2.5 inside office (He et al., 2007;
Koivisto et al., 2010; Wensing et al., 2008). A comprehensive study have found
that the majority of laser printers generated ultrafine particles and resulted in high
concentrations in a half test number (He et al., 2007). Although smoking has been
strictly prohibited in most public indoor areas in urban China, there is no
legislative regulation on smoking in private offices and houses. Therefore,
smoking may be an important PM2.5 contributor in offices and houses. In private
homes, cooking and heating were found to be the most important PM2.5 sources
(Wan et al., 2011).
In addition to fine particles, some POPs can also be generated from indoor
sources and tend to strongly associated with fine particle. Polycyclic aromatic
hydrocarbons (PAHs) is one group of typical indoor POPs among the harmful
pollutants. In indoor spaces, the major PAHs sources including cooking (Wallace,
2000), smoking(Slezakova et al., 2009) and household heating (Fullerton et al.,
2008). More than 500 kinds of PAHs including the carcinogenic ones have been
identified in mainstream of cigarette smoke (Ding et al., 2007; Lu and Zhu, 2007;
Rodgman and Perfetti, 2006), and almost all the PAHs are found in the PM phase
(>95%) (Kalaitzoglou and Samara, 2014). Moreover, previous studies also
revealed that PAHs and many volatile organic compounds (VOCs) present in the
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toner of printing/photocopy machines (Venier et al., 1987), thus the possible
hazards could be released during the operation of photocopying. The presence of
such compounds results from artifact production of carbon black (a key
component in toner) via combustion in substoichiometric air (Mullins et al.,
2013). A study based on simulated printing process revealed the measurable
evaporation and subsequent condensation of PAHs in both carbon black and
tonners during printing (Mullins et al., 2013).
Although little epidemiological evidence associate with printer emissions to
health issues at this stage, a genotoxic effect has been found in human lung cell
cultures that affected by printer toner and printer emissions extracts (Gminski et
al., 2011; Könczöl et al., 2013). Given that laser printers and photocopy machines
are commonly used in offices, there will be a risk on office workers who exposed
to

the

emissions.

Therefore,

certain

consideration

should

give

to

printer/photocopy emissions when monitoring indoor air quality.
In many cases, the sources of PAHs were also PM2.5 sources. Once emitted
from sources, the PAHs with highest molecular weights which are also the most
carcinogenic are strongly associated with PM2.5. Therefore, with synergetic effect
of fine particle and PAH, the PAHs associated with PM2.5 could become more
harmful components to human health (Slezakova et al., 2009).
What is more, with the development of centralized buildings in urban areas,
fire safety is becoming an important concern in many countries. Many building
materials and indoor settings such as wood, textiles, foams, wallpapers, carpets as
well as plastics used in most of e-equipment are flammable and can become to
fuels in case of fire (Marklund et al., 2003; Wei et al., 2015). Flame retardants are
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added to these materials in order to protect from fire and delay the burning
process. As most OPFRs are not chemically bound to polymers but simply added
and mixed into the materials, they are easily released into the surrounding
environments without the need of combustion or other damage of materials
(Reemtsma et al., 2008; Rodrí
guez et al., 2006), including outdoor air (Möller et
al., 2011; Reemtsma et al., 2008), indoor air (Carlsson et al., 1997; Hartmann et
al., 2004; Saito et al., 2007), house dust (Brommer and Harrad, 2015; Marklund et
al., 2003; Stapleton et al., 2009; Van den Eede et al., 2011), even in water
(Andresen et al., 2004a; Li et al., 2014; Reemtsma et al., 2008) and biota
(Sundkvist et al., 2010). Because of the widely usage of retardant flames
contained products in indoor environments and the relatively small spaces, the
concentrations of released OPFRs would increase in indoor spaces and generally
are found higher than outdoors. Nowadays, most citizens are working in offices
where having limited spaces and window shutting. Therefore, air exchange rates
may also smaller than private homes. In addition, stricter fire resistance
requirement are always in offices and other public spaces than private areas. It has
been reported that office furniture, computers, display units could be OPFRs
release sources in common offices (Destaillats et al., 2008). Decades ago,
organophosphates were found to be associated with airborne particles in indoor
environments (Carlsson et al., 1997). However, most of the reports focused on
dust-bound OPFRs in the past years (Brommer and Harrad, 2015; Canbaz et al.,
2015; Marklund et al., 2003; Stapleton et al., 2009).
As limited data of PM2.5-bound OPFRs and PAHs in indoor environments
especially in office environments in China have been reported, it is urgent to
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assess indoor PM2.5 toxicity in terms of physical (size and mass concentrations)
and chemical (adsorbed chemicals) characteristics. To provide base knowledge for
the risk assessment of indoor PM2.5 exposure, the study aimed to investigate PM2.5
and PM2.5-bound PAHs and OPFRs levels, potential sources and exposure in
common houses and various office environments.
3.2 Materials and methods
3.2.1 Chemicals
Sixteen PAHs congeners were determined in this research which were the
priority pollutants identified by the United States Environmental Protection
Agency (US EPA) (Table 1.6). Native PAHs standard solution containing 16
PAHs compounds (2000 mg/L) (Mixture standard for EPA 610, Accustandard,
USA) were applied. Surrogates PAHs including 6 deuterium labeling PAHs
(Accustandard, USA) and m-terphenyl were used for recovery standard and
internal standard, respectively.
Fourteen OPFRs were selected in this study (as shown in Table 1.7). TEP,
TPrP, TBP, TEHP, TCEP, TCiPP, TMCPP, TCPP, TDCP, TPhP, TBEP, TOCP,
TMCP, TPCP and [D27]-TBP were purchased from Sigma Aldrich and [D15]TPhP was from Dr. Ehren-storfer.
Hexane, Acetone, dichloromethane (DCM) and ethyl acetate, were of
pesticide grade and were purchased from Duksan (Korea). Silica gel (0.063~0.200
mm) was purchased from Merck (Germany), and basic alumina (0.063~0.200 mm)
was from Merck (Germany).
3.2.2 Sampling
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Guangzhou is the largest city in South China. Indoor and outdoor fine
particles were collected in fourteen offices in three office buildings located in
different urban areas (commercial and residential zone, high-tech industrial zone,
manufactory zone) in Guangzhou from March to October, 2015 (Figure 3.1). Due
to temperate climate and short duration of winter in Guangzhou, heating is not
required in this area in winter. Therefore, winter time were not included in the
investigation.
In each urban area, all the indoor and outdoor samples were collected
simultaneously. One PM2.5 sample was collected on one piece of 37mm Teflon
filter by using a low-volume air sampler (Allin-5, Buck, USA, 4.0 L/min) with a
PM2.5 Harvard Impactors (MSP, USA). In most offices, each PM2.5 sample was
collected in the middle of office during working hours one day (Figure 3.2). The
outdoor sampling sites were situated on the top of each office building.
Furthermore, 3 houses around these three office buildings were also selected and
performed monitoring. In houses, the PM2.5 samples were collected for a
continuous 24 h in the middle of living room. During the sampling period, the
office workers and the residents were working or living in the usual manner. The
detailed indoor condition of each analyzed room were listed in Table 3.1.Totally,
342 indoor and 60 outdoor samples were obtained in this study. The indoor
temperatures were 25±2℃ at all studied offices and 27±5℃ at studied private
homes. The outdoor temperatures were ranged from 24℃ to 37℃ during months
of sampling time.
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Figure 3.1 Location of sampling buildings
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Figure 3.2 Indoor sampling site (take Multi-user office for example)
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Table 3.1 Brief observations concerning the sample sites.
Name
Y Single-user
Y Multi-users
Y Photocopy
Y Smoking
Y Fresh air 1
Y Private home
D Single user
D Multi-users
D Photocopy
D Windowless
D Private home
X Single-user
X Multi-users
X Double-users
X Photocopy
X Windowless
X Private home

Functional Potential PM Occupants
Other indoor observations
Ventilation devices
zone
source
Urban
None
1
One desktop computer
1 fission air conditioning
central zone
1 printer
6
5 desktop and 2 portable computers, textile
Central air conditioning
isolation
3 printers
3
1 fission air conditioning and 2 exhaust fan
Smoking
2
1 desktop computers
1 fission air conditioning, door opening
None
1
PVC floor covering
Central air conditioning and Fresh-air
system
Cooking
3
One TV set, one leather sofa
1 fission air conditioning
High-tech
None
1
One desktop computers
Central air conditioning
industrial
None
7
5 desktop computers
zone
3 printers
2
None
1
One desktop and 3 portable computers,
Central air conditioning
textile isolation
Smoking
2
One wood sofa, no cooking activity
1 fission air conditioning, window open
Manufactor
None
1
One desktop computer
1 fission air conditioning
y zone
None
8
6 desktop computers
1 fission air conditioning
1 printer
2
Wood desk and two leather chairs
1 packaged air conditioning
3 printer
0
Wood desk and 8 leather chairs
1 packaged air conditioning
0
Wood desk and 1 leather chair
1 fission air conditioning, window closed
Cooking
2
-

Noted: 1 Fresh air office (Y fresh air) is an office equipped a fresh air system which could firstly filter out PM 2.5 of the air from outdoors and then
refresh the indoor air hour after hour.
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3.2.3 PM2.5 mass evaluation
PM2.5 masses were determined using gravimetric method. Before and after
sampling, the filter samples were stored in a desiccator at room temperature
(22±1℃) for at least 24 hours for equilibration and then weighed on the same
electronic microbalance with a 0.01 mg sensitivity. Every measurement was
performed at least 3 times and the variation of one sample was within 0.1mg. The
average values were used for calculation.
3.2.4 Chemical analysis
To obtain collected analytes, the filter samples were spiked with recovery
surrogate (TBP-d27, 10 ng; PAHs-D, 40 ng) and then Soxhlet extracted with
200mL hexane and dechlorinate methanol mixed solution (V:V, 1:1) for 24 h.
After concentration, the extracts were cleanup with a glass column packed with
silica gel and alumina which was also used for the separation of PAHs and OPFRs.
Briefly, 2 cm height of basic alumina and 4 cm height of neutral silica gel were
packed in a glass column with a diameter of 1cm, after prewashing by 10 mL
hexane, sample extracts were added into the column. PAHs were firstly eluted by
15 mL hexane and DCM mixtures (V: V, 7:3), OPFRs were then eluted by 25 mL
acetone and ethyl estate mixture (V: V, 3:7). Before instrumental analysis, the two
eluted fraction was concentrated into 20 μL and added with internal standard
(10ng m-terphenyl, 10ng TPhP-d15, respectively).
The targeted PAHs were analyzed by GC/MS/MS. (Agilent 6890 Series,
USA; Waters Quattro Micro, USA). DB-5MS column (30 m ×0.25mm× 0.25 μm)
was used on gas chromatography. And the oven temperature program was
performed as follows: began at 70 °C (2min), increased to 180 °C by the rate of
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15 °C/min and maintained for 2 min, then raise up to 260 °C by 5 °C/min and
maintained for 2 min, finally increased up to 300 °C by 3 °C/min and maintained
for 6 min.
The targeted OPFRs were analyzed by GC/MS analysis (Agilent 6890N5975C, USA). A 30 meter DB-5MS column with a column inner diameter of 0.25
mm and a thickness of 0.25 μm (J&W Scientific Inc., Folsom, CA, USA) was
equipped on GC and helium was used as carrier gas (1.0 ml/min, constant flow
mode). The oven temperature program was as follows: started with 70℃ and
maintained for 2 min; then increased at 15℃/min up to 300 ℃, and maintained
for 3 min. The mass spectrometry was operated in EI mode with selected ion
monitoring.
3.2.5 Quality assurance
To verify the separation efficiency of the cleanup procedure, recovery tests
were performed before sample treatment. Two spiked blank solution samples
spiked with 16 PAHs (10 ng) and 15 OPFRs (10 ng) were transferred into two
prepared columns, respectively. Then eluted as described above, and one more
fraction (fraction 3) of 10 mL acetone and ethyl estate mixture (V:V, 3:7) was
also collected. Four spike filter samples were conducted for initial precision and
recovery tests of the whole proposed chemical analyze method. During the whole
treatment of samples, one method blank and one on going precision recovery
sample were analyzed in each sample batch (12 samples).
3.2.6 Health risk assessment
3.2.6.1 PAHs

100

(1) BaPeq
Similar to PCDD/Fs, TEQ concentration which is known as Benzo[a]pyrene
equivalent concentration (BaPeq) is used for human health risk assessment
associated with exposure to PAHs. The toxic equivalency factor (TEFi) values for
16 target PAHs were proposed by Nisbet and Lagoy (1992), as shown in Table 3.1.
The value of BaPeq could be estimated as following Eq (3.1):
𝐵𝑎𝑃𝑒𝑞 = ∑𝑛𝑖 𝐶𝑖 × 𝑇𝐸𝐹𝑖 Eq (3.1)
As we know, in the daily life of most people, the 24 h could be mainly

composed with office time, home time and outdoor time, as well as other indoor
time. Activity time distribution survey was performed on the people work in and
around the sampling office buildings were recruited (N=120) for a simple
questionnaire. And the results showed that the average office time (To) was 9 h,
home time (Th) was 12 h, and outdoor and other indoor time (Tou) was 3h on
weekdays. Based on the activity time distribution, the integrated PAHs exposure
value (BaPeq (In)) of the people work in different office environments could be
obtained by Eq (3.2)
𝐵𝑎𝑃𝑒𝑞 (𝐼𝑛) =
𝐵𝑎𝑃𝑒𝑞 (𝑜𝑓𝑓𝑖𝑐𝑒) × 𝑇𝑜 + 𝐵𝑎𝑃𝑒𝑞 (ℎ𝑜𝑚𝑒) × 𝑇ℎ + 𝐵𝑎𝑃𝑒𝑞 (𝑜𝑢𝑡𝑑𝑜𝑜𝑟) × 𝑇𝑜𝑢
⁄
24ℎ
(3.2)
(2) Lifetime lung cancer risk
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Eq

The lifetime lung cancer risk (LLCR) was used as an indicator for risk
assessment associated with inhalation exposure of PAHs, using Eq (3.3) for
calculation.
𝐿𝐿𝐶𝑅 = ∑ 𝐵𝑎𝑃𝑒𝑞 × 𝑈𝑅𝐵𝑎𝑃 Eq (3.3)
URBaP is the inhalation cancer unit risk. The value of URBaP is recommended
as 8.7×10-5 which is meaning 8.7 cases of cancer per 100000 people with chronic
inhalation exposure to 1 ng/m3 of BaP over a lifetime.
3.2.6.2 OPFRs
Similar to other POPs, OPFRs could enter human body by inhalation, water
drinking, and dust and food uptake. In this study, preliminary human exposure to
OPFRs via inhalation (ADD) in different microenvironments and outdoors were
performed by using the US EPA model which has been introduced in Chapter 2
(Eq 2.1).
Moreover, the integrated exposure to OPFRs for different groups of office
staffs who were working in different types of offices were also estimated based on
the activity time distribution mentioned above (Eq 3.3).
𝐴𝐷𝐷(𝐼𝑛) =
ADD(𝑜𝑓𝑓𝑖𝑐𝑒) × 𝑇𝑜 + ADD(ℎ𝑜𝑚𝑒) × 𝑇ℎ + ADD(𝑜𝑢𝑡𝑑𝑜𝑜𝑟) × 𝑇𝑜𝑢⁄
24ℎ Eq (3.3)

Non-cancer risk (hazard quotient, HQ) were determined by Eq 2.6. And the
RfD values were listed in Table 3.2.
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Table 3.2 RfD values of target OPFRs
No compound
Abbreviation
RfD values a
1 Triethyl phosphate
TEP
N.A
2 Tripropyl phosphate
TPrP
N.A
3 Tributyl phosphate
TBP
N.A
4 Tris(2-chloroethyl) phosphate
TCEP
22000
5 Tri(3-chloropropyl) phosphate
TCPP
80000
6 Tris(2-chloropropyl) phosphate
TMCPP
80000
7 Tris(1-chloro-2-propyl) phosphate
TCiPP
80000
8 Tris(1,3-dichloro-2-propyl) phosphate TDCP
15000
9 Triphentyl phosphate
TPhP
70000
10 Tris(2-butoxyethyl) phosphate
TBEP
15000
11 Resorcinoal bis(diphenyl phosphate)
RDP
N.A
12 Tri-o-cresyl phosphate
TOCP
13000
13 Tri-p-cresyl phosphate
TPCP
13000
14 Tri-m-cresyl phosphate
TMCP
13000
a
Unit is ng/kg bw/day, and the value were from Ali et al. (2012).
N.A.: Not available.
3.3 Results and discussions
3.3.1 Indoor and outdoor PM2.5 levels
As shown in Table 3.3, the averaged outdoor PM2.5 levels of high-tech
industrial zone and manufactory zone were comparable with the annual average
PM2.5 concentration of Guangzhou reported in the Guangdong haze weather
bulletin in 2014 (42.4μg/m3) (Weather bureau of Guangdong province, 2015),
while the values of urban central zone were a bit higher.
To better evaluate the general pollution level, the indoor and outdoor PM2.5
concentrations from this study were compared with the National Ambient Air
Quality Standard (NAAQS). The average outdoor PM2.5 concentration and most
indoor values in three urban areas were higher than the annual guideline of
NAAQS (35 μg/m3) (China, 2012), and the 24-hour average PM2.5 value of WHO
Air quality guideline (25μg/m3) (World Health Organization, 2006), which was
particularly worrisome. Overall, our indoor measurements were higher than those
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measurements from developed countries (Table 3.4) such as United States (Geller
et al., 2002; Larson et al., 2004; Olson et al., 2008), Europe (Buczyńska et al.,
2014; Cyrys et al., 2004; Diapouli et al., 2011; Fromme et al., 2008; Stranger et al.,
2009) and Korea (Lim et al., 2011). However, the measurements were
substantially lower than concentrations found in other Chinese cities, such as
Jinan, Tianjin as well as Hong Kong (Table 3.4).
Compared to previously reported levels from comparable studies, the data of
the common offices here (excluding Photocopy rooms and smoking office) were
comparable to those levels found in Korea (Lim et al., 2011) and Hong Kong (Ho
et al., 2004). However, the PM2.5 levels of residential houses were higher than
most of that reported overseas (Table 3.5). The variation of the average indoor
PM2.5 concentrations ranked as follows: private homes ≈ photocopy rooms ≈
smoking indoors > multi-user offices > single-user offices > fresh-air office.
I/O (indoor/outdoor) ratio value is a simple and useful index to quickly
assess whether there is a significant indoor PM source in studied space
(Gemenetzis et al., 2006). As shown in Figure 3.3, the average I/O ratios of
smoking indoors and photocopy rooms were higher than 1.0, which were
indicative of some indoor PM sources (i.e., smoking, photocopying).
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Table 3.3 PM2.5 concentrations in each sampling site (μg/m3)
Urban central zone
High-tech industrial zone
Sampling sites
Con. SD
Sampling sites
Con.
48.9 10.6
Single-user
Single-user
39.0
54.6 15.4
Multi-users
Multi-users
44.2
72.0 45.3
Photocopy
Photocopy
50.2
78.7 18.6
Smoking
32.4 3.0
Fresh-air
Windowless
22.1
57.3 18.6
Office average
Office average
38.9
69.0 33.4
Cooking house
Smoking house
52.7
58.6 16.4
Outdoor
Outdoor
46.4
Noted: Con, Concentration; SD, standard deviation.
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SD
12.1
28.5
15.2
14.6
17.6
16.4
11.5

Manufactory zone
Sampling sites
Single-user
Multi-users
Photocopy
Double users
Windowless
Office average
Cooking house
Outdoor

Con.
27.1
41.3
52.4
45.1
40.5
41.3
53.5
46.9

SD
18.9
14.1
17.8
19.6
16.7
17.4
22
17.3

Table 3.4 PM2.5 concentrations in China in previous reports (μg/m3)
Region

Sampling site

Sampling period

Indoor

Outdoor

Guangzhou

Home

Guangzhou
Hong Kong
Hong Kong
Hong Kong
Hong Kong
Jinan
Jinan
Jinan
Tianjin

Hospital
Classroom
Office
Home
Home
Office
Canteen
Supermarket
Home

2004.7~8
2004.11~2005.1
2004.8~9
2002.9~2003.2

67.7±23.6
109.9±48.3
99.06
39.6±25.8
45.2±12.4
97.9±6.9
45.0
143.8±80.2
123.7±63.2
102.3±20.3
120.0±48.9
164.9±125.7

74.5±27.1
123.7±55.5
97.86
89.5±61.4
91.4±32.7
108.3±2.0
47.0
301.3±70.4
160.2±70.4
237.0±46.0
98.6±33.3
140.0±87.7

1999.10~2000.3
Winter

2011.6
2011.11

106

References
(Huang Hong, 2006)
(Wang et al., 2006b)
(Ho et al., 2004)
(Chao and Wong, 2002)
(Dong et al., 2013)

(Wang zhao, 2013)

Table 3.5 PM2.5 concentrations in worldwide reports (μg/m3)
Region
South Korea
Antwerp, Belgian

Sampling site
Office
Elders’ Home

Sampling period
2008
2008.2
High pollution days
Low pollution days
Antwerp, Belgian Private Home
2001~2002
Germany
Classroom
2005.10~11
Germany
Hospital
2001~2002
Tampa, USA
Home
2002.10~11
Seattle, USA
Home
2000.9~2001.5
Coachella Valley, USA
Home
2000
Home
Athen,
1999~2000
Home
1999~2000
Basle
Helsinki
Home
1999~2000
Prague
Home
1999~2000
Classroom
2012
Barcelona, Spain
Home
electric heating
Santiage, Chile
Home
natural gas
Home
liquefied petroleum gas
Home
kerosene

Indoor
47.6±16.5
24.8±17.6
43.7±7.2
5.4±2.9
36
19.3~105.9
6.9
9.3±4.8
10.25
15.45
31±17
26±26
13±16
36±30
7~105
42.1±18.5
49.5±19.9
61.3±24.6
86.3±24.5
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Outdoor
37.7±17.2
43.4±11.4
77.02±20.1
26.7±8.1
36
5.1~67.4
9.2
11.3±3.9
12.69
15.02
37±27
19±12
10±7
27±10
1~192
55.9±27.2

Reference
(Lim et al., 2011)
(Buczyńska et al., 2014)
(Stranger et al., 2009)
(Fromme et al., 2008)
(Cyrys et al., 2004)
(Olson et al., 2008)
(Larson et al., 2004)
(Geller et al., 2002)
(Hänninen et al., 2004)
(An et al., 2014)
(Ruiz et al., 2010)

Figure 3.3 I/O ratios of PM2.5 concentrations in varied sampling indoors
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3.3.2 Performance of the chemical analysis method
3.3.2.1 Separation efficiency of PAHs and OPFRs in the analyzed process
Figure 3.4 illustrates the recoveries of targeted compounds after the cleanup
procedure for two spiked blank solution samples. The two group of targets could
be clearly separate by the cleanup column and both obtained high recoveries. The
third fraction could not elute targets any more. Therefore, this fraction was
unneeded in real sample preparations.
3.3.2.2 Method performance of sample preparation
Table 3.6 shows the recoveries of the proposed method for four spiked filter
samples. Most targeted compounds could be more than 80% reproduced through
the whole sample procedure.
Moreover, the average recoveries of targets for all spiked method blank
samples were 71~144% and 76~136% for OPFRs and PAHs, respectively. As
recovery internal standard, the recovery of TBP-d27 of all filter samples ranged
87~145% and that of deuterated PAHs were 42%~112%.
In addition, the blank samples were devoid of organophosphate and PAHs
(lower than detection limits), except naphthalene. The results reported in this
paper for targeted compound concentrations were corrected for blank and
recovery.
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Figure 3.4 Recoveries of the cleanup method for target compounds
Table 3.6 Recoveries of the whole sample preparation method for four spiked
filter samples (%)
PAHs
Nap
Acy
Ace
Fl
Phe
Ant
Flu
Pyr
BaA
Chr
BbF
BkF
BaP
IcdP
DahA
BghiP

Average
113
89
97
115
126
95
114
112
95
124
83
96
89
111
90
105

SD
18
1
5
0
23
17
7
1
6
21
13
2
9
13
12
16

OPFRs
TMP
TEP
TPrP
TBP
TCEP
TCiPP
TMCPP
TCPP
TDCP
TPP
TBEP
EDP
TOCP
TMCP
TPCP

Average
141
130
73.2
91.6
103
123
82.7
89.2
102
77.3
98.4
74.1
89.3
86.0
104

110

SD
34
28
12
14
21
25
11
19
21
23
29
6
19
8
12

3.3.3 Indoor PAHs
3.3.3.1 PAHs concentrations in indoor and outdoor environments
The detection frequencies of 16 targeted PAHs were found to be larger than
80%, except Nap, Acy and Ace (< 30%). Therefore, the results of the three
compounds in all the samples were excluded in the following discussions. In the
air collected in fresh-air office, all of the targeted PAHs were not detected, which
could attribute to the lack of PAHs indoor source and the infiltration system that
effectively filter out indoor and outdoor pollutants.
The indoor and outdoor PAHs concentrations in studied spaces are
summarized in Table 3.7, indicating that the ∑PAHs concentrations in indoor air
ranged from 0.57 to 19.5 ng/m3, in outdoors ranged from 0.53 to 11.4 ng/m3.
Compared with the similar study in Beijing by Chen et al. (2017), the values
observed in Guangzhou showed relatively lower levels in both offices and
residential houses. From the study in Beijing, the average annual level of ∑PAH
was about 35 ng/m3 in indoors and 61 ng/m3 in outdoors, respectively. The current
values were comparable with the results obtained in the house without smoking
and cooking interference in Portugal( Mean, ∑PAHs:6.78 ng/m3, BaP:0.61 ng/m3)
and Hong Kong (mean ∑PAHs: 2.60 ng/m3 BaP:0.16 ng/m3) (Wang et al.,
2013b) , but obviously lower than that with influence of tobacco smoke (Mean,
∑PAH: 97.2 ng/m3, BaP:8.38 ng/m3) (Slezakova et al., 2009) (mean, ∑PAH:16.6
ng/m3)(Slezakova et al., 2014) . Compared with the researches carried out in
Guangzhou and other cities in previous years, the concentrations of PAHs in
outdoor PM2.5 in this study showed lower levels than the results found in 2012
(10.4 ng/m3) (Liu et al., 2015) and other domestic and overseas cities, such as
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Guiyang (6.0~29.1 ng/m3) (Hu et al., 2012), Beijing (summer, 9.1 ng/m3) (Chen et
al., 2017), Chicago (13.0~1865 ng/m3, USA) (Li et al., 2005a) and comparable
with that observed in Kuala Lumpur (3.10±2.92 ng/m3, Malaysia).
Similar to PM2.5, the ∑PAHs levels in different indoor spaces showed the
variations, and the medians ranked as follows: photocopy rooms, multi-user
offices and smoking offices showed highest levels with no significant difference
among them, followed by outdoors, then private homes and single-user offices,
and then windowless offices.
Generally, the concentration of ∑PAHs increased with the increase of fine
particle concentration. Moderate correlation was found between PM2.5
concentrations and ∑PAHs levels in indoors (r=0.53), which indicated that the
sources of PM and PAHs indoors were similar. Windowless offices showed the
lowest PAHs in studied spaces, which may attribute to the lack of indoor PAHs
sources and less interference of outdoor infiltration. Thus, the windowless offices
could be used as reference offices for the comparison with the other offices.
In agreement with previous studies, tobacco smoke could significantly
increase the indoor PAHs concentrations (Castro et al., 2011; Slezakova et al.,
2014; Slezakova et al., 2009). With comparison in Table 3.7, the results
demonstrated that all targeted PAHs in smoking offices were higher than
reference offices, with an average increase of 190% for ∑PAHs.
As we mentioned before, toner in photocopy machines could be a source of
PAHs indoors. However, there is limited data on this kind of microenvironments
in former studies. As far as we know, it is the first time to report indoor
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photocopying related PM-bound PAHs in field measurement. Our current results
presented that ∑PAHs in photocopy rooms ranged 1.94~ 15.17 ng/m3, with a
median of 5.58 ng/m3. It showed highest concentrations among the studied
microenvironments in both PM2.5 and ∑PAHs, and relative higher than that in
outdoors (p<0.05, T-test). It also increased the indoor PAHs at an average of 300%
with the comparison with reference offices.
Moreover, the concentrations of multi-user offices were relatively higher
than those obtained in single-user offices by an increase of more than 100%. As a
matter of fact, the building envelope and ventilation system were similar between
the two kinds of indoor spaces. The increased PAHs in multi-user offices may
mainly result from occasionally printing and photocopy activities, dust
resuspension and higher frequency of door opening due to more human activities
indoors.
Compared with previous studies (Castro et al., 2011; Chen et al., 2017), our
study showed relatively lower PAHs concentrations in private houses with a range
of 0.43~7.5 ng/m3. Although the studied private houses were thought to be
influenced by significant indoor sources (cooking and smoking), the 24 hour
samplings and relative low levels of outdoor PAHs may average and dilute the
results, respectively.
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Table 3.7 Summary of PAHs on PM2.5 in varied types of studied environments (unit: ng/m3)
Single-user office (N=27)
Min
Max Mean Median
Fl
N.D. 0.40
0.20
0.14
Phe
N.D. 1.03
0.40
0.27
Ant
N.D. 0.14
0.09
0.08
Flu
0.02
0.37
0.16
0.14
Pyr
0.03
0.73
0.21
0.19
BaA N.D. 0.14
0.07
0.05
Chr
N.D. 0.52
0.19
0.12
BbF
N.D. 1.31
0.28
0.17
BkF
0.05
1.02
0.25
0.15
BaP
0.03
0.63
0.18
0.11
IcdP N.D. 0.72
0.25
0.17
DahA N.D. 0.35
0.08
0.02
BghiP N.D. 2.64
0.61
0.32
Sum
0.55
5.14
2.25
1.41
Bapeq 0.08
2.76
0.68
0.29
N.D. Not detected, lower than MDL.

Multi-user office (N=27)
Min
Max Mean Median
N.D. 1.46
0.64
0.54
N.D. 2.68
1.01
0.81
N.D. 0.46
0.18
0.18
0.08
1.07
0.47
0.35
N.D. 1.17
0.47
0.35
0.03
0.34
0.15
0.12
0.04
1.13
0.44
0.37
0.07
2.08
0.89
0.55
0.05
1.13
0.40
0.30
0.04
1.20
0.48
0.27
N.D. 0.85
0.34
0.37
N.D. 0.28
0.11
0.12
0.10
2.09
0.96
1.05
0.97 11.14 5.68
5.24
0.10
3.06
1.04
1.00

Photocopy room (N=27)
Min
Max Mean Median
N.D. 3.87
0.66
0.37
N.D. 2.61
1.02
0.67
N.D. 0.45
0.21
0.22
0.08
2.27
0.68
0.53
0.05
1.29
0.54
0.43
0.04
0.87
0.25
0.16
0.08
1.19
0.47
0.38
0.06
1.81
0.89
0.88
0.09
0.97
0.39
0.40
0.08
1.11
0.41
0.31
0.01
0.84
0.31
0.23
0.01
0.35
0.12
0.11
0.08
2.16
0.90
0.69
1.94 15.17
6.39
5.58
0.14
3.35
1.22
1.05
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Windowless office (N=27)
Min
Max Mean Median
N.D. 0.39
0.09
0.10
N.D. 0.52
0.11
0.09
N.D. 0.11
0.06
0.06
0.04
0.31
0.16
0.12
N.D. 0.38
0.20
0.20
0.01
0.15
0.06
0.05
0.05
0.39
0.16
0.12
0.02
0.57
0.23
0.19
0.05
0.35
0.15
0.11
0.03
0.47
0.13
0.06
N.D. 0.41
0.15
0.11
N.D. 0.11
0.03
0.01
N.D. 0.89
0.39
0.30
0.53
4.50
1.62
1.47
0.08
1.18
0.36
0.16

Table 3.7 (Con.) Summary of PAHs on PM2.5 in varied types of studied environments (unit: ng/m3)
Smoking office (N=12)
Fresh-air office
Private home (N=18)
Min
Max Mean Median Min
Max Mean Median Min
Max Mean Median
N.D.
0.70
0.30
0.24
Fl
N.D.
1.19
0.49
0.36
N.D. 0.88
0.57
0.59
Phe
N.D.
2.20
0.61
0.38
N.D. 0.05
0.05
0.05
Ant
N.D.
0.35
0.11
0.09
0.09
1.05
0.40
0.44
Flu
0.13
0.67
0.38
0.38
N.D.
0.57
0.29
0.26
Pyr
0.08
0.75
0.39
0.36
N.D. 0.10
0.05
0.04
BaA
0.04
0.30
0.14
0.13
N.D. 0.49
0.20
0.16
Chr
0.10
1.42
0.46
0.46
N.D. 1.35
0.60
0.49
BbF
0.04
1.66
0.66
0.58
N.D. 0.44
0.25
0.26
BkF
0.06
0.76
0.37
0.37
N.D. 0.24
0.14
0.16
BaP
0.04
0.98
0.36
0.22
N.D. 0.79
0.35
0.28
IcdP
0.01
0.90
0.29
0.12
N.D.
0.29
0.23
0.20
DahA N.D.
0.22
0.06
0.01
0.12
3.62
0.83
0.25
BghiP 0.04
3.70
0.95
0.56
0.43
7.40
3.26
2.78
Sum
1.11
8.63
4.66
5.20
Bapeq 0.10
2.51
0.83
0.42
1.04
2.00
1.43
1.29
Noted: N.D. Not detected, lower than MDL. -, Not available because of lack of valid values.
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Min
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
0.02
0.01
0.02
0.01
N.D.
N.D.
N.D.
0.20
0.01

Outdoors (N=27)
Max Mean Median
0.07
0.05
0.05
0.34
0.20
0.21
0.08
0.04
0.03
0.56
0.23
0.21
0.58
0.24
0.23
0.25
0.11
0.08
0.77
0.29
0.21
3.31
0.81
0.39
0.91
0.26
0.20
1.45
0.37
0.17
3.06
0.54
0.35
0.37
0.12
0.07
3.15
0.85
0.76
11.53 3.96
2.18
4.07
1.15
0.62

3.3.3.2 PAHs compositions in different microenvironments
As mentioned before, PAHs could be classified into three groups: LMW,
MMW and HMW. The homologue distributions (Figure 3.5) illustrated that in
different indoor spaces, the relative contribution of the three groups of PAHs were
similar, with the dominant components of MMW-and HMW-PAHs (78~86% of
∑PAHs), which was consistent with the study in Beijing (Chen et al., 2017).
In outdoors, PAHs homologue were different from that in indoors, with
higher contribution of high molecular weight PAHs (mean value: 73%). It may
attribute to higher temperature in outdoors than indoors, and result in more LMWPAHs evaporate into gas phase. The relationship between indoor and outdoor
PAHs was further studied by calculating the I/O ratios of each studied
microenvironments. The results (Table 3.8) show that the mean I/O ratios of total
PAHs, and individual PAHs were higher than 1.0 in photocopy rooms and
smoking offices, which indicating remarkable PAHs (especially LMW- and
MMW-PAHs) sources in these microenvironments (grouped as “effected offices”
in the following). The other studied microenvironments (single-user office,
windowless offices) showed lower I/O ratios and consistent with most previous
studies on urban microenvironments in which no significant PAH sources indoors
and concluded that I/O ratios of PAHs were <1.0 (Table 3.8). From Figure 3.5, it
was found that the indoor sources may release remarkable 3 ~ 4 rings PAHs in
effected offices.
In the air of smoking offices, the dominating compounds were found to be Fl,
Phe, Flu, Pyr, BbF, Chr and BghiP, most of which were 3 ~ 4 rings PAHs, and
showed more than 2 times higher than reference offices. It was consistent with the
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measurement results of cigarette smoke as well as field monitoring. Previous
studies have revealed that 2 ~ 4 rings PAHs of priority PAHs dominate in the
mainstream of cigarette smoke, including NaP, Fl, Phe, Ant, Flu, Pye and Chr
(Kalaitzoglou and Samara, 2014). The loss of 2 ring PAH (NaP) in this study may
result from the high volatility of the compound and tend to evaporate to gas phase.
Similarly, in the field study, with the comparison of indoor PM-bound PAHs in a
smoking house and a non-smoking house, Slezakova et al. (2009) proposed that 4
rings PAHs (Flu, Pye, and Chr) were the most abundant ones when influenced by
smoking. Moreover, Table 3.8 shows that the I/O ratios of 3 ~ 4-ring PAHs such
as Flu, Pye, and Chr, were obviously higher than 1.0 in smoking offices,
indicating the significant contribution of the 3 ~ 4-ring PAHs in smoking offices.
Moreover, the I/O ratios of LMW PAHs were higher than 3.0. It was reported that
PAHs in mainstream of cigarettes were dominated by lower molecular weight
PAHs (86%) (Kalaitzoglou and Samara, 2014). In addition, in the research by
Slezakova et al. (2014), the distribution of certain 3 ring compounds in the
particle phase increased remarkably in the smoking house. Therefore, the high
distribution of the 3 ~ 4-ring PAHs in smoking offices may attribute to the higher
contribution from cigarette smoke.
In photocopy rooms, LMW-PAHs and MMW, showed higher I/O ratio
compared with windowless offices (reference offices). To be specific, the
compounds included Fl, Phe, Ant, Flu, Pyr, and B(a)A. The results were
consistent with the PAHs species released from the simulated laser printing
process, with the dominating PAHs as follows: Nap, Ace, Phe, Ant, Flu, Pyr,
B(a)A and Chr (Mullins et al., 2013). However, Fluorene did not in the list
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proposed by Mullins et al. (2013) which may because this compound was out of
their original target list. While it showed relatively higher I/O ratio (4.61) in
current studied photocopy rooms should draw our attention. As there is still
limited research on the information mechanism and the release processes of PAHs
associated with printing and photocopy activities, it is difficult to verify the
printing related-PAHs in microenvironments, further investigation is still needed
in the future.
Overall, as all the average I/O ratios of target PAHs were obviously higher
than 1.0 in photocopy rooms and smoking offices, indicating a significant effect
of photocopy and smoking on indoor PAHs.
7.00

PAHs concentraions (ng/m3)

6.00
5.00
4.00
3.00
2.00
1.00

0.00
SO

MO

LMW

PO

EO

MMW

WO

HO

OU

HMW

Figure 3.5 Distribution characteristics of three groups of PAHs in indoor and
outdoor sites
(SO: single-user office; MO: multi-user office, PO: photocopy room; EO:
Smoking office; WO: windowless office; HO: private house; OU: outdoor)
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Table 3.8 Indoor/outdoor (I/O) ratios of PAHs concentrations.
Sampling
SO
MO
PO
EO
WO
site
LMW
0.45±0.28 1.08±1.3
4.14±2.2
2.42±1.9
0.89±0.7
MMW
0.80±0.39 1.52±0.4
1.32±0.7
1.64±0.4
0.66±0.4
HMW
0.91±0.41 0.91±0.6
1.51±0.4
1.49±0.5
0.35±0.2
Fl
0.49±0.22 1.01±0.51 4.61±4.8 2.01±1.21 1.03±0.67
Phe
0.47±0.44 0.97±0.53 3.75±4.53 2.92±3.51 0.85±0.52
Ant
0.92±0.80 1.17±0.58 1.27±0.76 1.84±1.37 1.00±0.60
Flu
0.96 ±0.44 1.20±0.45 1.58±0.76 1.65±0.75 0.86±0.38
Pyr
1.06±0.64 1.11±0.45 1.27±0.63 1.79±1.77 0.85±0.33
BaA
0.85±0.40 1.00±0.49 1.24±0.80 1.77±1.49 0.78±0.30
Chr
0.58±0.39 0.88±0.37 1.06±0.99 1.13±1.03 0.63±0.34
BbF
0.66±0.18 1.06±0.84 2.07±1.52 1.70±2.06 0.62±0.31
BkF
0.91±0.85 1.01±0.46 1.17±1.09 1.50±1.68 0.64±0.22
BaP
0.94±0.75 0.89±0.74 1.23±1.05 1.03±0.75 0.68±0.36
IcdP
1.00±0.68 0.61±0.42 1.62±1.00 1.71±1.97 0.56±0.28
DahA
0.88±0.85 1.10±0.52 1.58±1.37 1.21±0.67 0.59±0.49
BghiP
0.71±0.45 1.29±1.03 1.46±1.26 1.78±1.89 0.71±0.54
∑PAHs
0.77±0.55 1.12±0.54 1.87±1.67 1.58±1.34 0.75±0.42
(SO: single-user office; MO: multi-user office, PC: photocopy room; EO:
Smoking office; WO: windowless office; HO: private house)

HO
2.61±1.3
1.32±0.3
0.74±0.4
3.2±1.1
6.1±2.1
4.7±1.3
1.2±1.3
1.2±0.7
0.8±0.7
1.3±0.2
0.9±0.1
1.1±0.3
0.3±0.2
0.5±0.4
0.6±0.5
0.5±0.2
0.8±0.3

Table 3.9 Indoor/outdoor (I/O) ratios of ∑PAHs concentrations in previous
studies
Sampling site
Residential apartment,
Residential house
Residential house
Classroom
Offices
Offices
Residential house

City
Guangzhou
Japan
Chicago
Xi’an
Jinan
Beijing
Beijing

I/O
0.57~1.22
0.70~1.00
1.0
0.7
0.94(summer)
0.94(summer)
0.65(winter)
1.09(summer)
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References
(Li et al., 2005b)
(Ohura et al., 2004)
(Jovanović et al., 2014)
(Xu et al., 2015)
(Zhu et al., 2015b)
(Chen et al., 2017)
(Chen et al., 2017)

3.3.3.3 Source apportionment
Diagnostic ratios (DRs) are always used for PAHs sources apportionment.
Because of the comparable thermodynamic portioning and mass transfer
coefficients of the isomer pairs of PAHs (such as IcdP and BghiP, BaA and Chr),
these pairs would be diluted to a similar extent when mixed into nature air and
distribute similarly among phases (Dickhut et al., 2000). Some PAH isomer-pair
ratios showed relatively stable features of certain PAH sources, therefore, these
ratios are used as indicators to distinguish among possible sources of PAHs
(Yunker et al., 2002). For instance, the value of BaA/(BaA+Chr) ranged 0.2~0.3
indicate major affection from combustion sources, while the value less than 0.2
suggest the dominance of petrogenic sources (Mandalakis et al., 2002). The
results of the diagnostic ratios of outdoor PAHs are presented in Table 3.10.
Compared with the reference values, the results indicated that the outdoor
particle-bound PAHs were primarily originated from the mixture of gasoline and
diesel vehicle exhaust, which was consistent with the previous reports on
Guangzhou (Duan et al., 2007), but showed some differences from the northern
cities, such as Beijing and Jinan, where indicating important contributions of fuel
and biomass combustion in addition to vehicle exhaust (Chen et al., 2017; Zhu et
al., 2015b). It is further illustrate in Figure 3.7 and 3.8, which show the relatively
gathered outdoor samples in the scatter ratio-to –ratio plot of Flu/(Flu+Pyr) vs.
BaA/(BaA+chr) and BaP/BghiP vs. BaP/(BaP+Chr) and indicating the relative
stable source emissions during the sampling campaigns. As limited studies on
PAHs diagnostic ratios referred to indoor sources, no reference values could be
used for the indoor PAHs diagnostic except for biomass combustion. In this study,
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the values of DRs of indoor PAHs were also calculated and compared with
outdoors. As shown in Table 3.10, very similar average values of DRs were found
between the common offices (multi-user offices and single-user offices) and
outdoors. While significant differences of the DRs for BaP/BghiP and
BaP/(BaP+Chr) could be found in photocopy rooms and smoking offices in
comparison with other offices and outdoors. Figure 3.6 and Figure 3.7 indicated
that most of the scatter ratio-ratio points of common offices mixed with outdoor
points together, revealing similar originated sources of these indoor and outdoor
PAHs. However, photocopy rooms presented obvious difference from that of
outdoors with higher DRs of Flu/(Flu+Pyr) than others in Figure 3.6, and a
separated group of scatters representing photocopy rooms and smoking offices
could be found in the bivariate plot for the ratios of BaP/BghiP vs. BaP/(BaP+Chr)
(Figure 3.7). The results suggested that PAHs dominant sources of photocopy
rooms and smoking offices were different from outdoors, while PAHs in the
common office mainly related to outdoor air. Furthermore, higher ratios of
Flu/(Flu+Pyr)( >0.5) and BaP/(BaP+Chr) ( > 0.6) may be a potential indicator for
photocopy sources. And the DRs of BaP/(BaP+Chr) ( > 0.6) could also the results
of smoking activity indoors. As the composition of PAHs in mainstreams showed
significant difference between cigarettes made from varied raw material (such as
burley compared with bright or oriental tobaccos) (Ding et al., 2008), it is difficult
to distinguish the origination of smoking by simple assessment of DRs.
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Table 3.10 Molecular diagnose ratios of PAHs in indoor and outdoor studies
Sampling
BaP/BghiP
BaA/Chr
Ind/BghiP
InP/(InP+BghiP) BaP/(BaP+Chr) BaA/(Chr+BaA)
site/ source
Outdoors
0.16~0.84(0.52) 0.16~0.57(0.35) 0.22~1.04 (0.65) 0.18~0.92(0.41) 0.25~0.72(0.48) 0.14~0.36(0.26)
MO
0.11~1.01(0.45) 0.14~0.59(0.36) 0.23~0.77(0.53) 0.19~0.44(0.34) 0.20~0.9(0.48)
0.13~0.64(0.28)
SO
0.04~1.47(0.55) 0.13~0.54(0.32) 0.17~0.80(0.39) 0.14~0.44(0.26) 0.21~0.64(0.44) 0.11~0.35(0.24)
PO
0.11~2.78(0.81) 0.18~0.89(0.43) 0.23~0.91(0.53) 0.13~0.51(0.36) 0.33~0.87(0.68) 0.15~0.47(0.29)
EO
0.10~1.88(0.74) 0.18~0.46(0.32) 0.22~0.90(0.59) 0.18~0.47(0.36) 0.47~0.90(0.71) 0.15~0.31(0.24)
Smoking j
1.88
0.31
1.18
0.54
0.33
0.24
house
Gasoline
0.30-0.40 a
0.28-1.2b
0.6-1.5
0.37c
0.08-0.24 d
Diesel
0.46-0.83 a
0.17-0.36 b
1.3
0.18 d
>0.24 d
Coal/biomass
0.9-6.6e
1.0-1.2f
1.09
>0.5 c
combustion
Fuel
<0.5 c
combustion
Coke
5.1g
0.7 g
Oil Refining
0.65-1.7 e
0.48h
0.57 h
Wood
0.93 b
combustion
Petrogenic
<0.2 i
Combustion
0.20~0.35 i
Pyrolytic
>0.35 i
a
(Rogge et al., 1993); b (Gschwend and Hites, 1981); c (Grimmer et al., 1983); d (Galarneau, 2008); e (Daisey et al., 1979); f
(Gschwend and Hites, 1981; Masclet et al., 1987); g (Khalili et al., 1995); h (Zhao et al., 2015); ; i(Mandalakis et al., 2002); j
calculated based on the data from Slezakova et al. (2009)
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Figure 3.6 Bivariate plot for the ratios of Flu/(Flu+Pyr) vs. BaA/(BaA+Chr)
(Common offices: including single-user offices, multi-user offices, and windowless offices)
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Figure 3.7 Bivariate plot for the ratios of BaP/BghiP vs. BaP/(BaP+Chr)
(Common offices: including single-user offices, multi-user offices, and
windowless offices)
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3.3.4 Indoor OPFRs
3.3.4.1 Concentrations of OPFRs in indoor and outdoor air
Table 3.11 summaries the indoor and outdoor OPFR concentrations in varied
studied environments. The indoor ∑OPFR concentrations ranged from 1.56 to
72.5 ng/m3. All the indoor ∑OPFR were significantly higher than that obtained
in outdoors (p<0.05, T-test). The average I/O ratios (indoor to outdoor
concentration ratios) of ∑OPFR ranged from 1.7 to 8.7, which was consistent with
the previous findings (Saito et al., 2007; Zhou et al., 2016). As we know, I/O
ratios of pollutants could be used as an assessment reference of indoor or outdoor
sources. The I/O ratio values larger than 1.0 indicated that the household products
and interior settings located in all indoor environments could be the main sources
of indoor ∑OPFR more than outdoor infiltration.
Compared with the former reports identified OPFR in the air of varied
microenvironments (Table 3.12), the current study in terms of office showed the
lower range of OPFR levels in worldwide and only comparable with one from
Japan (Saito et al., 2007) and the other from China . Similarly, the relatively lower
concentrations (Median=13.3 ng/m3) were observed in the studied private homes
than most reports from developed countries (Table 3.8). It seemed that lower
indoor OPFR concentrations were found in developing countries than developed
countries, which might be attributed to the differences in regulations in terms of
flame retardants and stricter safety standards in developed countries. In
developing countries, BFRs may remain the major flame retardants. It was
reported that the annual consumption of BFRs was up to 150000 tones in China
(OU, 2011), while the consumptions in Europe decreased sharply with the phase
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out of some important BFRs. This finding was also proposed in the previous study
which revealed low OPFR concentrations in the house dust from China and Egypt
than that from developed countries (Abdallah and Covaci, 2014; He et al., 2015).
Nevertheless, there is limited data about indoor OPFRs from developing regions,
which may influence the comparison.
3.3.4.2 Indoor OPFRs in varied microenvironments
The highest average indoor ∑OPFR were found from photocopy rooms and
windowless offices, while the lowest indoor concentration was observed in the
samples from the fresh-air office. The variation of the average indoor ∑OPFRs
ranked as follows: windowless offices (Mean=45.5 ng/m3) ≈ photocopy rooms
(46.8 ng/m3) > multi-user offices (30.8 ng/m3) > single-user offices (23.2 ng/m3) >
private houses (16.7 ng/m3) > smoking offices (14.0 ng/m3) > fresh-air office (9.45
ng/m3). T-test was carried out using the data from different studied indoor spaces.
All the common offices except smoking offices and fresh-air one were
significantly higher than private homes (p<0.05, T-test), which was in agreement
with the former reports proposed that ∑OPFRs in the air and dust samples from
public microenvironments including offices, day care centers and schools were
higher than that in private homes (Bergh et al., 2011; Marklund et al., 2003; Zhou
et al., 2016). The potential main reason of such a finding was the stricter fire
safety standards of the indoor settings and materials in public areas compared to
private houses (Marklund et al., 2003; Marklund et al., 2005a).
In terms of different types of studied offices, there are some important
findings obtained from the statistical analysis as follows:
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Significantly higher OPFRs concentrations were found in photocopy rooms
and that of windowless offices than any other offices (p<0.05, T-test). As
presented above, the studied office spaces were located in three office buildings,
and the building materials (i.e. floor and wall covering) were very similar in the
offices in the same building. The higher ∑OPFR in photocopy rooms may result
from the emission of the electrical equipment such as photocopy and printing
equipment. However, to our knowledge, there was no report presented the OPFR
emissions from the equipment or the working processes. Source survey is needed
to further investigation.
Higher OPFR concentration found in windowless office could be the result
of accumulation of OPFRs after indoor emissions. Mechanical ventilation was the
sole way for air exchange in this kind of offices. Generally, the mechanical
ventilation shut down during non-working hours, which could sharply reduce the
indoor air exchange rates. As mentioned before, OPFRs would be slowly released
from OPFR-contained materials by volatilization incessantly in common
environment conditions (Wensing et al., 2005). Therefore, the limited working
hours of ventilation may finally result in accumulation of OPFRs indoors.
Remarkable higher OPFRs concentrations were obtained in multi-user
offices than single-user offices. As introduced above, the main indoor difference
between the two types of offices was the quantity of office electronic equipment
and office furniture. Therefore, it could be proposed that indoor OPFRs
concentrations were related to the quantity of indoor settings.
Relative lower OPFR concentration in smoking office may attribute to the
activity of window and door opening. As we know, the smoking people tended to
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open windows and doors to get higher air exchange rate during smoking process,
which may result in the indoor OPFR diluted by outdoor air.
The low levels of indoor OPFR observed in fresh air office may due to the
absent of electronic equipment and the effect of fresh air system. As the
ventilation system of the fresh-air office was connected to a super-clean
laboratory in 24-hour operation, exceptionally high air ventilation rate was
applied in the system and air filter system was equipped to maintain clean air in
both the office and the lab rooms. Therefore, the indoor pollutants including
OPFRs would be quickly diluted and finally filter out from the indoor air.
3.3.4.3 OPFRs distribution profile in indoor and outdoor air
TCEP, TCIPP, TMCPP and TCPP were detectable in all indoor samples,
while TCPs (comprising TOCP, TMCP, and TPCP) could not be detected in any
samples. The detection frequency (DF) of EDP and TPrP were less than 50% in
indoor samples. In outdoor samples, except for the TCPs, TEP and TPrP were not
detected in any outdoor samples and the DF of outdoor TBEP and EDP were less
than 20%. Similar results were presented in the previous studies (He et al., 2015;
Zhou et al., 2016).
The percentages of individual OPFRs to ∑OPFRs in indoor and outdoor air
were illustrated in Figure 3.8. Obvious differences could be found between indoor
and outdoor profiles. The main contributors of ∑OPFRs indoors were all
chlorinated OPFRs including TCEP, TCiPP, TMCPP, TCPP and TDCP. The ratio
of chlorinated OPFRs to ∑OPFRs ranged from 0.38 to 0.98, which was consistent
with the results reported by Yang et al. (2013a) and Bergh et al. (2011). The
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studies on OPFRs in indoor dust samples also revealed the domination of these
chlorinated OPFRs to the total OPFRs in other countries (Bergh et al., 2011;
Marklund et al., 2003). And these chemicals have been listed as EU High
Production Volume Chemicals (HPV) since 2000s (Marklund et al., 2005a). The
high DF and abundance of chlorinated OPFRs in the current study along with the
former reports revealed that these chlorine-contained OPFRs were universally
applied in indoor building materials, furniture and electronic equipment and also
easily release into varied indoor spaces.
As we mentioned before, OPFRs are considered as suitable substitutes for
brominated flame retardants. And the reasons of the forbidden usage or stricter
regulation for BFRs and other halogenated chemicals are mostly related to the
POPs characteristics which are defined as persistent, bio-accumulative, and toxic
to humans and animals (van der Veen and de Boer, 2012). Therefore, it is
important to avoid the POPs-like compounds when considering OPFRs to be used
as the substitutes for PBDEs. It has been reported that 27 potential could be used
alternative for deca-BDEs, of which 11 are non-halogenated and 16 are Clcontained(Pakalin et al.). Due to the performance mechanisms in both gas and
solid phases, halogenated OPFRs are proven to have advantages over nonhalogenated ones in terms of flame retarding efficiency (van der Veen and de
Boer, 2012). However, some halogenated OPFRs have been proved to be
carcinogenic or result in other severe negative human health effects. The findings
showed that these halogenated OPFRs are not recommended as substitutes for
BFRs. Therefore, there is a contradictory problem in real life about the popular
application and the unpopular POPs characteristics on halogenated OPFRs.
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Figure 3.8 also shows substantially different congener profiles of OPFRs in
varied types of studied environments.
(1) Outdoor. The profiles in outdoor samples were obviously different from
any indoor ones. The dominated ones were TBP (40±28%) and TCEP (31±27%),
and the detection frequency were 93% and 100%, respectively. The high detection
frequency and abundance of TBP in outdoor samples might be attributed to the
wide use in hydraulic fluids in vehicles on road (Marklund et al., 2005b). And
outdoor TCEP could be the result of its large amount use in south China (He et al.,
2015).
(2) Private homes. TDCPP, TBEP and TCEP were the predominant OPFRs
in the private house air. TDCPP and TCEP are commonly used as flame retardants
in both rigid and flexible polyurethane foams (PUF), and in resins, textiles,
plastics, and wood preservation coatings (Brandsma et al., 2014; van der Veen
and de Boer, 2012). TDCPP was found to be the most common FR detected in
baby products and household furniture containing PUF (Stapleton et al., 2009;
Stapleton et al., 2011). TBEP is commonly used in floor polish, plastic, rubber
and antifoam agent (Andresen et al., 2004b; Fromme et al., 2014; World Health
Organization, 1998a). Consequently, OPFRs in private homes may mainly be
released from the household furniture such as sofa, mattress, baby products and
polished floor.
(3) Common offices. Comparing the OPFRs in common offices (except
smoking office and fresh-air office) with that in private house, it could be found
that the number of detected congeners and mean concentrations were higher in
offices than in private homes.
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The profiles of single-user offices and multi-user offices were very similar,
showing relative equally contribution of individual chlorine contained OPFRs
(TCEP, TCiPP, TMCPP, and TCPP). As a matter of fact, TCiPP, TMCPP and
TCPP are three structural isomers of tris(chloropropyl) phosphate (TCPP).
Generally, the sum of three isomers was presented as the value of TCPP in some
previous studies. In another word, TCPP was the most abundant congener among
OPFRs in single-user offices and multi-user offices with a median of 13.9 ng/m3
and 18.1 ng/m3, respectively, followed by TCEP (4.2 ng/m3 and 3.1 ng/m3,
respectively). The findings were consistent with the results of the similar study on
PM-bound OPFRs in China by Yang et al. (2013a). In other former studies, TCPP
and TCEP were also identified as the major OPFR congeners in office spaces
(Bergh et al., 2011; Björklund et al., 2004; Hartmann et al., 2004; Marklund et al.,
2005a; Staaf and Ostman, 2005). TCPP was reported to be the most important
OPFRs by volume in Europe and could represent 80% of the chlorine contained
OPFRs (Schramm et al., 2001). The commercial products are always a mixture
which comprised of four halogenated OPFRs, of which the main component is
tris(chloroiso-propyl) phosphate (TCiPP, 75%). TCPP is mostly utilized in
building insulation materials and PUP furniture such as office chairs(Stapleton et
al., 2012).
(4) The diverse OPFR profiles of smoking offices may mainly attribute to the
outdoor air dilution. While the OPFRs in fresh-air offices may be the result of
both the limited emission from few indoor upholstery and higher air exchange rate.
(5) It has been proposed that TPP is mainly used in PVC and electronic
equipment such as casting resins, glues, and video display units (World Health
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Organization, 1997). Previous studies also proved the significant distribution of
this compound in the dust samples from e-waste dismantling workshops (He et al.,
2015; Mäkinen et al., 2009; Sjödin et al., 2001), the wipe samples of computer
covers and screens (Marklund et al., 2003; Saito et al., 2007), as well as electronic
product factory and stores (Mäkinen et al., 2009). However, the DF of TPP in all
studied indoor spaces were relative low (<20%), which may reveal that emissions
from electronic equipment may be not a significant source of OPFRs in studied
indoor environments.
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Table 3.11 Summary of OPFRs on PM2.5 in varied types of studied environments
Single-user (N=27)
Min. Max. Mean Med.a
0.32
5.77
1.08
0.81
TEP
N.D. 0.91
0.30
0.24
TPrP
0.19
7.64
2.09
1.39
TBP
1.47
14.5
4.76
4.20
TCEP
2.10
12.3
5.24
4.34
TCiPP
1.99
11.7
5.05
3.91
TMCPP
1.29
8.13
5.07
5.64
TCPP
N.D. 1.91
1.27
1.37
TDCP
N.D. 0.60
--TPP
2.90
6.90
4.91
4.57
TBEP
N.D. 0.66
0.22
0.16
EDP
N.D. N.D.
--TOCP
N.D. N.D.
--TMCP
N.D. N.D.
--TPCP
9.85
52.9
23.2
20.0
Sum
a
Med.: Median values.
--: Not available. N.D.: Not detectable.

Min
N.D.
N.D.
N.D.
1.17
1.91
1.50
1.29
0.29
N.D.
2.23
0.00
N.D.
N.D.
N.D.
9.32

Multi-user (N=27)
Max Mean Med. a
6.88
1.11
0.49
1.05
0.30
0.18
5.01
1.08
0.65
10.4
3.76
3.14
18.6
7.93
6.42
16.3
6.71
5.62
20.5
6.42
6.07
13.0
4.97
2.49
1.08
--6.69
4.75
5.34
12.9
1.07
0.15
N.D.
--N.D.
--N.D.
--72.5
30.8
31.2
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Min
N.D.
N.D.
N.D.
0.71
0.50
0.29
0.43
0.52
N.D.
4.42
N.D.
N.D.
N.D.
N.D.
4.06

Photocopy (N=27)
Max Mean Med. a
5.35
1.13
0.54
0.85
0.24
0.15
7.69
1.55
0.95
165
23.5
8.07
14.6
5.02
4.23
13.2
4.66
3.59
13.7
4.79
4.22
9.31
2.51
1.23
1.19
0.30
0.24
27.84 13.12
9.11
7.84
0.73
0.17
N.D.
--N.D.
--N.D.
--192
45.50 36.60

Windowless (N=18)
Min
Max Mean Med. a
N.D.
5.35
1.22
0.60
N.D.
0.91
0.33
0.18
N.D.
9.97
2.71
1.19
1.99
71.5
18.3
5.10
1.74
44.7
8.42
5.47
0.80
31.6
6.89
5.26
0.87
15.5
5.36
4.10
0.24
3.23
1.25
1.18
N.D.
1.19
0.27
0.14
5.09
27.8
12.2
8.26
N.D.
0.80
0.29
0.32
N.D.
N.D.
--N.D.
N.D.
--N.D.
N.D.
--9.27
163
46.8
37.1

Table 3.11 (Continue) Summary of OPFRs on PM2.5 in varied types of studied environments
Smoking (N=9)
Min. Max. Mean Med.a
TEP
N.D.
2.43
0.99
0.92
TPrP
N.D.
1.87
0.84
0.66
TBP
0.46
4.53
2.05
1.44
TCEP
3.56
9.64
6.92
7.76
TCiPP
0.86
5.74
2.98
2.36
TMCPP
1.26
4.51
2.59
1.76
TCPP
6.08
7.50
6.79
6.79
TDCP
N.D.
N.D.
--TPP
N.D.
0.54
--TBEP
N.D.
N.D.
--EDP
N.D.
1.06
0.52
0.51
TOCP
N.D.
N.D.
--TMCP
N.D.
N.D.
--TPCP
N.D.
N.D.
--Sum
1.56 36.38
14.0
8.27
a
Med.: Median values.
--: Not available. N.D.: Not detectable.

Min
N.D.
N.D.
N.D.
1.20
0.30
0.20
0.68
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
3.80

Fresh air (N=5)
Max Mean
0.28
0.20
N.D.
-N.D.
-8.57
4.71
0.72
0.59
0.60
0.45
2.87
1.80
0.27
-0.22
-3.14
1.15
N.D.
-N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
13.3
9.45

Med.
0.26
--3.03
0.65
0.44
1.69
--0.81
----9.27
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a

Private house (N=18)
Min
Max Mean Med. a
0.34
3.37
1.37
1.15
N.D.
0.96
0.33
0.27
N.D.
3.37
1.16
0.59
0.67
9.13
3.62
1.52
0.42
6.62
2.27
1.84
0.24
5.78
1.97
1.48
0.28
5.02
2.10
1.10
0.57
15.62 4.75
2.91
N.D.
0.98
0.26
0.13
0.41
9.28
5.36
5.88
N.D. 14.60 1.62
0.36
N.D.
N.D.
--N.D.
N.D.
--N.D.
--N.D.
3.80
56.3
16.6
13.2

Min
N.D.
N.D.
N.D.
0.27
N.D.
N.D.
N.D.
N.D.
N.D.
0.36
N.D.
N.D.
N.D.
N.D.
0.60

Outdoors
Max
N.D.
N.D.
9.08
9.02
1.17
1.02
0.42
3.45
0.81
3.14
0.78
N.D.
N.D.
N.D.
11.6

(N=27)
Mean
--2.04
1.55
0.41
0.34
0.16
0.70
-1.34
----5.50

Med. a
--0.48
0.78
0.32
0.28
0.13
0.29
-0.96
----4.37

Table 3.12 International comparison of median concentrations (ng/m3) of OPFRs in indoor air (Zhou et al., 2016)
Sampling
site

Private
home

Office

Day care
center

School

N

TEP

TPP

TiBP

TnBP

TBEP

TCEP

TCPP

TDCPP

∑OPFRs

Sweden
Japan
Sweden
Japan
Norway
Germany
Switzerland
Sweden

Samplin
g year
2005
2006
2011
2015
2014
2015
2004
2005

10
41
10
30
48
7
4
3

3.0
62.3
7.3
4.0
<0.32
3.0

13.0
4.05
-

20.0
27.1
9.1
10.0
5.09
0.62
5.3
20.0

23.0
0.598
<0.68
nd-1.2
-

4.0
15.5
4.8
6.7
2.25
<0.20
26.5
25.0

27.0
89.2
5.6
10
42.3
4.15
nd-130
55.0

<11.5
nd
3.6
0.084
<0.10
-

78.0
217
40.0
52.5
50.6
12.5
49.4
154

(Staaf and Östman, 2005)
(Kanazawa et al., 2010)
(Bergh et al., 2011)
(Takeuchi et al. 2014)
(Cequier et al. 2015)
(Zhou et al., 2016)
(Hartmann et al., 2004)
(Staaf and Östman, 2005)

Japan

2007

14

3.2

-

6.6

-

3.3

6

nd-8.7

20.1

(Saito et al., 2007)

Finland
Sweden

2009
2010

4
10

20.0
100.0

<40.0
28.0

-

3-15

91.0-850

-

China
Germany
Sweden
Sweden

90
11
4
10

<0.01
<0.16
-

0.27
<0.68
5.9
84.0

3.11
0.56
144.0
25.0

7.76
33.89
52.9
8.4

0.63
0.42
nd

63

-

-

-

2.2

49.0

<2.0

2.7

nd

54.9

(Fromme et al. 2014)

Germany
Sweden
Sweden
Finland
Norway

2014
2015
1997
2010
20112012
2015
1997
2003
2009
2014

90.0
160.0
98.0899
17.2
59.3
223
140

(Mäkinen et al., 2009)
(Bergh et al., 2011)

10

<5.0
2.3
4.06.0
0.47
5.85
13.0
18.0

8.0
10.0

2004

7.3
nd16.0
5.65
7.6
7.2

nd
5.8

Sweden

6.5
nd13.0
<0.32
1.7

<4.8
nd
<0.16
nd0.86
<6.0
-

6
12
1
3
6

1.04
-

<0.16
40.0
-

9.18
9.0
-

3.50
37.9
7.8
<5.0
3.06

<0.68
2.4
<0.8
3.0
12.9

1.70
104
590.0
100
3.95

6.49
41.6
40.0
160
10.2

3.01
<0.7
<40
0.046

31.80
213.0
640.0
350
30.2

(Zhou et al., 2016)
(Carlsson et al. 1997)
(Marklund et al. 2005a)
(Mäkinen et al., 2009)
Cequier et al. 2014

Germany

2015

12

<0.32

<0.16

8.56

2.78

<0.68

<0.20

9.99

<0.10

36.23

(Zhou et al., 2016)

Country

Germany

nd-2.0

135

Reference

(Björklund et al., 2004)
(Yang et al., 2013a)
(Zhou et al., 2016)
(Carlsson et al., 1997)
(Bergh et al., 2011)

Sampling
site

Store

Car/bus

N

TEP

TPP

TiBP

TnBP

TBEP

TCEP

TCPP

TDCPP

∑OPFRs

Sweden
Switzerland
Switzerland
Sweden
Sweden
Sweden
Finland
Germany
Germany
Switzerland
Sweden

Samplin
g year
2001
2004
2004
2003
2003
2003
2009
2015
2015
2004
2005

12
5
2
3
1
1
7
6
9
4
1

3
<0.32
0.57
220

19
1.7
9.0
<0.16
<0.16
-

40.42
7.94
-

29.0
nd
nd-2.5
0.6
1.7
nd
<0.68
<0.68
nd
2.0

25.0
11.8
9.1
10.0
11.0
3.4
20.0
<0.20
<0.20
5.8
20.0

2005

2

nd-56

-

-

nd

nd

Germany

2015

5

<0.32

<0.16

10.52

<0.68

<0.20

20.7
nd
51.1
22.0
73
32.0
<10.0
10.15
20.64
107
1800
3302300
111

0.8
<0.2
<40.0
2.75
<0.05
5.0

Sweden

14.0
11.1
15.5
6.0
68.0
31.0
560.0
23.99
0.75
9.1
15.0
6.07.0
20.69

120
25.7
79.1
55.0
160
70.0
710.0
78.25
31.17
124.0
2065
3932324
180.5

Country

136

nd
14.3

Reference

(Sjödin et al., 2001)
(Hartmann et al., 2004)
(Hartmann et al., 2004)
(Marklund et al., 2005)
(Marklund et al., 2005)
(Marklund et al. 2005)
(Mäkinen et al., 2009)
(Zhou et al., 2016)
(Zhou et al., 2016)
(Hartmann et al., 2004)
(Staaf and Östman, 2005)
(Staaf and Östman, 2005)
(Zhou et al., 2016)

Figure 3.8 Percentages of OPFR analogs contributing to ∑OPFRs in studied
environments (Mean+SD)

137

3.3.5 Health risk analysis
3.3.5.1 PAHs
The average BaPeq in multi-user offices, photocopy rooms and private homes
were over the standard value proposed by European Commission (1ng/m3)
(European Union (EU), 2008) (Table 3.13). As higher molecular weight PAHs
comprise the strong carcinogenic PAHs, such as BaP (TEF=1) and DahA (TEF=5),
contributing more than 98% of BaPeq in all the indoor and outdoor sites. BaP and
DahA were found to be the most abundant contributors to the BaPeq in offices,
attributing 23~44% and 31~64%, respectively. While DahA was predominated in
private house samples, with an average contribution of 79%. Similar results were
reported. (Wang et al., 2013b; Zhu et al., 2015b).
Figure 3.9 illustrates the integrated BaPeq values exposure to the people
working in different office environments. The average integrated BaPeq values for
the studied people were equal to or greater than 1.0 ng/m3. Over 85% of PAHs
exposure was from indoor exposure. Due to the longer staying time and higher
BaPeq determined in private homes, PAHs in private homes contributed
dominantly to the integrated BaPeq values (54%~71%).
Furthermore, the integrated BaPeq were used to calculate the LLCR, as
shown in Table 3.13. Compared with the research on Beijing (based on the value
obtained in summer) (Chen et al., 2017), our study showed lower LLCR values in
Guangzhou, which suggested the human health risk difference between northern
and southern China.
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The LLCR values of the people working in multi-user offices, photocopy
rooms and smoking offices were over 10-4. According to European Commission
and US EPA, the upper limit of lifetime lung cancer risk values is proposed to be
<10-4 (European Commission, 2001). Thus, the results indicated that these groups
of people who spending over 87% of their lifetime indoors suffered potential
human risk to carcinogenic PAHs. As the indoor BaPeq values were found to
contribute more than 83% of integrated BaP values in this survey, which
suggested that indoor PAHs contribute more carcinogenic risk than outdoors to
most of urban peoples. In addition, the workers from the offices applied
photocopy machines and the ones influenced by cigarette smoke would suffer
higher risk in terms of carcinogenic PAHs.

Table 3.13 BaPeq and LLCR in different studied environments
Sites
Single-user offices
Multi-user offices
Photocopy rooms
Smoking offices
Windowless offices
Private homes
Outdoor

BaPeq
mean
0.68
1.15
1.23
0.83
0.36
1.43
1.15

SD
0.87
1.06
0.98
0.81
0.37
0.42
1.22
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LLCR (10-4)
mean
SD
0.97
0.60
1.15
0.88
1.15
0.32
1.02
0.26
0.86
0.12

Integrated BaPeq values (ng/m3)
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Figure 3.9 integrated BaPeq exposure values to the people working in varied office
environments

3.3.5.2 OPFRs
The estimated ADD of the detected OPFRs for adults located in varied
indoor spaces and outdoors are presented in Table 3.14. The results were
comparable with the values obtained based on the PM bound OPFRs in the offices
in Hangzhou (Yang et al., 2013a) as well as the intake exposure dose by dust
ingestion in private home and college dormitory in Guangzhou (He et al., 2015).
Based on the activity time distribution, the integrated ADDs estimated for the
office staffs worked in various types of offices are shown in Table 3.15. No
significant difference could be found among the ADDs of total OPFRs to the
office staffs in different types of offices, except the ones from fresh-air offices.
The median of ADDs of ∑OPFRs were around 2.0 ng/kg bw/day, which was
comparable with other reports based on dust ingestion or indoor air intake (He et
al., 2015; Wei et al., 2015)
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Furthermore, non-cancer risk (HQ) was determined based on the individual
RfD values of targeted OPFRs, and the total risk index (HI) was calculated by
summing all individual HQ together. As illustrated in Figure 3.10, OPFRs in
offices and private homes contributed equally to the total non-cancer risk, which
was different from PAHs. Overall, the HIs were far lower than 1.0, indicating a
relatively safe level of OPFRs to the exposed peoples. However, there is still
lacking of legislative standing for the RfDs of OPFRs which are based on
somehow dated information on human health impacts. In the future, with more
comprehensive information on human impacts of OPFRs are collected, the margin
of safety values can be reduced (Brommer and Harrad, 2015). Moreover, with the
consideration of other exposure pathways such as food digestion, dermal uptake
and water intake, the margin of safety will further be narrowed. Therefore, it
needs more consideration of the preliminary assessed results.
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Table 3.14 ADD values calculated based on OPFR levels in varied indoor spaces and outdoors

TEP
TPrP
TBP
TCEP
TCiPP
TMCPP
TCPP
TDCP
TBEP
EDP
Sum

Singleuser
median
0.09
0.03
0.16
0.50
0.51
0.46
0.67
0.16
0.54
0.02
3.14

max
0.68
0.11
0.90
1.71
1.45
1.38
0.96
0.23
0.81
0.08
8.31

Multiuser
median
0.06
0.02
0.08
0.37
0.76
0.66
0.72
0.29
0.63
N.A.
3.59

Photocopy
max
0.81
0.12
0.59
1.22
2.19
1.92
2.42
1.54
0.79
1.52
13.13

median
0.06
0.02
0.11
0.95
0.50
0.42
0.50
0.14
1.07
0.02
3.80

Windowless
max
0.63
0.10
0.91
19.47
1.72
1.56
1.61
1.10
3.28
0.92
31.31

median
0.07
0.02
0.14
0.60
0.65
0.62
0.48
0.14
0.97
0.04
3.74

Smoking
max
0.63
0.11
1.18
8.43
5.27
3.73
1.83
0.38
3.28
0.09
24.93

Noted: N.A., not available
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median
0.11
0.08
0.17
0.92
0.28
0.21
0.80
N.A.
N.A.
0.06
2.62

max
0.29
0.22
0.53
1.14
0.68
0.53
0.88
N.A.
N.A.
0.12
4.40

Freshair
median
0.03
N.A.
N.A.
0.36
0.08
0.05
0.20
0.02
0.10
N.A.
0.83

Home
max
0.03
N.A.
N.A.
1.01
0.09
0.07
0.34
0.03
0.37
N.A.
1.94

median
0.14
0.03
0.07
0.18
0.22
0.17
0.13
0.34
0.69
0.04
2.02

Outdoors
max
0.40
0.11
0.40
1.08
0.78
0.68
0.59
1.84
1.09
1.72
8.70

median
N.A.
N.A.
0.06
0.09
0.04
0.03
0.02
0.03
N.A.
0.01
0.28

max
N.A.
N.A.
1.07
1.06
0.14
0.12
0.05
0.41
0.10
0.09
3.04

Table 3.15 Integrated ADDs estimated for the office staffs worked in varied type of offices
Singleuser
median
TEP
0.10
TPrP
0.03
TBP
0.10
TCEP
0.29
TCiPP
0.31
TMCPP 0.26
TCPP
0.32
TDCP
0.24
TBEP
0.55
EDP
0.03
Sum
2.22

max
0.45
0.10
0.67
1.31
0.95
0.87
0.66
1.06
0.86
0.90
7.84

Multiuser
median
0.09
0.02
0.07
0.24
0.40
0.34
0.34
0.29
0.58
0.02
2.39

Photocopy
max
0.50
0.05
0.36
0.59
0.84
0.74
0.91
0.63
0.31
0.58
5.30

median
0.09
0.02
0.08
0.46
0.30
0.25
0.25
0.23
0.75
0.03
2.47

Windowless
max
0.44
0.04
0.34
7.30
0.65
0.58
0.60
0.41
1.23
0.35
11.74

median
0.09
0.02
0.09
0.33
0.36
0.32
0.25
0.23
0.71
0.04
2.44
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Smoking
max
0.44
0.04
0.44
3.16
1.98
1.40
0.68
0.14
1.23
0.04
9.35

median
0.11
0.05
0.11
0.44
0.22
0.17
0.37
0.18
0.35
0.05
2.03

max
0.31
0.08
0.20
0.43
0.25
0.20
0.33
0.00
0.00
0.05
1.65

Freshair
median
0.08
0.02
0.04
0.24
0.14
0.11
0.14
0.18
0.38
0.02
1.36

max
0.21
0.00
0.00
0.38
0.03
0.03
0.13
0.01
0.14
0.00
0.73

Total non-cancer risk of OPFRs

6E-05
5E-05
4E-05
3E-05
2E-05
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Figure 3.10 Total non-cancer risk (HIs) of OPFRs exposure to the office staffs
working in varied office environments

3.4 Conclusions
Different levels of fine particle as well as PAHs were obtained in varied
microenvironments, with both the highest found in photocopy rooms and smoking
offices, while the lowest observed in fresh-air office. The mean concentration of
PM2.5 during the whole sampling period were found to be worrisome levels in all
studied sites, except for fresh-air office, which were higher than both of guideline
value proposed

in

Chinese authority and World health organization.

Photocopying/printing and smoking were found to be important sources of PM2.5
and PAHs in this field measurement, with increased PM2.5 and individual PAHs
observed in the two kinds of related offices by comparing with outdoors and
reference offices. Source apportionment further confirmed that the dominant
PAHs sources of photocopy rooms and smoking offices were different from
outdoors, while PAHs in the common office mainly associated with outdoor
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traffic sources. The risk assessment indicated that the LLCR values of the office
people working in most of studied offices were around or over the acceptable
cancer risk level (10-4), with indoor exposure contributions up to over 85%,
suggesting the unacceptable indoor air quality in Guangzhou only in term of
PAHs exposure.
In addition to PAHs, organophosphate flame retardants were found to be the
other ubiquitous organic pollutants in the air of varied indoor spaces, with 1.7 to 8
times higher than outdoors. The main contributors of ∑OPFRs indoors TCEP,
TCiPP, TMCPP, TCPP and TDCP, while TBP and TCEP dominated in outdoor
air. Materials used for office and house furniture as well as building materials
were possible sources of indoor OPFRs, while emissions from electronic
equipment may be not a significant source of OPFRs in studied indoor
environments. Furthermore, environmental conditions such as ventilation and
furniture setting number may have important influence on the amount of OPFRs
in the studied microenvironments. Although the integrated ADDs estimated noncancer risk for the office staffs worked in various type of offices indicated a
relative safe level of OPFRs, with the consideration of uncertainty of insufficient
toxic data of OPFRs, it needs more consideration of the preliminary assessment
results. In addition, the most abundant OPFRs with high detection frequency in
indoor air in this study were found to all halogenated OPFRs which are not
recommended as substitutes for BFRs, which should draw our attention.
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Chapter 4
INDOOR AIRBORNE PARTICLE SOURCES AND
OUTDOOR HAZE EFFECT IN URBAN OFFICE
AREAS IN GUANGZHOU

4.1 Introduction
From the above studies, with regard to human health and the efficiency of
office workers, the indoor air quality of offices requires much more attention.
Another important global risk factor that demands increased research and policymaking endeavors, is the indoor air pollution that originates from outdoor air
pollution (Bruce et al., 2000). Therefore, it is important to determine whether the
air quality inside an office is affected by the changes in outdoor air conditions and
to identify the sources of pollutants within the work environment. Here, five of
studied offices with typical office environments in the same office building were
selected for further investigation. This study was designed to investigate the
physical (i.e., mass concentration) and chemical (i.e., water-soluble ions, carbon
species and metals) differences between indoor and outdoor PM2.5 on both
episode days (EDs, high pollution days) and non-episode days (NEDs, low
pollution event days) in urban offices, aiming to find out the inner sources of
PM2.5 pollution inside offices. A principle component analysis was used to
identify the PM2.5 sources in these office spaces during two sampling campaigns
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(EDs and NEDs). According to a previous report from Guangzhou (Tao et al.,
2009), the threshold of PM2.5 value on EDs for this study was set at 100 μg/m3.
4.2 Materials and methods
4.2.1 Sampling location
Our sampling was performed in one office building located in the central
urban area of Guangzhou, approximately 300 m away from the Tianhe District
Government (Fiugure 4.1). Five offices in the same building with different indoor
conditions were selected for this study. Briefly, office #1 (a single-user office, SO)
was a small office occupied by only one person and had no obvious PM2.5
emission inner sources. Office #2 (a multi-user office, MO) was a larger office
shared by seven people and had one printer that was occasionally used. Office #3
(a photocopy room, PC) was a photocopy room with three printers that worked
constantly during the whole day. Office #4 was an ETS (environmental tobacco
smoking) office (EO) where three workers frequently engaged in smoking
activities and the cigarette consumption was estimated to be over 30 per day.
Office #5 (a fresh air office, FO) had no PM2.5 sources and had an advanced fresh
air system. Here, we considered the single-user office, multi-user office and fresh
air office as the common offices, while the other two types were investigated to
identify the potential office PM sources. Brief information on sampling sites is
shown in Table 4.1. The indoor sampling sites were set approximately at the
middle of the offices (Figure 3.2). The outdoor sampling site was located on the
roof of the selected office building, approximately 32 m above ground level.
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Figure 4.1 Sampling location
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Table 4.1 Characteristics of indoor sampling sites
Site

Ventilation condition

Occupa
nts

PM source

Multi-user office
(MO )

Central air-conditioning

7

1 photocopier

~30

1th

<1.0

>3.0

Single-user office
(SO)

Split air conditioner and
natural ventilation

1

None.

~11

3th

<0.5

>4.0

ETS office (EO)

Split air conditioner and
natural ventilation

3

Tobacco
Smoking

~20

3th

<0.5

>3.0

Photocopy room
(PC)

Split air conditioner and
natural ventilation

3

3 photocopiers

~20

3th

<1.0

>4.0

Fresh air office
(FO)

Central air-conditioning
and fresh air system

3

None

~20

1th

<0.5

<0.5
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Areas
m2

floor

Door/window open time (hours/day)
NEDs
EDs

4.2.2 Sampling methodology
PM2.5 was collected simultaneously at the indoor and outdoor sites, during
March 1-8, 2015 (EDs) and June 14-21, 2015 (NEDs), by intelligent PM2.5
samplers (TH-150C, Wuhan Tianhong Corporation, Wuhan, China). The samplers
were set at a flow rate of 100 L/min for 24 hours. Before and after sampling, the
sampler air flow rates were calibrated. To simulate the breath zone and to avoid
potential interference from dust resuspension, the sampling heights were
approximately 1.2 m above the ground. Quartz microfiber filters (QMA, D90 mm,
Whatman Ltd, USA.) were used for particle collection. Prior to sampling, blank
filters were baked at 450 ℃ for at least 4 hours. After equilibration for at least 24
hours in a desiccator at room temperature (22 ℃), the filters were weighed on an
electronic microbalance with a 0.1 mg sensitivity (Sartorius, CPA 225D,
Germany).
4.2.3 Chemical analysis
Seven samples from each sample site taken on either a NEDs or an EDs were
considered to be a single case. In total, 84 filter samples were obtained. One blank
and one duplicate sample were included in each batch (10-12 samples) during the
chemical analysis. The duplicate sample was randomly chosen for each batch.
4.2.3.1 Water-soluble ions (WSIs)
Both cations and anions in the aqueous extracts from a portion of the sample
filter (1.33 cm2) were identified with a Dionex-3000 Ion Chromatograph (Dionex
Inc., Sunnyvale, CA, USA). For the cation analysis (Na+, NH4+, K+, and Ca2+), the
instrument was equipped with an IonPac CS12A column and a CG12A guard
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column. For the anion analysis (Cl-, NO3- and SO42-), an IonPac AS11-HC and an
AG11-HC guard column were used.
4.2.3.2 Carbon species (OC/EC)
Following the IMPROVE-A (Interagency Monitoring of Protected Visual
Environments) thermal/optical reflectance (TOR) protocol, a quarter of each
sample filter was analyzed for eight carbon fractions using a thermal and optical
carbon analyzer (DRI Model 2001, Atmoslytic Inc., USA).
4.2.3.3 Metal elements (MEs)
A quarter of each quartz filter was used for metal analysis. Fourteen metal
element species (Pb, Al, Ba, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Se, Cd, and Sb) were
determined using an Inductively Coupled Plasma Mass Spectrometry (ICP-MS),
and one metal element (As) was determined using atomic fluorescence
spectrometry (AFS).
4.2.4 Data analysis
The final sample concentration was obtained after subtracting the
corresponding blank value. The concentrations that fell beneath the detection limit
were set to be half of the detection limit. Only the component values for which the
detection rates were above 50% were considered as valid. Statistical calculations
in this study were performed using IBM SPSS statistics version 19.0, and a
principal component analysis was performed using SIMCA-P version 13.0
(Umetrics, Umeå, Sweden).
The PCA was performed to compare the chemical component profiles of the
multiple indoor spaces with the outdoor environment. The values of all water151

soluble ions (WSIs), organic carbons (OC), elemental carbons (EC) and metal
elements from each sample were used in the PCA, except for the elements that
had a detection rate less than 50% (i.e., Ba, Ni and Cd on NEDs). The data were
firstly normalized and a PCA-X (SIMCA-P 12.0) was performed for an overview
of the data. This process allowed us to identify the relationships between the
indoor and outdoor PM2.5 levels on either NEDs or EDs based on the group
characteristics and distances in the resulting plots.
4.3 Results and discussion
4.3.1 Fine particle mass concentrations
Table 4.2 summarizes the variations in the fine particle mass of indoor and
outdoor sites on low and high pollution event days. The average outdoor PM2.5
concentrations on EDs (161±37.5 μg/m3) were more than two times higher than
that on NEDs (71.7±12.4 μg/m3), and the data observed from two sampling phases
were significantly different (99.9% confidence level). Similar to the outdoor
environment, significantly increased PM2.5 concentrations (p < 0.001) were
observed in the common offices on EDs (Table 4.2). Currently, there are no
legislative regulations regarding indoor PM2.5 concentrations in China, like many
other countries around the world (Lim et al., 2011). The outdoor guideline for
PM2.5 concentrations (National Ambient Air Quality Standard, NAAQS) (China,
2012) was used to evaluate the indoor pollution status. According to Table 4.2, the
percent of daily PM2.5 concentrations over the guideline value was 100% on EDs,
excluding the fresh air office data, which indicated that the indoor air quality was
quite poor on EDs. The smoking office and photocopy room data, which were
distinct sources of indoor PM, also had relatively higher PM2.5 levels during both
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EDs and NEDs. Moreover, PM2.5 levels in all the sampling sites in this study were
over the 24-hour average PM2.5 value of WHO Air quality guideline (25μg/m3)
(World Health Organization, 2006), which was particularly worrisome. Overall,
our measurements were much higher than those measurements from developed
countries such as United States (Geller et al., 2002; Larson et al., 2004; Olson et
al., 2008), Europe (Buczyńska et al., 2014; Cyrys et al., 2004; Diapouli et al.,
2011; Fromme et al., 2008; Stranger et al., 2009) or Korea (Lim et al., 2011).
However, the measurements were also noticeably lower than concentrations found
in other Chinese cities, such as Jinan (Dong et al., 2013).
Compared to previously reported levels from comparable studies, the data
from NEDs in the common offices here (excluding PC and EO) were comparable
to those levels found in Korea (Lim et al., 2011) and Hong Kong (Ho et al., 2004).
However, the PM2.5 levels on EDs were higher than many other indoor fine
particle concentrations reported overseas, including offices in Italy (Sangiorgi et
al., 2013), classrooms in Germany (Fromme et al., 2008), dining rooms in the
Czech Republic (Braniš and Kolomazníková, 2010), residential houses in the
USA (Geller et al., 2002; Larson et al., 2004; Olson et al., 2008), European cities
(Hänninen et al., 2004; Meier et al., 2015), and in Iran (Hassanvand et al., 2014)
and Chile (Ruiz et al., 2010).
The results of the ANOVA of PM2.5 levels on NEDs showed significant
differences between the investigated office environments (Table 4.3), suggesting
that each office space in this study had independent microenvironment of indoor
PM sources and the impact of human activities. The I/O (indoor/outdoor) ratio
values (Table 4.2) in all offices were indicative of some indoor PM sources (i.e.,
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ETS and photocopiers) (Gemenetzis et al., 2006). The PM2.5 I/O ratios in the PC
and EO on NEDs were higher than 1.0, which were more than 2 times higher than
that in other office environments. Moreover, on NEDs, a weak correlation
(Pearson correlation coefficient, r<0.50, Table 4.5) was also found between all the
indoor and outdoor PM2.5 mass concentrations, which indicated that indoor PM
sources had a stronger impact on the office PM2.5 concentrations during NEDs as
compared to the ambient air. However, the phenomenon changed drastically on
EDs. The only significant differences observed between offices were between the
fresh air office and the other studied sites in this period (Table 4.4). All I/O ratios
were smaller than 1.0 (Table 4.2) and there was a high correlation between the
indoor and outdoor PM concentrations (r>0.95, Table 4.5) on EDs (excluding the
fresh air office). Consequently, it can be concluded that the indoor PM2.5 levels on
EDs were a combination result of indoor sources and outdoor pollution. And the
contributions of indoor sources were masked by the strong effect of outdoor
pollution and not found to be significant. Several factors may lead to the observed
differences between the two campaigns. On NEDs, based on the use of air
conditioning, the air exchange rate was reduced because windows were shut,
which made each studied office become an isolated indoor space. On EDs, there
could be two drivers leading to serious indoor PM2.5 pollution. One is the higher
concentration differences between indoor and outdoor PM2.5 levels on EDs which
could enhance fine particle penetration through cracks and leaks in buildings.
Another is the longer time of window/door opening for higher air exchange rate
(Table 4.1) during EDs which could result in fine particle forwardly enter indoors
through the opening windows or doors.
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Here, we want to point out one fact that due to the relatively poor air
dispersion in winter and spring in Guangzhou, high pollution days mostly occur
during January to April, while low pollution days mostly occur during the summer,
from May to October, when there is an abundant wet deposition. It is reasonable
to expect that office workers will close their windows and use air conditioners all
day long in summer. However, in cooler period, most people in southern China
tend to turn off their air conditioners and instead open windows frequently to
obtain fresh air. In our study, the door/window open time (hours/day) recorded on
EDs were longer than on NEDs (Table 4.1). Thus, on EDs, the indoor office
environment may not only suffer higher pollution pressure from the outdoor air
quality but also a higher air exchange rate between the indoor and outdoor
environments.
In addition, the lowest I/O ratios were found for the fresh air office and had
no correlation with the outdoor PM2.5 levels on either NEDs or EDs (median=0.34
on both EDs and NEDs), indicating that the fresh air office had the least impact
from outdoor pollution.
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Table 4.2 The concentrations of PM2.5 in different investigated indoors and outdoors
NEDs (n=7, each site)
Sampling sites

Mean1

SD2

EDs (n=7, each site)

RSD3% I/O4 Mean1

Multi-user office 43.0
4.3
9.9
Single-user office 34.1
2.9
8.6
Photocopy room 102
5.2
5.2
ETS office
112
8.1
7.2
Fresh air office 22.4
3.0
13.2
Outdoor
71.7 12.4
17.3
Noted
1
values are in μg/m3
2
SD: Standard deviation
3
RSD: relative standard deviation
4
I/O: the average indoor/outdoor ratios
5
Results of T-test.

0.61 111
0.49 107
1.45 125
1.60 127
0.32 57.7
161

SD2

RSD3%

I/O4

25.1
18.0
31.4
28.2
12.7
37.5

22.7
16.9
25.2
22.2
22.0
23.3

0.69
0.67
0.77
0.79
0.37
-
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pvalue5
<0.001
<0.001
0.101
0.200
<0.001
<0.001

Table 4.3 ANOVA results (P value) of PM2.5 levels in different investigated
environments on NEDs
MO
SO
PC
SO
0.022*
PC
0.000** 0.000**
EO
0.000** 0.000** 0.011*
FO
0.000** 0.003* 0.000**
Outdoor 0.000** 0.000** 0.000**
Noted: *: p<0.05; **: p<0.001

EO

FO

0.000**
0.000**

0.000**

Table 4.4 ANOVA results (P value) of PM2.5 levels in different investigated
environments on EDs
MO
SO
PC
SO
0.787
PC
0.283
0.181
EO
0.356
0.234
0.880
FO
0.001** 0.002* 0.000**
Outdoor 0.002* 0.001** 0.028*
Noted: *: p<0.05; **: p<0.001

EO

FO

0.000**
0.019*

0.000**

Table 4.5 Pearson correlation coefficient (r) between the indoor and outdoor
PM2.5 concentrations
Sampling sites
Multi-user
office
Single-user
office
Photocopy
room
ETS office
Fresh air office

Pearson r

NEDs
P-value

EDs
Pearson r

P-value

0.288

0.532

0.950**

0.001

0.275

0.551

0.960**

0.001

0.442

0.321

0.967**

0.000

0.017
0.445

0.971
0.317

0.993**
0.591

0.000
0.162
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4.3.2 Chemical composition of PM2.5
The average mass concentrations and relative contributions of chemical
species in PM2.5, including water-soluble ions, metal elements, and carbon species,
at all indoor and outdoor study sites on both NEDs and EDs, are presented in
Figure 4.2. A clear trend was observed for all species, with higher concentrations
at all sites on EDs compared to on NEDs, with the exception of carbon species in
the photocopy room. Furthermore, the relative contributions of chemical
components also increased at each site. To better understand the differences
between EDs and NEDs, and indoor and outdoor spaces, the composition of
water-soluble ions, carbon species and metal elements in PM2.5 were studied in
detail.
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Figure 4.2. Average mass concentration and relative fraction in PM2.5 of (a) water
soluble ions, (b) metal elements, (c) carbonaceous species in indoor and outdoor
environments during NEDs and EDs.
(Error bars correspond to one standard deviation)
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4.3.3 PM chemical composition
Figure 4.2 shows the average mass concentration and relative fraction in
PM2.5 of water soluble ions, metal elements and carbonaceous species in indoor
and outdoor environments during NEDs and EDs. Obviously, the dominated
fraction of PM2.5 on NEDs was composed by carbonaceous species while on EDs
was water-soluble ions. Similar to PM2.5 mass concentrations, PC room and ETS
office show markedly higher levels of all chemical components on NEDs than
other offices, while FO presents the lowest ones on both NEDs and EDs.
Compared with previous reports involving indoor and outdoor PM2.5
pollution, the results in this study showed relative higher levels of PM chemical
components than many other developed countries and areas, particularly on EDs.
The total outdoor WSIs contributed to only 8.3% of ambient PM2.5 on NEDs, but
this contribution increased to 41% on EDs. The results were consistent with
former studies concluding that the WSIs were responsible for turning clear days to
foggy, hazy days. These studies also found the same increasing trend (Buczyńska
et al., 2014; Ram et al., 2012) for secondary inorganic aerosol species (SIAs, the
sum of nitrate, sulfate, and ammonium).
In the part of water-soluble ions, both outdoor and indoor environments were
dominated by secondary inorganic aerosol species (SIAs, the sum of nitrate,
sulfate, and ammonium) during both study periods. And the relative concentration
significantly increased on EDs. In this study, non-sea-salt sulfate (NSS-sulfate),
estimated using the equation nss-SO42- =[SO42-]-[Na+]×0.2516 (Monn et al., 1995),
constituted 99.5% of the ambient PM2.5 sulfate on EDs and 95.6% on NEDs. NSSsulfate, nitrate and ammonium dominated the WSI composition, accounting for
160

37.9% of PM2.5 on EDs (61.0 μg/m3) and 6.3% on NEDs (4.53 μg/m3). Therefore,
in addition to the limited dilution of pollutants on EDs, there is likely an increase
in the formation of secondary species, which is an important factor leading to the
haze episode days. Because high temperatures promote the conversion of
particulate nitrate to gaseous nitric acid (Zhuang et al., 1999), the increased nitrate
levels on EDs could be related to lower temperatures on EDs. Moreover, the high
levels of SIAs on EDs could be the result of high anthropogenic pollution and
secondary reaction of NOx and SO2 gases (Hassanvand et al., 2014).
Carbonaceous species are the sum of organic carbon (OC) and elemental
carbon (EC). The outdoor OC and EC concentrations in PM2.5 on NEDs (6.6
μg/m3 and 3.0 μg/m3) were relatively lower than those concentrations recorded at
other cities during summer, including Beijing (10.7 μg/m3 and 5.7 μg/m3) (Dan et
al., 2004), Kwangju in Korea (7.6 μg/m3 and 4.9 μg/m3) (Park et al., 2002) and
Thessaloniki in Greece (8.44 μg/m3 and 5.29 μg/m3) (Samara et al., 2014).
However, high loads of carbonaceous compounds were observed on EDs (25.3
μg/m3 and 11.8 μg/m3). The result reveals the serious carbon pollution in
Guangzhou during EDs, particularly when compared to those concentrations
recorded in the Pearl River delta region in winter, including Shenzhen (13.2 μg/m3
and 6.1 μg/m3), Zhuhai (12.2 μg/m3 and 5.0 μg/m3), and Hong Kong (9.6 μg/m3
and 4.7 μg/m3). There was no significant change in source emissions (e.g., heating
supply) in Guangzhou between the two sampling periods; therefore, these high
values may be due to the aggregation of carbonaceous pollutants under the stable
atmospheric conditions and weak winds on the EDs. The average indoor OC and
EC concentrations in the common offices were lower on NEDs but higher on EDs
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when compared to a previous report from Hong Kong (10.3 μg/m3 and 6.8 μg/m3)
(Ho et al., 2004). As presented in Figure 4.2, carbonaceous groups were the major
pollutants in PM2.5 on NEDs and the second major ones on EDs. They accounted
for an average of 13.6% outdoor PM2.5 and 34.0% indoor PM2.5 on NEDs, and
24.3% outdoor PM2.5 and 31.9% indoor PM2.5 on EDs. And the contribution of
OC was always higher than EC.
PM-bound elements can be divided into two major groups: earth crust
elements (namely Al, Fe, Ti and Mn) and anthropogenic elements (including Ag,
As, Ba, Cd, Co, Cr, Ni, V, Pb, and Zn) (Wang et al., 2006a). As shown in Figure
4.3, crust elements (Al and Fe) dominated the outdoor PM-bound elements during
both study periods, while the indoors had a more diverse metal distribution
patterns which showing different anthropogenic elements distribution in terms of
different studied sites and sampling phases.

Figure 4.3 Relative metal element compositions in indoor and outdoor
environments on NEDs and EDs.
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4.3.4 Indoor-outdoor relationships of PM chemical components
From Figure 4.4 and Table 4.6~Table 4.9, it could be observed that the I/O
ratios of three groups of chemical components were always less than 1.0 in all
microenvironments on EDs, and the chemical composition indoors also had a
similar fingerprint as the outdoor site (Figure 4.5). Moreover, relative strong
correlations were found between the most indoor and outdoor PM constituents
(Table 4.10). All these results implied that on EDs, indoor PM chemical
composition may mostly originate from outside.
However, some differences in chemical composition between indoor and
outdoor samples were obtained on NEDs. In multi-user office, photocopy room
and ETS office, the average I/O ratios of three groups of chemical components
were larger than 1.0 and relative weak correlations were observed between the
indoor and outdoor chemical compositions (Figure 4.3~Figure 4.5, Table 4.6 and
Table 4.8). Therefore, it could be assumed that there were substantial
anthropogenic

causes

for

the

PM-bound

chemicals

indoors

in

these

microenvironments. When detailed investigation was conducted, this study
observed some findings which may be important for further studies, as follow:
(1) SO42- indoors. It is thought that indoor concentrations are usually lower
than those concentrations outside (Stranger et al., 2009; Suh et al., 1992).
However, the average I/O ratio of SO42- was higher than 1.0 in both the PC and
EO and SO42- was the most abundant ion detected in all samples on NEDs.
(2) OC/EC indoors. As mentioned in previous studies, it is believed that most
of the indoor EC actually originates outside and is only partially due to indoor
activities such as smoking, frying and wood-burning (Cabada et al., 2004; Cao et
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al., 2012; Diapouli et al., 2011; Ho et al., 2004; Lazaridis et al., 2008). In this
study, these spaces showed significantly higher EC concentrations compared to
the outside (I/O ratio>1.0, Figure 4.3c) and exhibited only a weak relationship
between the indoor and outdoor EC concentrations (R2<0.5, Table 4.10). Similarly,
the indoor OC mass concentrations in the PC room and ETS office were
approximately 2 and 3 times higher than the outside OC mass concentrations on
NEDs, respectively.
(3) Metal elements indoors. The elements with average I/O ratios greater
than 1.5 (Table 4.8) suggest that there were significant indoor sources for that
element in the microenvironment. For instance, Pb, V, Cu, Zn, As and Cr all had
I/O ratios greater than 1.5 in the multi-user office and photocopy room. In the
ETS office, the I/O ratios of Pb, V, Mn, Cu, As, Sb, Zn and Cr were all greater
than 1.5. In the single-user and fresh air offices, the average I/O ratios of these
elements were less than 1.0 during both sampling phases, indicating that metal
elements in these two areas originated from the outside.
According to previous reports, toners have been proven containing large
amounts of organic carbon and elemental carbon (5~20%) (Bello et al., 2013) that
are released into the air during printing (Pirela et al., 2014a; Pirela et al., 2014b).
And sulfate and some elements (i.e.Zn, Cu) are detectable in printer-emitted
particles and toner powder (Pirela et al., 2014b). And sulfates and OC/EC have
also been reported to be associated with smoking (Dockery and Spengler, 1981;
Na and Cocker, 2005). Therefore, the indoor SO42- , OC/EC and some metal
elements levels may largely depend on the PM sources in the multi-user office,
the PC and the ETS office on NEDs. On the other hand, FO showed relative low
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I/O ratios (lower than 1.0) and mass concentrations of all chemical components
levels than any other office spaces in both studied campaigns, which indicated
that the fresh air system in this office could efficiently filter these PM-bound
chemical compounds and make a safer indoor air environments.
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Figure 4.4. Indoor/outdoor mass ratios for (a) water soluble ions, (b) metal
elements, (c) OC/EC in each study site on NEDs and EDs
(The reference line shows the I/O mass ratio of 1.0.)
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Figure 4.5. Water-soluble ion profiles in indoor and outdoor environments on
NEDs and EDs
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Table 4.6 I/O ratios of WSI in studied offices on NEDs

Mo
SO
PC
EO
FO

Sodium
0.42±0.18
0.5±0.43
0.78±0.38
0.69±0.26
0.61±0.52

Ammonium
0.36±0.15
0.73±0.48
0.40±0.17
0.37±0.23
0.44±0.30

Potassium
0.86±0.75
0.99±1.03
1.02±0.52
1.15±0.90
0.37±0.43

Calcium
0.38±0.26
0.43±0.26
0.82±0.78

Chloride
0.79±0.85
0.96±1.24
0.60±0.49
2.15±2.61
0.78±0.50

Nitrate
0.82±0.48
0.50±0.34
0.60±0.34
1.34±0.76
0.23±0.47

Sulfate
1.06±0.56
0.87±0.76
1.31±0.64
1.33±0.65
0.17±0.24

Table 4.7 I/O ratios of WSI in studied offices on EDs

MO
SO
PC
EO
FO

Sodium

Ammonium

Potassium

Calcium

Chloride

Nitrate

Sulfate

0.66±0.27
0.40±0.24
0.63±0.51
0.56±0.46
0.41±0.32

0.70±0.11
0.46±0.10
0.67±0.21
0.23±0.32
0.13±0.03

0.78±0.08
0.60±0.07
0.80±0.18
0.23±0.32
0.25±0.02

0.63±0.43
0.17±0.06
0.58±0.34
0.17±023
0.20±0.13

0.63±0.43
0.47±0.36
0.52±0.38
0.29±0.21
0.28±0.24

0.65±0.25
0.34±0.10
0.57±0.30
0.29±0.32
0.18±0.05

0.77±0.05
0.65±0.06
0.82±0.13
0.38±0.41
0.30±0.02
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Table 4.8 I/O ratios of metal elements of different indoor spaces on NEDs
Pb
Al
V
Cr
MO
1.88±0.43 0.22±0.15 1.37±0.64 1.21±1.37
SO
0.79±0.72 0.34±0.17 0.65±0.24 0.68±0.38
PC
2.22±1.44 0.37±0.17 2.24±1.28 1.05±0.73
EO
3.21±2.19 0.30±2.19 2.67±0.76 2.35±0.25
FO
0.31±0.20 0.38±0.57 1.02±0.32 0.86±0.32
Noted. N.A.: Not available due to limited valid values.

Mn
0.83±0.37
0.61±0.34
1.11±0.45
1.06±0.28
0.82±0.32

Fe
0.52±0.25
0.57±0.37
0.69±0.37
0.54±0.14
0.21±0.22

Cu
1.22±0.83
1.05±0.45
1.84±1.77
1.18±0.76
0.93±0.74

Zn
1.21±1.37
0.97±0.72
1.34±1.37
3.17±3.67
0.27±0.36

As
Se
Sb
2.41±1.61 1.27±0.28 1.05±0.25
0.69±0.25
N.A.
N.A.
1.61±0.42 1.80±0.28 1.26±0.29
2.05±0.95 3.04±0.76 2.46±0.83
1.02±0.36
N.A.
N.A.

Table 4.9 I/O ratios of metal elements of different indoor spaces on EDs

MO
SO
PC
EO
FO

Pb

Al

V

Cr

Mn

Fe

Cu

Zn

As

Cd

Sb

0.79±0.10
0.64±0.12
0.83±0.18
0.80±0.07
0.29±0.08

0.33±0.25
0.36±0.56
0.53±0.36
0.27±0.08
0.17±0.14

0.92±0.28
0.90±0.20
1.04±0.24
1.02±0.24
0.95±0.27

2.26±2.49
1.18±1.22
2.27±2.57
3.50±4.52
1.33±2.05

0.51±0.22
0.34±0.13
0.61±0.24
0.57±0.23
0.18±0.13

0.35±0.22
0.21±0.31
0.53±0.26
0.41±0.13
0.15±0.15

1.01±0.61
0.02±0.01
6.79±6.47
2.47±0.59
0.92±0.23

0.98±0.78
0.82±0.56
0.81±0.40
0.97±0.47
0.30±0.30

0.98±0.39
0.85±0.26
1.05±0.42
1.03±0.33
0.82±0.36

0.80±0.16
0.64±0.06
0.85±0.19
0.83±0.11
0.27±0.05

0.78±0.08
0.61±0.09
0.86±0.24
0.86±0.13
0.29±0.04
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Table 4.10 Correlation between indoor and outdoor PM chemical components (Pearson)
NEDs Sodium Ammonium Potassium Calcium Chloride Nitrate Sulfate
MO r -0.001
-0.168
-0.579
0.906 0.326 -0.484 0.317
p 0.999
0.719
0.173
0.005 0.476 0.271 0.488
SO r -0.520
0.003
-0.665 -0.096 0.019 0.107 -0.214
p 0.232
0.996
0.103
0.839 0.968 0.820 0.644
PC r 0.246
0.037
0.483
0.568 0.352 0.595 0.406
p 0.595
0.937
0.273
0.183 0.438 0.159 0.366
EO r 0.521
-0.654
0.568
-0.038 0.644 -0.110 0.364
p 0.230
0.111
0.183
0.936 0.119 0.814 0.422
FO r -0.302
-0.777
0.224
-0.546 -0.712 -0.402 -0.861
p 0.510
0.040
0.629
0.205 0.073 0.372 0.013
EDs Sodium Ammonium Potassium Calcium Chloride Nitrate Sulfate
MO r 0.846
0.904
0.929
0.438 0.821 0.899 0.954
p 0.008
0.002
0.001
0.278 0.012 0.002 0.000
SO r 0.687
0.765
0.888
0.279 0.794 0.853 0.942
p 0.060
0.027
0.003
0.504 0.019 0.007 0.000
PC r 0.685
0.663
0.561
0.409 0.297 0.601 0.851
p 0.061
0.073
0.148
0.314 0.476 0.115 0.007
EO r 0.867
0.071
0.997
-0.629 0.985 0.947 0.997
p 0.133
0.929
0.003
0.371 0.015 0.053 0.003
FO r 0.071
0.799
0.933
0.365 0.118 0.954 0.968
p 0.867
0.017
0.001
0.374 0.780 0.000 0.000

OC
EC
Pb
Al
V
Cr
Mn
Fe
Cu
Zn
As
0.122 0.087 -0.330 -0.029 -0.518 0.096 0.442 0.490 -0.682 -0.489 -0.586
0.795 0.852 0.470 0.950 0.234 0.838 0.321 0.264 0.091 0.266 0.167
-0.493 0.420 -0.030 -0.208 0.970 0.787 -0.139 -0.167 0.574 0.224 0.910
0.261 0.348 0.948 0.655 0.000 0.036 0.766 0.721 0.178 0.628 0.004
0.597 0.228 0.333 0.406 0.161 0.801 0.677 0.120 0.560 0.268 0.044
0.157 0.623 0.465 0.366 0.730 0.030 0.095 0.797 0.191 0.562 0.925
0.066 0.767 -0.208 0.824 0.400 0.816 0.605 0.736 0.396 0.013 0.195
0.887 0.044 0.654 0.023 0.373 0.025 0.150 0.059 0.379 0.977 0.675
-0.145 -0.196 0.255 -0.297 0.656 0.948 -0.359 -0.324 0.446 0.087 0.546
0.756 0.674 0.581 0.518 0.110 0.001 0.429 0.479 0.316 0.852 0.205
OC
EC
Pb
Al
V
Cr
Mn
Fe
Cu
Zn
As
0.963 0.863 0.784 0.495 0.703 0.216 0.647 0.540 0.388 0.356 0.926
0.000 0.006 0.021 0.213 0.052 0.607 0.083 0.168 0.342 0.387 0.001
0.727 0.811 0.525 -0.162 0.692 0.017 0.788 0.613 -0.019 0.559 0.952
0.041 0.015 0.181 0.701 0.057 0.968 0.020 0.106 0.964 0.150 0.000
0.609 0.508 0.605 0.586 0.720 0.224 0.842 0.614 -0.135 0.196 0.907
0.109 0.199 0.112 0.127 0.044 0.594 0.009 0.105 0.749 0.642 0.002
0.994 0.818 0.997 0.982 -0.068 -0.895 0.858 0.903 0.761 0.939 0.848
0.006 0.182 0.003 0.018 0.932 0.105 0.142 0.097 0.239 0.061 0.152
0.482 0.838 0.608 0.440 0.882 0.542 0.622 0.517 0.842 0.096 -0.118
0.226 0.009 0.110 0.275 0.004 0.165 0.100 0.189 0.009 0.821 0.780

r: correlation coefficients; p: statistical significance
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4.3.5 Principle component analysis
To make a comprehensive assessment of the relationship of indoor and
outdoor PM2.5 on NEDs and EDs, PCA was performed in this study. The results of
PCA were shown in Figure 4.6 and Figure 4.7. The first three principle
components of the PCA accounted for 96.45% and 86.7% of the total variance on
NEDs and EDs, respectively. Completely different scatter plots were observed for
the two sampling phases. On NEDs, the five indoor spaces were clearly separated
from the one outdoor environment. This result indicates that the indoor PM2.5
pollution on NEDs was little related with outdoor air but mostly affected by the
indoor conditions, especially for the PC and EO groups, which were farthest away
from the outdoor group. In contrast, only the FO group was clearly identifiable in
the EDs’ scatter plot, while the other indoor groups and the outdoor group were
mixed together. Thus, it may suggest that the PM2.5-bounded chemical
components of interest in all the indoor environments, except FO, were mainly
affected by the outdoor PM2.5 pollution on EDs. Moreover, the loading plot of
variables from the principal component analysis summarized the relationships
between the variables (Figure 4.8 and Figure 4.9). OC and EC were not highly
related to other variables on NEDs, which reveals that these specific pollutants
were the most important factors for differentiating the data groups. On EDs, the
sulfate and nitrate concentrations had the largest effect on the PCA scatter plot.
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Figure 4.6 PCA scatter plots of PM2.5 samples collected on NEDs
(Upper: PC1 vs. PC2; lower: PC1 vs. PC3; PC: principal component)
(MO: multi-user office, SO: single-user office, PC: photocopy room, EO:
smoking office, FO: fresh-air office, OD: outdoor)

172

Figure 4.7 PCA scatter plots of PM2.5 samples collected on EDs
(Upper: PC1 vs. PC2; lower: PC1 vs. PC3; PC: principal component)
(MO: multi-user office, SO: single-user office, PC: photocopy room, EO:
smoking office, FO: fresh-air office, OD: outdoor)
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Figure 4.8 Loading plot of variables by the principal component analysis on
NEDs
(Upper: PC1 vs. PC2; lower: PC1 vs. PC3; PC: principal component)
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Figure 4.9 Loading plot of variables by the principal component analysis on EDs
(Upper: PC1 vs. PC2; lower: PC1 vs. PC3; PC: principal component)
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4.4 Conclusions
This study provided insights into chemical composition and relationship of
indoor and outdoor PM2.5 on high and low pollution days in different types of
urban office environments.
On NEDs, the office PM2.5 pollution was characterized by the presence or
absence of PM sources. Significant indoor sources were found for fine particles as
well as the PM-bound chemical compounds. The I/O ratios (>1.0) and weak
correlation between indoor and outdoor concentrations demonstrated clear
presence of indoor sources (e.g. printing and ETS). Moreover, some indoor
chemical components, such as SO42-, OC, EC and some toxic metals, were found
to be associated with the process of printing and ETS.
However, the results on EDs showed the considerable influence of the
outdoor pollution on office environments. It could be confirmed by the
significantly increase of PM2.5 mass concentrations and PM-bound chemical
compounds of all analyzed offices, as well as relative high correlation between
indoor and outdoor PM2.5. It should be noted that firstly serious outdoor pollution
and secondly higher air exchange rate by the frequent opening of windows and
doors on EDs greatly increased the impact of the outside on office environments,
even to the point of masking the original differences the indoor characteristics,
which caused poor indoor quality of studied sites. Fortunately, the FO data
revealed that the fresh air system did efficiently filter out most of the outdoor
pollutants on both sampling campaigns.
Overall, our results suggested that improper human behavior is associated
with the day-to-day generation of indoor PM2.5, while sporadic outdoor pollution
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events can lead to poor indoor air quality in urban office environments. Because
of the fixed working hours and busy days required to keep the human body
healthy, office workers should pay attention to their office environments. To
avoid increasing indoor air pollution, we could remove printers from offices, ban
smoking indoors, and close windows on high pollution days.
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Chapter 5
GENERAL SUMMARY AND CONCLUSIONS

5.1 Concentrations and Distributions of PM and POPs in Guiyu and
Qingyuan after stricter regulations
The average TSP and PM2.5 concentration in the studied recycling regions
were all below the annual average limit of the second grade standard (GB30952012) (TSP: 200μg/m3; PM2.5: 35μg/m3), and were much lower than most of the
reported data from many urban areas in Asia and the former records from the ewaste recycling studies in China.
Similar to PM, three typical related POPs (PCDD/Fs, PBDEs and PCBs) all
showed significantly decreased levels than the reported data in these two regions.
To specific, the average TEQ concentration of PCDD/F in total air in informal
and formal recycling areas in Qingyuan were 0.271 pg I-TEQ/m3 and 0.644 pg ITEQ/m3, respectively, which were more than 31 times lower than the former
reports in 2009. The current atmospheric PCDD/Fs in the recycling regions of
Guiyu were 7 times lower than that in 2005. Similarly, obvious reduced
concentration of PCBs and PBDEs were observed in both regions. Relatively
lower PBDE concentration were found in Qingyuan (38.0~84.7 pg/m3) than in
Guiyu (~2500 pg/m3), showing the lowest recorded atmospheric data referring to
e-waste recycling. But higher ∑PCBs concentration were obtained in Qingyuan
(250~1735 pg/m3) than in Guiyu (109~228 pg/m3). More specifically, 1234678HpCDD, 1234678-HpCDF, OCDD, OCDF and 4~6 chlorinated 2378-PCDFs, as
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well as BDE-47 and BDE-99 were found dramatically reduced in studied regions
by comparing with the former reports, which could be the result of stricter
controls on the previous dominating sources. In addition to the reduction of
pollutants concentrations, the congener and homologue profile of PCDD/Fs and
PBDEs were found to be different from the former reports. The decreased
concentrations and changed source patterns of POPs in current study could be
attribute to the implementation of stricter regulation and advanced technologies as
follows, in recent years:
(1) Open burning and acid washing of e-waste have been totally banned in
the two regions; instead of burning wires, wire-stripping machines were widely
applied to recover copper and other metals.
(2) Modern plastics industries involving sorting, melting and granulating
were established to recycle plastics residues, instead of open burning and
dumpling plastics materials.
(3) Large centralized industrial parks were established and put into running
with more sophisticated techniques in Qingyuan, and most of informal familyrunning workshops were moved into the central parks.
Despite the improvements metioned above, the e-waste recycling impact was
still significant in the two recycling regions, which could be listed as follows:
(1) In Guiyu, the values of PCDD/Fs in the recycling areas were all above
the annual standard of air quality in Japan (0.6 pg TEQ/m3), which indicating
alarming PCDD/Fs pollution existed there. Highest PCDD/Fs, DL-PCBs and
PBDEs levels were observed in the ambient air in plastics recycling sites and
circuit board baking sites, which was more than 10 times higher than the reference
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site. The POPs contribution in these sites may attribute to the low-temperature
pyrolysis or thermal reaction which resulting in dioxin-like compounds formation
and PBDEs release in these two kinds of technological processes.
(2) Relatively higher PCBs concentrations were found in both two recycling
sites in Qingyuan than reference sites and Guiyu region. PCBs released in these
sites may be the concequence of the copper recovery from copper coil recycling in
transformers which were mostly PCBs containing e-wastes.
(3) In addition to unformal recycling impact, the formal factory may also
release notable amount of PCDD/Fs and DL-PCBs to the ambient air, resulting in
the levels in and around the centralized industrial park nearly or already exceed
the safe limit (0.6 pg TEQ/m3) and relatively higher than other sampling sites in
Qingyuan.
(4) Relatively high PCDD/Fs concentrations (1020~3637 pg/g, averaged
2662 pg/g) were found in indoor dust collected around e-waste recycling areas in
Guiyu, which were 59 times higher than the reference site and even higher than
any other reported data from e-waste areas. PCDD/Fs and PBDEs in fine particles
were highly correlatied with the data from indoor settle dust, indicating that the
ambient pollutants could finally transfer to another human exposure matrix -indoor dust by day-to-day particle deposition.
5.2 Human health risk estimation to POPs via inhalation and dust ingestion
in e-waste recycling regions
By applying US EPA human risk assesement models and Chinese human
exposure factors, the average daily intake from inhalation and dust ingestion of
dioxin compounds were estimated 1.06~3.00 pg TEQ/kg/day and 9.50~33.4 pg
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TEQ/kg/day for adults and children, respectively. Higher or comparable
environmental contribution to the total intake than the common diet intake were
observed, which was different from the estimation for common populations.
Hazard indices for the residents of concern were computed by summing the
hazard quotients of inhalation and dust ingestion to PCDD/Fs, DL-PCBs and
PBDEs. Hazard quotients were calculated for the three groups of POPs using the
oral reference doses where available. For a adult scenario, the hazard indices
suggested minimal risk of noncarcinogenic effects (HI<5) in all studied areas.
However, for a child scenario, the estimated non-cancer risk of the exposure to
POPs indicated high levels (HI>20) in the plastics recycling and waste curcuit
board baking areas, and moderate in the vicinage of the formal recycling factory
(H = 6.5). Dust ingestion of dioxin-like compounds dominated in the estimated
total environmental exposure doses. The higher risk for a child was mainly
because of the higher dust ingestion rate for a child (200 mg/day) than a adult (50
mg/day), and relatively higher dioxin like compounds found in dust in these areas.
which the dominance of dust ingestion of dioxin-like compounds to the estimated
total environmental exposure doses.
Cancer risk was estimated using slope factors according to US EPA database.
For both child and adult scenarios, moderate cancer risk were found for the
residents living in the recycling regions of Guiyu and the vicinage of the formal
recycling factory (CR>10-4). Moreover, children is believed to be more
susceptible than adults and thus may take higher risk of carcinogenic effects,
which should pay more attentions in the further investigation.
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Overall, the non-cancer and cancer risk assessment in the two e-waste
recycling regions indicated that the environmental issure from e-waste recycling
activities were still a threat to human health, especially for the regions majoring in
plastics recycling and curcuit board baking which were still uncontrolled in Guiyu
in the past years.
5.3 PM2.5 levels in urban daily places
In modern society, most urban population spend more than 80% of their
lifetime in varied indoor spaces, which includes at least 8 hours working time a
day in office and about 10 hours household time for most office workers in
workdays. With the increasing concern of the human exposure to air pollution of
urban common population, indoor and outdoor fine particles was measured in
fourteen offices and three private house in different urban areas (urban central
zone, high-tech industrial zone, manufactory zone) in Guangzhou from March to
October, 2015. The average outdoor PM2.5 concentration and most indoor values
were found to be higher than the annual guideline of the Chinese National
Ambient Air Quality Standard (35 μg/m3) and the 24-hour average PM2.5 value of
WHO Air quality guideline (25μg/m3), suggesting unsafe air quality in both
indoor and outdoor environments. Compared with previous studies, the studied
indoor environments showed relatively higher fine particle concentrations than
most of developed countries, but lower than most North China cities.
Different levels of fine particle were obtained in varied microenvironments,
with the highest found in photocopy rooms and smoking offices, while the lowest
observed in fresh-air office. The average I/O ratios of smoking indoors and
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photocopy rooms were higher than 1.0, which were indicative of some PM
sources indoors (i.e., smoking, photocopying).
5.4 PM-bound PAHs in urban environment
Among the 16 US EPA priority PAHs, 13 PAHs (excluded Nap, Acy and
Ace) were frequently detected in fine particles collected from both indoor and
outdoor environments, except fresh-air office. The indoor and outdoor PAHs
concentrations in studied spaces were ranged from 0.57 to 19.5 ng/m3 and from
0.53 to 11.4 ng/m3, respectively, which both showed significantly lower than the
similar measurement in Beijing. And the indoor values were all comparable with
that obtained in the house without smoking and cooking interference in Portugal
and Hong Kong.
However, obvious source dependency of total PAHs were found among
varied kinds of office environments. Similar to PM2.5, the highest PAHs median
concentrations were found in photocopy rooms and smoking offices, while the
lowest were fresh-air office (all under detection limit) and windowless offices (no
obvious PAHs source indoors). Moderate correlation was found between PM2.5
concentrations and ∑PAHs levels in indoors (r=0.53), suggesting similar sources
of PM and PAHs indoors. The air of the smoking offices and photocopy rooms
were more seriously polluted by PAHs, with total PAHs concentrations by an
average of 290% and 300%, respectively, higher than at the reference offices. And
the average I/O ratios of individual PAHs were all higher than 1.0 in these two
kinds of offices. Therefore, in addition to PM2.5, smoking and photocopy were
found to be important sources of PAHs in related offices.
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The major contributors of PAHs in smoking offices were found to be Fl, Phe,
Flu, Pyrene , BbF, Chr and BghiP, most of which were 3~4 rings PAHs, and
showing more than 2 times higher than reference offices.
Similarly, higher I/O ratios of LMW- and MMW-PAHs which including Fl,
Phe, Ant, Flu, Pyr, and B(a)A, were observed in photocopy rooms than in
windowless offices (reference offices). The related compounds were mostly
consistent with the PAHs species released from a simulated laser printing process.
The comparison with outdoor and reference offices may indicate a significantly
influence of printing/photocopy process to indoor PAHs pollutions. To our
knowledge, this is the firstly field measurement focus on PAHs pollution in the
office areas relating to photocopying and printing activities. Nevertheless, as there
is limit research about the mechanism of PAHs formation in the process of
photocopying or printing, it is difficult to verify the printing related-PAHs in
microenvironments, further investigation is still needed in the future.
Diagnostic ratios (DRs) were further used for PAHs sources apportionment
in varied microenvironments. By comparing with the reference diagnostic ratios
of different PAHs origins, outdoor particle-bound PAHs in this study were found
to be primary originated from the mixture of gasoline and diesel vehicle exhaust.
Although no reference values could be used for the indoor PAHs diagnostic
except for biomass combustion, the values of DRs of indoor PAHs were also
calculated and compared with outdoors in this study. All DR values of the
common offices (multi-user offices, single-user offices and windowless offices)
were similar with outdoors, indicating the dominance source of outdoor air. While
DR values for BaP/BghiP and BaP/(BaP+Chr) were found to be different in
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photocopy rooms and smoking offices from outdoors, suggesting the important
influence of indoor PAHs emissions.
5.5 Indoor and outdoor OPFRs in urban daily environment
OPFRs were proved to be typical indoor organic pollutants in this study. All
the indoor ∑OPFR were significantly higher than the corresponding outdoor
environments (p<0.05, T test), with an average I/O ratios ranged from 1.7 to 8.7.
The ∑OPFR concentrations in varied studied microenvironments were from 1.56
to 72.5 ng/m3, which were relatively lower than most reports in developed
countries.
Similar to PAHs, varied levels of ∑OPFR concentrations were observed in
studied indoor spaces. The lowest ∑OPFR concentrations were found to be in
fresh-air office while the highest in photocopy rooms and windowless offices.
With the comparison of building environment as well as indoor setting in varied
microenvironments, two factors were likely affect indoor OPFR levels as follows:
(1) Ventilation. The limited working hours of sole mechanical ventilation
system in windowless offices may finally result in accumulation of OPFRs
indoors. While relative lower OPFR concentration in smoking office may attribute
to the activity of window and door opening to get higher air exchange rate in such
indoor spaces.
(2) Occupants. The occupant number determines the quantity of indoor
settings such as office electronic equipment and office furniture which could
slowly release OPFRs. This could be the reason of remarkable higher OPFRs
concentrations obtained in multi-user offices than single-user offices.
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Moreover, the higher ∑OPFR in photocopy rooms may result from the
emission of the electrical equipment involving photocopy and printing equipment.
However, to our knowledge, there is no data that have been ever reported about
the OPFR emissions from photocopy and printings. Source survey is needed for
further confirmation. In addition, significantly lower OPFRs were observed in
private homes than most studied offices except smoking offices and fresh-air
(p<0.05, T test), which may attribute to the stricter fire safety standards of the
indoor settings and materials in public areas compared to private houses.
TDCPP, TBEP and TCEP were the predominant OPFRs in private house air,
which may be mainly from the household furniture such as sofa, mattress, baby
products and polished floor. Similar to previous studies, high detection frequency
as well as high abundance of TCEP, TCiPP, TMCPP, and TCPP were found in
most offices, which could attribute to the release from the building materials and
office furniture. The profiles in outdoor samples were obviously different from
any indoor ones, in which TBP and TCEP were dominated contributors of OPFRs
(>70%) with high detection frequency (>93%). The outdoor TBP may mostly
originate from wide use in hydraulic fluids in vehicles, and TCEP could be the
result of its large amount use in south China.
Of note, the main contributors of ∑OPFRs indoors were all chlorinated
OPFRs including TCEP, TCiPP, TMCPP, TCPP and TDCP, contributing 38% to
98% of ∑OPFRs averagely. It revealed the universal application of these
chlorinated compounds in indoor building materials, furniture and electronic
equipment and thus easily release into varied indoor spaces. However, since
carcinogenic or other negative human effects have been proposed, some
halogenated OPFRs are not recommended as substitutes for BFRs. Therefore,
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there is a contradictory problem in real life about the popular application and the
unpopular POPs characteristics on halogenated OPFRs.
5.6 Health risk assessment for urban common populations.
Based on the activity time distribution, the integrated PAHs and OPFRs
exposure values of the people work in different office environments were
estimated by summing the fractions of exposure in office, in home, and in outdoor
environments.
Over 85% of PAHs exposure were from indoor exposure. And PAHs in
private homes contributed dominantly to the integrated BaPeq values (54%~71%)
due to the longer staying time and higher BaPeq determined in private homes. The
average integrated BaPeq values for the studied population were all equal to or
greater than the annual concentration standard (1.0 ng/m3) proposed by European
Commission. And the LLCR values of the people working in studied offices were
near or over the acceptable cancer risk level (10-4), suggesting the unacceptable
indoor air quality in Guangzhou in terms of PAHs exposure.
In the aspect of OPFRs exposure, the estimated ADDs of OPFRs showed no
significantly difference for the people occupied in different types of offices, which
were around 2.0 ng/kg bw/day and comparable with other reports based on dust
ingestion or indoor air intake. Non-cancer risk (HQ) of OPFRs were determined
based on the individual RfD values of targeted OPFRs, where available, and the
total risk index (HI) were calculated by summing all individual HQ up. Unlike
PAHs, the estimated non-cancer risk of OPFRs showed a tolerable risk to the
studied populations. However, due to uncertainty of insufficient toxic data of
OPFRs, the preliminary assessment results could not be felt optimistic.
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5.7 Indoor particle source impact on PM2.5 concentration and chemical
composition on NEDs
To determine whether the air quality inside an office is affected by the
changes in outdoor air pollution and to identify the sources of pollutants within
the work environment in such changes, five offices with typical office
environments were selected to make a comprehensive investigation on fine
particle pollutions. The five offices included three common office (single-user
office, multi-user office and fresh-air office, where no obvious indoor PM sources
indoors) and two affected offices (smoking office and photocopy room).
On non-episode days (NEDs), the office PM2.5 and PM-bound chemical
compositions (water-soluble ions, carbon species and metal elements) were
obviously influenced by the presence or absence of indoor PM sources. The I/O
(indoor/outdoor) ratio values as well as weak correlation between indoor and
outdoor concentrations of PM2.5 and the chemicals compositions suggested a
strong impact of indoor source on the office PM2.5 pollution during NEDs. In
addition to PM2.5, some indoor chemical components, such as SO42-, OC, EC and
some toxic metals (Pb, V, Cu, Zn, As and Cr) were found to be associated with
the processes of printing and tobacco smoking.
5.8 Outdoor haze effect on indoor PM2.5 in urban office areas
On high pollution days (EDs), with the increased outdoor PM2.5 and PMbound chemicals concentrations, significantly increased levels (p<0.001) were
also observed in the common offices. The percent of daily indoor PM2.5
concentrations over the guideline value was 100% on EDs, excluding the fresh air
office data, suggesting quite poor indoor air quality on EDs. In addition, the
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relative contributions of the particle-bound chemicals were obviously higher on
EDs than on NEDs. The relationship of indoor and outdoor air showed some
differences from on NEDs, which listed as follows:
(1) Significant differences of PM2.5 levels between the investigated office
environments on NEDs disappeared on EDs, with the only significant differences
observed between fresh-air office and the other study sites.
(2) All I/O ratios were smaller than 1.0 and there was a high correlation
between the indoor and outdoor PM concentrations on EDs.
(3) The I/O ratios of three groups of chemical components were always less
than 1.0 in all microenvironments on EDs, and the chemical composition indoors
also showed a similar fingerprint to the outdoor site.
(4) The contributions of indoor sources were masked by the strong effect of
outdoor pollution and not found to be significant on EDs.
(5) The results of PCA further confirmed closer relationship of the PM2.5bound chemical in all studied indoors with outdoor air on EDs.
All these results implied that on EDs, indoor PM chemical composition
mostly originated from the outside. Most EDs in South China happened in cooler
period when most people tend to turn off their air conditioners and alternatively
open windows frequently to obtain fresh air. Therefore, the greatly increased
impact of the outside on office environments could be attributed to firstly serious
outdoor pollution and secondly higher air exchange rate by frequent opening of
windows and doors on EDs.
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Fortunately, significantly lower than 1.0 of I/O ratios and were found for the
fresh air office and had no correlation with the outdoor PM2.5 and bounding
chemicals on either NEDs or EDs, indicating that the fresh air office had the least
impact from outdoor pollution. That is, the fresh air system did efficiently filter
out most of the outdoor pollutants on both sampling campaigns.
5.9 General conclusions
5.9.1 Influence of E-waste dismantling and its regulations
The long history of unregulated recycling and disposal of e-waste had result
in severe air pollutions in the recycling regions and sourrouding areas in South
China. The authorities have been aware that the e-waste related pollution were not
only due to the lack of reguation, but also to inefficient or inproper
implementation of reguation. Since the 2010s, the authorities of Guangdong
province and local government have enhanced law enforcement and
environmental regulation to abolish uncontrol e-waste recycling activities. The
historical major uncontrolled sources of toxicants, which were open burning and
acid washing, have been totally ban after stricter regulation were implemented
during these years.
Compared with the former corresponding reports, this study demostrated that
the levels of both particulate matters (TSP and PM2.5) and three typical related
POPs (PCDD/Fs, PBDEs and PCBs) in ambient air of two e-waste hotspots, have
been significant reduced. And the changed source patterns of the POPs further
confirmed the environmental effects of the implementation of stricter regulation
and advanced technologies in these regions.
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However, the e-waste recycling activities still make significant influence to
the air environments during our survey. Alarming levels of PCDD/Fs were
observed in Guiyu, which could attrbute to the processes of circuit board baking
and plastics recycling. While PCBs may be mainly from the release of transformer
dismantling, was the major problem both in informal and formal recycling sites in
Qingyuan.
Human health risk assessment results further suggested the unsafe
environments in the recycling regions. For both child and adult scenaros, the noncancer and cancer risk of residents showed unacceptable risk through inhalation
and dust ingestion of the POPs. It is worth to note that, the selected POPs in fine
particles in recycling sites may finally transfer to indoor environments and result
in high contribution of POPs exposure through accumulated dust ingestion to the
local residents.
To our knowledge, the current study was the first report about POPs and PM
contaminations in field monitoring in this two regions after stricter regulations
were implemented, and the results had been submitted to the authorities for the
policy making in the following years. Overall, the measures implemented in
recent years showed reduced effects on the relases of the typical POPs as well as
paticulate matters. However, the contamination status was still considered to be
severe in the recycling regions. The main recycling activities in Guiyu, plastics
recycling and curcuit board recycling, were still uncontrolled sources there. In the
recent two years, reinforcement of the e-waste recycling regulation have been
implemented by local authorities. In Guiyu, a large centralized e-waste
dismantling park has been established, and most of small-sized recycling
workshops has been closed down and moved into the park. Plastics recycling and
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circuit board baking nowadays are running in the centralized park with
standardized processes with more sophisticate recycling technologies and control
measures. Nevertheless, it is a long way to solve e-waste issues and more effictive
measures are always needed to minimize the contaminants exposure to the local
residents. A comprehensive risk asessment of e-waste recycling regions and the
impact on surrounding areas are still urgently necessary in further studies.
5.9.2 Air pollution and human health risk in urban daily places
The average outdoor PM2.5 concentration and most indoor values were found
to be higher than the guideline value of WHO Air quality guideline (25μg/m3),
suggesting unsafe air quality in both indoor and outdoor environments in urban
areas in South China. The indoor PM2.5 and PM associated pollutants could be
characterized by the presence or absence of PM sources. Smoking and
photocopying were found to be significant indoor sources of PM2.5 and associated
pollutants on normal days. While on haze days, serious outdoor pollution greatly
increased the impact of the outside on office environments, even to the point of
masking the original differences the indoor characteristics, which caused even
poor indoor quality. PAHs is found to be important PM associated POPs in varied
daily spaces. Over 85% of PAHs exposure were from indoor exposure, with
dominated contribution from private homes. Both the average integrated BaPeq
values and estimated Lifetime Lung Cancer Risk (LLCR) for the studied
population suggested the unacceptable indoor air quality in Guangzhou in terms
of PAHs exposure.
In addition to PAHs, organophosphate flame retardants were found to be
another kind of ubiquitous organic pollutants indoors. Although the integrated
ADDs and estimated non-cancer risk of the studied population appear tolerable to
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the exposure of OPFRs, due to uncertainty of insufficient toxic data of OPFRs, it
is still too early to feel optimistic for the preliminary assessment results. It is
worth to note that, the relatively lower OPFRs indoor in this survey may imply
that brominated flame retardants remained the major flame retardants in South
China. And the dominated contribution of halogenated OPFRs in studied indoors
may raise a contradictory problem in real life about the popular application and
the unpopular POPs characteristics on halogenated OPFRs.
Overall, our results suggested an unsatisfactory indoor air quality in urban
areas, which may attribute to indoor uncontrolled sources, human improper
behaviors and sporadic outdoor pollution events. However, there are still lack of
indoor quality standards and guidelines for fine particulate matters all over the
world, which is urgently needed. Because the majority hours of human life spend
indoors, people should pay attention to their indoor environments. For instance, to
avoid increasing indoor air pollution, we could remove printers from offices, ban
smoking indoors, and close windows on high pollution days.
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