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Abstract Chlorinated and brominated polycyclic

aromatic hydrocarbons (ClPAHs and BrPAHs, respec-

tively) are a new derivative group of PAHs. These

halogenated PAHs (Halo-PAHs) have been reported to

be carcinogenic and are considered emerging persis-

tent organic pollutants. Gaining a clear understanding

of the distribution and behavior of these ubiquitous

organic pollutants is essential for the control and

mitigation of their emission into the environment.

However, research into the characteristics of Halo-

PAHs in the atmosphere has been somewhat limited.

This review paper thus aims to provide an overview of

the seasonal patterns, profiles, potential sources, and

particle-size distributions of atmospheric ClPAHs and

BrPAHs with 3–5 rings. Most previous studies have

focused on particulate Halo-PAHs and reported that

their levels are higher during the cold season than

during the warm season, with this seasonal variation

more apparent for ClPAHs than for BrPAHs. In terms

of their phase distribution, ClPAHs and BrPAHs share

a similar trend, with their gaseous concentrations

highest in summer and lowest in winter and their

particulate concentrations exhibiting the opposite

trend. Halo-PAH profiles have been shown to differ

between sampling locations, possibly reflecting dif-

ferences in the potential sources present at these sites,

e.g., coal burning, traffic emissions, and industrial

activity. The majority of Halo-PAHs tend to accumu-

late as ultrafine particles with an aerodynamic diam-

eter of less than 1.0 lm. Overall, a detailed

understanding of the characteristics of Halo-PAHs in

the atmosphere has yet to be achieved; hence, further

research on atmospheric Halo-PAHs is necessary.

Keywords Chlorinated PAH � Brominated PAH �
Atmosphere � Seasonal variation � Formation

mechanism � Size distribution

1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are notori-

ous organic pollutants commonly found in ambient air

that have been reported to have serious adverse effects

on human health (Abdel-Shafy and Mansour 2016;

Armstrong and Gibbs 2009; Menzie et al. 1992). As

such, the distribution and behavior of atmospheric
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Table 1 Abbreviation, toxicity, and physicochemical properties (at 25 �C) of Halo-PAHs

Compound Abbreviation NR
a Mass

(g/mol)

REPBaP
b logPL (Pa)c logKOA

c DHL

(kJ/mol)c
DUOA

(kJ/mol)c

ClPAHs

9-chlorophenanthrene 9-ClPhe 3 212.5 0.03 - 2.51,

- 2.21d
8.41 - 82.23 70.24

1,9-dichlorophenanthrene 1,9-Cl2Phe 3 247.0 0.12 - 3.44 9.25 - 92.34 79.30

3,9-dichlorophenanthrene 3,9-Cl2Phe 3 247.0 0.32 - 3.43 9.24 - 92.51 79.45

9,10-dichlorophenanthrene 9,10-Cl2Phe 3 247.0 0.20 - 3.49 9.30 - 92.89 79.79

3,9,10-

trichlorophenanthrene

3,9,10-

Cl3Phe

3 281.5 0.77 - 4.25 9.98 - 100.84 86.91

1-chloroanthracene 1-ClAnt 3 212.5 0.04 - 1.68e 8.19f –g –

2-chloroanthracene 2-ClAnt 3 212.5 0.10 - 2.57 8.47 - 82.92 70.87

9-chloroanthracene 9-ClAnt 3 212.5 0.03 - 2.57 8.47 - 82.89 70.84

9,10-dichloroanthracene 9,10-Cl2Ant 3 247.0 0.20 - 3.44 9.25 - 92.34 79.30

3-chlorofluoranthene 3-ClFlt 4 236.5 0.17 - 3.76 9.54 - 95.73 82.33

8-chlorofluoranthene 8-ClFlt 4 236.5 0.18 - 3.81 9.58 - 96.28 82.83

1,3-dichlorofluoranthene 1,3-Cl2Flt 4 271.0 – - 4.39 10.11 - 102.00 87.95

3,4-dichlorofluoranthene 3,4-Cl2Flt 4 271.0 – - 4.82 10.48 - 105.97 91.50

3,8-dichlorofluoranthene 3,8-Cl2Flt 4 271.0 5.70 - 4.64 10.32 - 104.53 90.21

1-chloropyrene 1-ClPyr 4 236.5 0.10 - 3.95,

- 4.06d
9.71 - 97.36 83.79

Dichloropyrene Cl2Pyr 4 271.0 – - 4.74 10.42 - 105.09 90.72

Trichloropyrene Cl3Pyr 4 305.5 – - 5.96 11.51 - 119.27 103.41

1,3,6,8-tetrachloropyrene 1,3,6,8-

Cl4Pyr

4 340.0 – - 6.66 12.13 - 126.28 109.69

7-chlorobenz[a]anthracene 7-ClBaA 4 262.5 0.83 - 5.78 11.34 - 117.48 101.81

7,12-

dichlorobenz[a]anthracene

7,12-Cl2BaA 4 297.0 0.10 - 6.57 12.05 - 125.40 108.90

6-chlorochrysene 6-ClChr 4 262.5 2.10 - 5.72 11.29 - 116.95 101.34

6,12-dichlorochrysene 6,12-Cl2Chr 4 297.0 0.03 - 6.60 12.08 - 125.94 109.38

6-chlorobenzo[a]pyrene 6-ClBaP 5 286.5 0.09 - 7.36 12.76 - 132.91 115.62

Dichlorobenzo[a]pyrene Cl2BaP 5 321.0 – - 8.10 13.42 - 139.64 121.65

Trichlorobenzo[a]pyrene Cl3BaP 5 355.5 – - 8.73 13.98 - 145.40 126.81

BrPAHs

2-bromofluorene 2-BrFlu 3 245.0 0.02 - 2.12,

- 2.46d
8.06 - 77.83 33.31

9-bromophenanthrene 9-BrPhe 3 257.0 0.02 - 3.01,

- 2.83d
8.87 - 87.78 75.21

9-bromoanthracene 9-BrAnt 3 257.0 0.01 - 3.09 8.94 - 88.55 75.90

9,10-dibromoanthracene 9,10-Br2Ant 3 336.0 – - 4.33 10.05 - 101.08 87.12

1-bromopyrene 1-BrPyr 4 281.0 0.04 - 4.38 10.09 - 101.48 87.48

7-bromobenz[a]anthracene 7-BrBaA 4 307.0 0.84 - 6.21,

- 6.25d
11.73 - 121.47 105.38

4,7-

dibromobenz[a]anthracene

4,7-Br2BaA 4 386.0 0.77 - 7.38 12.78 - 132.48 115.24

5,7-

dibromobenz[a]anthracene

5,7-Br2BaA 4 386.0 0.02 - 7.43 12.83 - 133.04 115.74
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PAHs have been extensively studied for decades

(Harner and Bidleman 1998; Ichikawa et al. 2018;

Sonnefeld et al. 1983; Zhang et al. 2019). They can be

produced by the incomplete burning of organic matter

from natural processes and/or anthropogenic activity

(Choi et al. 2007, 2012b). Due to industrialization and

urbanization, many new groups of organic pollutants

have been generated, and they interact within the

atmosphere. In particular, a group of PAH derivatives

that includes chlorinated PAHs (ClPAHs) and bromi-

nated PAHs (BrPAHs) is considered to be of signif-

icant concern (Ohura et al. 2018).

The synthesis for the two groups of halogenated

PAHs (Halo-PAHs) and their toxicological effects,

including genotoxicity, tumorigenicity, and metabo-

lism impacts, have been documented in detail (Fu et al.

1999), with several reviews summarizing the distri-

bution and behavior of ClPAHs and BrPAHs within all

environmental compartments (Jin et al. 2020a; Ohura

2007; Sun et al. 2013). However, many recent studies

have focused on atmospheric ClPAHs and BrPAHs,

and a specific review of these two groups has become

necessary. Although an overview of ClPAHs and

BrPAHs in the air has been published previously

(Ohura et al. 2012), there have been limited reviews

about seasonal variation in and profiles of atmospheric

ClPAHs and BrPAHs. Halo-PAHs may also include

fluorinated and iodinated PAHs; however, we are

unable to cover all results about Halo-PAHs; there-

fore, this review aims to summarize information on the

physicochemical properties, toxicology, formation

mechanisms, and atmospheric patterns, with a partic-

ular focus on the seasonal patterns, phase distributions,

and particle-size distributions of atmospheric ClPAHs

and BrPAHs with 3–5 rings.

ClPAHs and BrPAHs have a similar chemical

structure to their corresponding parent PAHs, with

chlorine or bromine atoms attached to the aromatic

rings (Fig. 1). Polychlorinated naphthalenes (PCNs),

which can be considered 2-ring ClPAHs, have been

widely investigated (Helm et al. 2004; Ishaq et al.

2003; Liu et al. 2014). ClPAHs can be categorized into

substituted and added forms depending on how the

chlorine atoms are attached (Haglund et al. 1987;

Nilsson and Colmsjö 1991, 1992). The former group is

produced when chlorine atoms compete with and

replace hydrogen atoms in the PAH rings, while the

latter involves the addition of chlorine atoms, which

destroys the aromatic structure of PAHs. Added

ClPAHs have been reported to be less stable, more

reactive (Nilsson and Colmsjö 1990), and more polar

(Colmsjö et al. 1984) than substituted ClPAHs.

Because the majority of published studies have

investigated substituted ClPAHs, this review mainly

focuses on substituted ClPAHs and BrPAHs with 3–5

rings. The abbreviations ClPAHs and BrPAHs used in

this paper refer to their substituted forms. The term

Halo-PAHs specifically refers to substituted ClPAHs

and BrPAHs.

A list of ClPAHs and BrPAHs, their toxicity, and

physicochemical properties are presented in Table 1.

There are many potential species for these two types of

Halo-PAHs that differ in the number and the position

of the chlorine and bromine atoms in their PAH

structures. However, 1,3,6,8-Cl4Pyr (340 g/mol), Cl3-
BaP (355.5 g/mol), and Br2BaA (386 g/mol) are the

heaviest species that have been studied to date, with

the highest number of halogen atoms.

Table 1 continued

Compound Abbreviation NR
a Mass

(g/mol)

REPBaP
b logPL (Pa)c logKOA

c DHL

(kJ/mol)c
DUOA

(kJ/mol)c

7,11-

dibromobenz[a]anthracene

7,11-

Br2BaA

4 386.0 0.06 - 7.20 12.62 - 130.82 113.75

7,12-

dibromobenz[a]anthracene

7,12-

Br2BaA

4 386.0 0.09 - 7.25 12.66 - 131.23 114.11

6-bromobenzo[a]pyrene 6-BrBaP 5 331.0 0.002 - 7.57 12.95 - 133.85 116.47

aNumber of aromatic rings, bvalues obtained from previous studies (Ohura et al. 2007, 2009), cvalues obtained using the gas

chromatographic retention time technique (Vuong et al. 2020b), dvalues obtained using the Knudsen effusion technique (Fu and

Suuberg 2012), ea value calculated using EPI Suite 4.11 (US EPA); fa value calculated using Eq. (1); gnot available
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2-BrFlu 9-BrPhe 9-BrAnt 9,10-Br2Ant

1-BrPyr 7-BrBaA 4,7-Br2BaA 5,7-Br2BaA

7,11-Br2BaA 7,12-Br2BaA 6-BrBaP

(b)

9-ClPhe 1,9-Cl2Phe 3,9-Cl2Phe 9,10-Cl2Phe 3,9,10-Cl3Phe

1-ClAnt 2-ClAnt 9-ClAnt 9,10-Cl2Ant

3-ClFlt 8-ClFlt 1,3-Cl2Flt 3,4-Cl2Flt 3,8-Cl2Flt

1-ClPyr Cl2Pyr* Cl3Pyr* 1,3,6,8-Cl4Pyr

7-ClBaA 7,12-Cl2BaA 6-ClChr 6,12-Cl2Chr

6-ClBaP Cl2BaP* Cl3BaP*

(a)
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2 Physicochemical properties of Halo-PAHs

Since the 1980–1990s, sub-cooled liquid vapor pres-

sures (PL) and octanol–air partition coefficients (KOA)

for organic compounds have been determined using

the gas saturation (Sonnefeld et al. 1983; Spencer and

Cliath 1983) and generator column (Harner and

Mackay 1995; Harner and Bidleman 1996, 1998)

methods. However, these conventional techniques are

time-consuming, operate at low temperatures, and

involve complex procedures. An alternative approach

based on the retention times of the compounds of

interest as determined using gas chromatography has

been developed and refined for the estimation of PL

(Hamilton 1980; Hinckley et al. 1990; Lei et al. 2002)

and KOA (Odabasi et al. 2006; Wania et al. 2002). A

recent work using the gas chromatographic retention

time (GC-RT) technique to estimate the PL andKOA of

ClPAHs and BrPAHs for any temperature of interest is

of vital importance (Vuong et al. 2020b). Following

this reference, PL and KOA are calculated and reported

on a logarithmic scale (Table 1). The logPL values of

five Halo-PAH species obtained using the Knudsen

effusion method (Fu and Suuberg 2012) were also

provided in Table 1. The Estimation Program Inter-

face (EPI Suite 4.11, US EPA) was applied to estimate

a logPL value at 25 �C for 1-ClAnt. According to a

previous study (Harner and Bidleman 1998), the

logKOA and logPL values for parent PAHs are linearly

correlated with each other. Because ClPAHs are

derivatives of PAHs, the logKOA value of 1-ClAnt

was estimated using the following equation:

logKOA ¼ �1:040 logPL þ 6:441; r2 ¼ 0:992:

ð1Þ

As a result, the Halo-PAHs have logPL values

ranging from - 8.73 (Cl3BaP) to - 1.68 (1-ClAnt)

and logKOA values ranging from 8.06 (1-BrFlu) to

13.98 (Cl3BaP). A limitation of EPI Suite is that the

position of the chlorine atom is not considered when

estimating PL, leading to a higher value of logPL for

1-ClAnt compared with 2-ClAnt and 9-ClAnt

(- 2.57).

Enthalpy of vaporization, DHL (kJ/mol), and inter-

nal energy of phase transfer,DUOA (kJ/mol), were also

calculated based on the previous study (Vuong et al.

2020b) and reported in Table 1 for ClPAHs and

BrPAHs. The absolute values of DHL and DUOA are

significantly correlated with the molecular mass of

ClPAHs (r = 0.91, p\ 0.01, Pearson correlation) and

BrPAHs (r = 0.79, p\ 0.01, Spearman correlation).

In addition, the effects of position and number of

chlorine or bromine atoms (nCl or nBr) in the PAH

structures to DHL and DUOA of ClPAHs or BrPAHs

are apparent. For example, the values of DHL and

DUOA for 1,3-Cl2Flt, 3,4-Cl2Flt, and 3,8-Cl2Flt are

–102.00, –105.97, and –104.53 kJ/mol and 87.95,

91.50, and 90.21 kJ/mol, respectively. The absolute

values of DHL and DUOA for Cln-Phe and Cln-Pyr

increase significantly when nCl increases from 1 to 3 or

4. Regarding BrPAHs, the values of DHL and DUOA

vary among 4,7-Br2BaA, 5,7-Br2BaA, 7,11-Br2BaA,

and 7,12-Br2BaA. While nBr increasing from 1 to 2

changes the values of DHL and DUOA for Brn-Ant and

Brn-BaA by 14 and 10%. Further studies are necessary

to explain clearly the influence of position and number

of chlorine and bromine atoms on the physicochemical

properties of ClPAHs and BrPAHs.

3 Toxicology of Halo-PAHs

Although added ClPAHs have been shown to have

strong and/or direct impacts on genetic mutation

(Colmsjö et al. 1984), the toxicology of substituted

Halo-PAHs is discussed here because they are the

main focus of this review. Halo-PAHs have been

reported to be carcinogenic and mutagenic by toxico-

logical tests in living organisms (Fu et al. 1999;

Yoshino and Urano 1997). In particular, several

previous studies for Salmonella and aryl hydrocarbon

hydroxylase (AHH) induction in chick embryos have

indicated that 9-ClAnt exhibits strong direct-acting

mutagenicity (Löfroth et al. 1985), whereas 6-ClChr

and 6,12-Cl2Chr are more toxic than their parent

compound (Gustafsson et al. 1994). Unlike 9-ClAnt,

6-BrBaP requires metabolic activation to exert its

mutagenicity by producing 6-BrBaP trans-4,5-dihy-

drodiol and trans-7,8-dihydrodiol in rat liver micro-

somes (Fu and Yang 1982). Among ClPAHs and

BrPAHs, 7-ClBaA and 7-BrBaA have been widely

investigated for their toxicological effects. The

bFig. 1 Chemical structures and abbreviated names of

a ClPAHs and b BrPAHs. *The positions of the chlorine atoms

in these compounds are not confirmed. Full names are listed in

Table 1
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carcinogenicity of 7-ClBaA and 7-BrBaA has been

confirmed in the male B6C3F1 neonatal mouse with

hepatocellular adenomas and carcinoma, respectively

(Fu et al. 1996). In rat and mouse liver microsomes,

these two compounds can be metabolized at carbon

positions 3, 4, 5, 6, 8, 9, 10, and 11 as the main

metabolism region to form 7-ClBaA trans-3,4-dihy-

drodiol and 7-BrBaA trans-3,4-dihydrodiol (Fu et al.

1991). These metabolites are much more potent than

the corresponding parent Halo-PAHs and have been

proven to cause DNA adducts and initiate tumors.

Furthermore, mutations from 7-ClBaA and 7-BrBaA

in B6C3F1 mouse liver tumors may induce at the first

base of K-ras codon 13 and cause a pattern of GGC to

CGC (Xia et al. 1998).

Research on aryl hydrocarbon receptor (AhR)-

mediated activity in the YCM3 cell assay system has

found that some ClPAHs are much more toxic than

their parent PAHs (Ohura et al. 2007, 2009). The

relative equivalency potency of Halo-PAHs compared

to benzo[a]pyrene (REPBaP) is listed in Table 1. Of the

ClPAHs, the most toxic substances are 3,8-Cl2Flt and

6-ClChr (REPBaP = 5.70 and 2.10, respectively),

indicating that these two compounds are much more

toxic than BaP. The toxicity of Cln-Phe, Cln-Ant, and

Cln-Flt homologues is significantly higher when the

number of chlorine atoms increases. In particular,

REPBaP values for Cln-Phe increase approximately

tenfold from Cl1-Phe (9-ClPhe: 0.03) to Cl2-Phe (3,9-

Cl2Phe: 0.32) and 25-fold to Cl3-Phe (3,9,10-Cl3Phe:

0.77). The position of the chlorine atoms also affects

REPBaP. For example, the REPBaP of Cl1-Ant homo-

logues has been reported to be 0.03 (9-ClAnt), 0.04 (1-

ClAnt), and 0.10 (2-ClAnt), while that of Cl2-Phe

ranges from 0.12 (1,9-Cl2Phe) to 0.20 (9,10-Cl2Phe)

and 0.32 (3,9-Cl2Phe). For BrPAHs, the position of the

bromine atoms has a stronger influence on toxicity

than does their number. However, toxicological

research on Halo-PAHs has been limited due to the

lack of native standard stocks; thus, more specific

studies are essential to provide a more detailed

understanding of Halo-PAH toxicology.

4 Formation mechanisms

Several studies have focused on the mechanisms

responsible for the presence of Halo-PAHs in ambient

air. In general, Halo-PAHs are believed to be

generated by the incomplete burning of organic

materials in the presence of halogen sources, e.g.,

organic halides naturally found in lead-free fuels or

occurring due to contamination during refining and

shipment (Haglund et al. 1987). The direct chlorina-

tion of parent PAHs from emission sources has been

reported as a major formation mechanism (Fujima

et al. 2006; Horii et al. 2008; Miyake et al. 2017).

During the combustion of polyvinylchloride (PVC),

hydrogen chloride (HCl) is produced, which then

reacts with the PAHs that form in the cooler zones of

the furnace. When the temperature of a furnace rises

above 600 �C up to 900 �C, PAHs have a higher

chance of being exposed to HCl, which can lead to the

direct chlorination of parent PAHs and subsequently

higher levels of ClPAHs (Wang et al. 2001). Exper-

iments have also been conducted on the chlorination of

PAHs using HCl and chlorine (Cl2) gases to investi-

gate ClPAH formation mechanisms from the inciner-

ation of municipal waste (Yoshino and Urano 1997).

The results found that the ClPAH yield using HCl was

much lower than that using Cl2. The chlorination of

parent PAHs by HCl and Cl2 is described by the

following reaction.

PVC �!combustion
HCl + Cl2 �!

PAHs
ClPAHs ð2Þ

The reaction series of anthracene (Ant) (Dang and

He 2016) and pyrene (Pyr) (Miyake et al. 2017) with

supply of HCl or Cl2 to produce Cln-Ant and Cln-Pyr,

respectively, have also been proposed.

Ant !
1-ClAnt ! 1; 2-Cl2Ant
2-ClAnt ! 1; 2-Cl2Ant
9-ClAnt ! 1; 9-Cl2Ant

8
<

:
ð3Þ

Pyr ! 1-ClPyr !
1; 3-Cl2Pyr
1; 6-Cl2Pyr
1; 8-Cl2Pyr

8
<

:
! 1; 3; 6-Cl3Pyr

! 1; 3; 6; 8-Cl4Pyr ! 1; 3; 4; 6; 8-Cl5Pyr

ð4Þ

Similarly, BrPAHs are often assumed to be gener-

ated from the direct bromination of parent PAHs.

However, several studies of waste incinerators and

secondary copper smelters have revealed very poor

correlations between BrPAHs and their corresponding

parent PAHs (Horii et al. 2008; Jin et al. 2017a).

Therefore, BrPAHs may form via other mechanisms

rather than the direct bromination of PAHs.
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Another important mechanism is photochemical

reactions between parent PAHs and various radicals

(Cl�, Br�, and OH�) in ambient air. Some of the

chemical reactions involved in this process have been

proposed by a previous study (Ohura and Miwa 2016).

OH� þ Cl� ! HOCl�� ð5Þ

HOCl�� þ Hþ $ Cl� þ H2O ð6Þ

PAHsþ Cl� ! ClPAHs ð7Þ

Cl� and OH� are added to the first and second positions
in the PAH ring structure, followed by the separation

of HCl or H2O to create monochloro-homologues. The

photochemical reaction between parent PAHs and Br�

appears to be very weak due to the instability of Br� in

the atmosphere. Nevertheless, photochemical reac-

tions have been reported to be the major generation

mechanism for atmospheric Halo-PAHs (Jin et al.

2017a; Nilsson and Oestman 1993; Ohura et al. 2005;

Vuong et al. 2020a). Recently, the monitoring of

atmospheric Halo-PAHs (Ohura et al. 2018, 2019;

Vuong et al. 2020a) and their behavior have been

increasingly investigated (Jin et al. 2017d; Ohura et al.

2008b). Although the processes underlying the gener-

ation of Halo-PAHs have started to become under-

stood, BrPAHs have received less attention than

ClPAHs. Therefore, how BrPAHs are generated in

the atmosphere is not yet clear.

Table 2 Summary of studies monitoring atmospheric Halo-PAHs in selected cities

Nation City Type of sampling

site

Sampling

period

Phase ClPAHs (pg/

m3)

BrPAHs (pg/

m3)

Reference

South

Korea

Ulsan Semi-rural 1–12/2015 Gas

Particle

9 (24)*

10 (24)

12 (11)

2 (11)

Vuong et al.

(2020c)

China Tibetan

Plateau

Mountainous 7/2016–6/

2017

Mostly

gas

4 (19) 0.3 (19) Jin et al. (2020b)

South

Korea

Ulsan Urban, industrial,

rural

3–5/2013 Mostly

gas

207 (24) 84 (11) Vuong et al.

(2020a)

Japan Tokyo Industrial 4/2004 Gas

Particle

40 (18)

14 (18)

Ohura et al. (2018)

China Beijing Urban 8/2015–3/

2016

Gas

Particle

89 (19)

312 (19)

5 (19)

35 (19)

Jin et al. (2017c)

Japan Nagoya Urban and

industrial

5/2011 –2/

2012

Particle 68 (24) Ohura et al. (2016)

China Shanghai Suburban 10/2011 –3/

2013

Particle 21 (20) Ma et al. (2013)

Japan Sapporo Urban and

industrial

8/2009

2/2010

Particle

Particle

1 (19)

8 (19)

Kakimoto et al.

(2014)

Sagamihara Suburban 8/2009

2/2010

Particle

Particle

1 (19)

8 (19)

Kanazawa Suburban 8/2009

2/2010

Particle

Particle

1 (19)

3 (19)

Kitakyushu Suburban 8/2009

2/2010

Particle

Particle

1 (19)

14 (19)

South

Korea

Busan Urban and

industrial

8/2009

2/2010

Particle

Particle

1 (19)

14 (19)

Japan Shizuoka Rural 9/2005 –6/

2006

Particle 15 (16) 9 (11) Ohura et al. (2009)

*Total mean concentration (number of target compounds)
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5 Air sampling and analytical methods

The levels of Halo-PAHs in the atmosphere are

generally very low (1–100 pg/m3), around three orders

of magnitude lower than those of parent PAHs

(1–100 ng/m3) (Jin et al. 2017c; Vuong et al. 2020c).

More detailed information about the atmospheric

concentrations of ClPAHs and BrPAHs can be found

in Sect. 6. Therefore, high-volume (HiVol) air sam-

plers are more suitable than medium- or low-volume

air samplers for the collection of atmospheric samples.

HiVol samplers generally operate for 24 h, with the

particulate and gaseous phases of Halo-PAHs col-

lected using glass/quartz fiber filters (GFFs/QFFs) and

polyurethane foam plugs (PUFs), respectively (Jin

et al. 2017d; Nilsson and Oestman 1993; Ohura et al.

2013). Recently, passive air samplers have been used

effectively to collect mostly gaseous Halo-PAHs on

PUF disks over 84 days (Vuong et al. 2020a) and on

XAD resin (Jin et al. 2020b).

Pre-treatment processes for the analysis of Halo-

PAHs are very similar to those for parent PAHs.

However, the details of these processes vary widely

between studies because no standard method for the

analysis of Halo-PAHs has yet been established. In

general, a retrieved sample is extracted then cleaned

up prior to instrumental analysis. For extraction from

both GFFs and PUFs, a Soxhlet system containing

different solvent mixtures, e.g., n-hexane/dichloro-

methane (1:1, v/v) (Ohura et al. 2013), n-hexane/

acetone (9:1, v/v) (Vuong et al. 2020a), or only n-

hexane (Ohura et al. 2008b), and benzene (Nilsson and

Oestman 1993), can be used for 16–24 h. Particulate

ClPAHs have been more frequently studied than

gaseous ClPAHs and BrPAHs. In these studies, the

ClPAHs are frequently extracted from GFFs using

ultra-sonication (39 kHz) for 20–30 min with n-hex-

ane (Ohura et al. 2008b) or dichloromethane (Kaki-

moto et al. 2014; Kitazawa et al. 2006; Ohura et al.

2009).

For clean-up, various packing materials have been

used in glass columns with different eluting solvents

(Kakimoto et al. 2014; Nilsson and Oestman 1993;

Ohura et al. 2008b, 2009). An evaluation of different

packing materials (silica gel, sulphoxide, activated

alumina, and activated carbon) and eluents (n-hexane,

n-hexane/dichloromethane [9:1, v/v], toluene, and n-

hexane/acetone [9:1, v/v]) has been conducted to

optimize the clean-up method for Halo-PAH analysis

(Kamiya et al. 2015), with the results indicating that

clean-up using silica gel with n-hexane/dichloro-

methane (9:1, v/v) has the highest efficiency.

In the early stages of Halo-PAH research, mono-

chloro-2,20-binaphthyl was used as an internal stan-

dard to estimate recovery from pre-treatment (Nilsson

and Oestman 1993). Recently, deuterated PAHs such
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as phenanthrene-d10, fluoranthene-d10, pyrene-d10,

chrysene-d12, perylene-d12, and p-terphenyl-d14 have

been spiked into samples alternately as surrogate and

internal standards (Kakimoto et al. 2014; Kitazawa

et al. 2006; Ohura et al. 2008b; Vuong et al. 2020a). In

addition, 13C6 and d-labeled Halo-PAHs have been

added to samples, e.g., 13C6-9-ClPhe,
13C6-2-ClAnt,

13C6-1-ClPyr,
13C6-7-ClBaA,

13C6-7-BrBaA, and

9-BrPhe-d9 as surrogate standards and 13C6-7,12-

Cl2BaA as an internal standard (Jin et al. 2017a, c, d).

The instruments used to analyze Halo-PAHs are

very similar to those used for PAHs. To measure trace

concentrations of Halo-PAHs in ambient air, the final

sample volume in the test vial should be 50–100 lL
and a high-resolution gas chromatograph coupled to a

high-resolution mass spectrometer (HRGC-HRMS) is

generally preferred (Jin et al. 2017b, c; Kakimoto et al.

2014; Ohura et al. 2008b, 2009). A GC–MS can also

be employed to analyze Halo-PAHs (Ma et al. 2013;

Nilsson and Oestman 1993; Vuong et al. 2020a). Its

performance is inferior to that of high-resolution

instruments; however, the sensitivity and selectivity

can be significantly improved by using a two-dimen-

sional GC and/or MS (GC 9 GC–MS, GC–MS/MS,

or GC 9 GC–MS/MS) (Tang et al. 2020). A capillary

column (DB-5MS, 0.25 mm i.d., 0.25 lm film thick-

ness) with two length options (30 or 60 m) has been

used for GC separation, while MS was operated under

selected ion monitoring and positive electron impact

(EI) mode (38 eV for HRMS and 70 eV for normal

MS). Negative chemical ionization (NCI) mode has

also been tested, leading to significantly higher

sensitivity, but some Cln-Phe and Cln-Chr species

could not be detected (Kamiya et al. 2015).

6 Levels of Halo-PAHs

6.1 Overall Halo-PAH concentrations

Most research on Halo-PAHs in ambient air over the

past decade has been conducted in Northeast Asia

(South Korea, Japan, and China; Table 2). It can be

seen that ClPAHs have received more attention than

BrPAHs, particularly those in the particulate phase.

Because the target compounds, sampling periods, and

types of sampling site differ between individual

studies, they are compared in the present study in

order to roughly evaluate Halo-PAH pollution levels.

Of the selected Asian cities in Table 2, Beijing,

China, has the highest particulate concentration of

ClPAHs (R19 ClPAHs = 312 pg/m3; (Jin et al. 2017c),

significantly higher than the concentration in Busan,

South Korea (R19 ClPAHs = 14 pg/m3; (Kakimoto

et al. 2014), Japanese cities (average R ClPAHs *
10 pg/m3) and Shanghai, China (R20 ClPAHs = 21

pg/m3; (Ma et al. 2013). This can be explained by the

widespread burning of coal for heating during the cold

season in remote areas of Beijing (Jin et al. 2017c). On

the other hand, sampling sites in Ulsan, one of the

largest industrial cities in South Korea, are greatly

affected by industrial activity, leading to the highest

level of the gaseous ClPAHs (R24 ClPAHs = 207 pg/

m3; (Vuong et al. 2020a). This level is 2.4 times higher

than that in Beijing (R19 ClPAHs = 87 pg/m3; (Jin

et al. 2017c).

The levels of BrPAHs in the atmosphere have been

less investigated (Jin et al. 2017c; Ohura et al. 2009;

Vuong et al. 2020a), possibly due to their lower

toxicity (Table 1) and concentration compared with

ClPAHs (Table 2). The particulate levels of BrPAHs

in Beijing (R19 BrPAHs = 35 pg/m3) are four times

higher than those in Shizuoka, Japan (R11 BrPAHs =

9 pg/m3), while the gaseous concentration in Beijing

(R19 BrPAHs = 5 pg/m3) is much lower than that in

Ulsan (R11 BrPAHs = 84 pg/m3).

Air samples have also been collected from moun-

tainous areas in the Tibetan Plateau, China, mostly

within a natural reserve. The levels of Halo-PAHs (R19

ClPAHs = 4 pg/m3 and R19 BrPAHs = 0.3 pg/m3) in

these areas are lower than those at other sampling sites

(Jin et al. 2020b). A potentially major source of Halo-

PAHs may be long-range atmospheric transport

(LRAT) from the southern and western regions of

Asia, with local sources and photochemical reactions

as minor sources (Jin et al. 2020b).

6.2 Seasonal variation in Halo-PAHs

Though seasonal variation in Halo-PAHs in the

atmosphere has also been investigated, the majority

of this research has focused on particulate ClPAHs

(Fig. 2a). The concentration of this group has been

reported to be highest during winter and lowest during

summer (Jin et al. 2017c; Kakimoto et al. 2014; Ohura

et al. 2013, 2016; Vuong et al. 2020c), with levels that

are fivefold (Shizuoka) to over tenfold (Busan) higher

during winter than during summer. The seasonal
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variation in gaseous ClPAHs in Ulsan and Shizuoka

differs significantly from that in Beijing, with levels

that are slightly lower and four times lower during

summer than during winter in Ulsan (Vuong et al.

2020c) and Shizuoka (Ohura et al. 2013), respectively,

compared to levels that are slightly higher during

summer in Beijing (Jin et al. 2017c). The pattern in

Ulsan and Shizuoka can be explained by strong

seasonal sources at rural sites. In particular, coal

combustion for heating is highlighted during winter. In

contrast, the sampling site in Beijing is an urban site

with a dense population. Thus, gaseous ClPAHs may

be produced by constant sources, e.g., traffic emis-

sions, over the entire year.

In general, particulate BrPAHs have been found to

be higher during winter than during summer, while

gaseous BrPAHs exhibit a reverse trend (Fig. 2a) (Jin

et al. 2017c; Vuong et al. 2020c). Long-term moni-

toring and/or specific research on the physicochemical

properties of BrPAHs should be conducted to more

clearly understand their behavior.

In previous studies reporting seasonal variation in

parent PAHs (Jin et al. 2017c; Nguyen et al. 2018), the

concentrations of PAHs are higher in the gaseous

phase than in the particulate phase (Fig. 2b), with

winter tending to have higher PAH levels than

summer. The phase distribution of parent PAHs has

been used to distinguish between the effects of local

sources and LRAT (Choi et al. 2012a; Nguyen et al.

2018) because gaseous PAHs can degrade during

LRAT and are thus detected at low levels (Ravindra

et al. 2008). Based on this, it has been concluded that

parent PAHs in Ulsan (Nguyen et al. 2018) and Beijing

(Jin et al. 2017c) may be influenced by local sources

rather than LRAT. Because Halo-PAHs are deriva-

tives of PAHs, they are expected to share common

sources in ambient air (Kitazawa et al. 2006; Ohura

et al. 2009). However, Halo-PAHs have recently been

reported to have specific sources that differ from those

of their parent PAHs (Kamiya et al. 2016; Ohura et al.

2019). The sampling sites in Ulsan (Nguyen et al.

2018) and Shizuoka (Ohura et al. 2013) are in rural

areas and may be affected by similar sources; as a

result, the ClPAHs and parent PAHs at these two sites

exhibit similar seasonal patterns. In contrast, the

concentrations of particulate ClPAHs and BrPAHs

are much higher than those of their gaseous counter-

parts during winter in Beijing, which is the opposite of

the trend for their parent PAHs (Jin et al. 2017c).

Hence, ClPAHs and BrPAHs during winter in Beijing

might be more strongly influenced by LRAT than by

the same local sources as their parent PAHs. A study in

Nagoya, Japan, found that 31% of total ClPAHs are

influenced by specific industrial sources, whereas 37%

of total PAHs are generated by oil combustion, the

petrochemical industry, and vessel operations

(Kamiya et al. 2016). Another study in Japan that

collected air samples at different types of sampling site

(e.g., forest, agricultural, residential, urban, commer-

cial, and industrial) also found that ClPAHs have an

origin that differs from the potential sources of parent

PAHs at 30% of the sampling sites (Ohura et al. 2019).

Fig. 3 Fractions of Halo-PAHs classified by the number of halogen atoms and rings at selected sampling sites. These data were

obtained from previous studies (Jin et al. 2017c; Ohura et al. 2008b, 2018; Oishi et al. 2019; Vuong et al. 2020a)
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7 Profiles of Halo-PAHs

Figure 3 presents the particulate, gaseous, and total

(i.e., particle ? gas) profiles of Halo-PAHs classified

by the number of halogen atoms and aromatic rings for

different types of sampling site (i.e., road, industrial,

urban, and rural sites). In general, the Halo-PAH

profile at each sampling site is unique. In terms of

particulate ClPAHs, Cln-5 rings, which represent high-

molecular-weight (HMW) compounds, are frequently

observed, with an average fraction of 35% at a road

site in Nagoya (Oishi et al. 2019) and a rural site in

Shizuoka (Ohura et al. 2008b). However, the profile of

particulate ClPAHs at the road site contains all ClPAH

groups, with a significant contribution from poly-Cl-4

rings (14%), whereas the rural site is dominated by

mono-Cl-4 rings (42%). The profile of gaseous

ClPAHs in Ulsan is characterized by the proportion

of HMW compounds decreasing and that of low-

molecular-weight (LMW) compounds increasing

from industrial to urban and rural sites (Vuong et al.

2020a). The two rural sites in Ulsan and Shizuoka have

different gaseous ClPAH profiles, which could be due

to different local sources or sampling periods. Inter-

estingly, the industrial site in Tokyo, Japan, is

dominated by mono-Cl-3 rings, accounting for 86%

of total ClPAHs (Ohura et al. 2018) and about

threefold higher than that observed at the urban site

in Beijing (34%) (Jin et al. 2017c) and the rural site in

Shizuoka (30%) (Ohura et al. 2008b).

Because BrPAHs have been generally underrepre-

sented in research, their atmospheric profiles have not

been investigated in depth. According to a previous

study in Ulsan, the contributions of LMW and HMW

compounds to the total BrPAH concentration differ

from those for ClPAHs (Vuong et al. 2020a). The

industrial sites in Ulsan have high fractions of HMW

compounds and low fractions of LMW compounds,

whereas urban sites exhibited the opposite relation-

ship. This contrast between BrPAHs and ClPAHs

could be partly explained by differences in their

formation mechanisms. It has been reported that

BrPAHs do not share the same potential sources as

ClPAHs in other environmental media (Ni and Zeng

2012); however, little is known about the occurrence

and fate of BrPAHs in ambient air.

8 Potential sources of Halo-PAHs

Potential sources of Halo-PAHs have mainly been

identified using the recorded fractions of specific

species. Previous research has highlighted several

compounds that can be used to indicate particular

sources. In a previous study, the effects of vehicular

emissions on two sampling sites via short-range air

transport were evaluated using the two diagnostic

ratios [8-ClFlt]/[3-ClFlt] and [7-ClBaA]/[3-ClFlt]

based on particulate concentrations (Oishi et al.

2019). These three compounds had been investigated

earlier and reported to be resistant to photochemical

degradation (Ohura et al. 2008a). Therefore, they can

be transported short distances from a source to a

receptor site. The [8-ClFlt]/[3-ClFlt] and [7-ClBaA]/

[3-ClFlt] ratios ranged from 2.2 and 4.2 to 3.2 and 7.0,
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respectively, in the presence of traffic emissions. As a

result, 8-ClFlt and 7-ClBaA are considered indicators

of vehicular exhaust emissions.

The highly-resolved spatial distribution of gaseous

ClPAHs was reported by a previous study conducted

in Ulsan, and the results indicated that various forms

of industrial activity can produce several unique

ClPAH species (Vuong et al. 2020a). The combined

fraction of two compounds (9-ClPhe and 9-ClAnt)

account for approximately 70% of total ClPAHs at

sampling sites located on-site at automobile and

shipbuilding industries. The two ClPAHs are also

transported via northwesterly winds to nearby areas,

leading to two other sampling sites (urban and rural

sites) having very similar ClPAH profiles. Therefore,

9-ClPhe and 9-ClAnt are indicative of these two

industrial activities. In addition, 6-ClChr can be

considered a potential indicator for petrochemical

operations because it accounts for the highest contri-

bution (30%) at industrial sites. On the other hand,

9-ClPhe (27%), 9-ClAnt (12%), 3-ClFlt (4%), and

1-ClPyr (26%) have been reported at secondary copper

smelters in China (Jin et al. 2017a), and a similar

ClPAH profile has also been found in a non-ferrous

industrial zone in Ulsan (Vuong et al. 2020a). Thus,

these four ClPAH species are likely to be generated by

non-ferrous industrial activity.

During the cold season in Beijing, coal combustion

for heating increases dramatically, which leads to

elevated 3-ClFlt and 1-ClPyr levels in the atmosphere

(Jin et al. 2017c). Their corresponding parents,

fluoranthene (Flt) and pyrene (Pyr), are also reported

to be higher in winter than in summer. Because Flt and

Pyr have been proven to be produced by the burning of

coal (Harrison et al. 1996), their daughter species,

3-ClFlt and 1-ClPyr, can also be considered possible

indicators of the same source.

Regarding BrPAHs, several indicators of industrial

operations have been reported. For example, 2-BrFlu

is mostly produced by the automobile industry and can

be transported to surrounding areas on the wind, while

Br2-4 rings, e.g., 4,7-Br2BaA and 7,12-Br2BaA, are

often associated with petrochemical industrial activity

(Vuong et al. 2020a).

9 Particle-size distribution of Halo-PAHs

In a previous study in Osaka, Japan (Fig. 4), six

particle-size fractions of ClPAHs were analyzed, and a

unimodal size distribution with only one distinct peak

located at 0.5–1 lm (ultrafine mode) was observed

over the entire sampling period (Kakimoto et al.

2017). This phenomenon is more apparent in January

(29.3 pg/m3) than in October (4.4 pg/m3) in Osaka.

Note that most of the target species are ClPAHs with

3–4 rings (Table 1). Their particle-size distribution

differs from parent PAHs with 3 and 4 rings, which

have been reported to exhibit a bimodal size distribu-

tion in Shanghai (Lv et al. 2016). In particular, PAHs

with 3 rings (phenanthrene and anthracene) exhibit

their highest peak within the fine particle range

(2.5–10 lm) and their second-highest peak within

the ultrafine range, a direct contrast to PAHs with 4

rings (fluoranthene, pyrene, benz[a]anthracene, and

chrysene), which have a distinct peak for ultrafine

particles and a lower peak for fine particles. Similarly,

parent PAHs tend to accumulate in smaller particles

with an increasing ring number. In particular, PAHs

with 5–6 rings (benzo[b]fluoranthene, benzo[k]fluo-

ranthene, benzo[a]pyrene, indeno[1,2,3-c,d]pyrene,

dibenzo[a,h]anthracene, and benzo[g,h,i]perylene)

exhibit a unimodal distribution with a peak in the

ultrafine range.

Figure 5 compares the particle-size distributions of

ClPAHs in Osaka (Kakimoto et al. 2017) and Beijing

(Jin et al. 2017d). A similar distribution pattern is

observed for these two locations, with most particles

found in the ultrafine mode (64% in Osaka in October

and 65% in January and 72% in Beijing). This unique

particle-size distribution of ClPAHs may originate

from their formation mechanisms and potential

sources within the environment; however, knowledge

on how ClPAHs are generated and their photochem-

ical interaction with atmospheric radicals and/or other

substances is extremely limited.

According to a previous study in Beijing, BrPAHs

have a similar distribution pattern to ClPAHs (Jin et al.

2017d). The largest fraction of BrPAHs (54%) consists

of ultrafine particles, but the reasons for this remain

unclear. Further research on the formation of Halo-

PAHs, particularly the influence of halogen atoms on

the accumulation of Halo-PAHs into ultrafine parti-

cles, is thus necessary.

123

270 Rev Environ Sci Biotechnol (2020) 19:259–273



10 Conclusion

Halo-PAHs share similar characteristics to their parent

PAHs. Gaseous Halo-PAHs are found at their highest

levels during summer, while particulate Halo-PAHs

are more common during winter. In addition, Halo-

PAH profiles tend to differ by sampling location.

Halo-PAHs mainly originate from anthropogenic

activity, and some have specific sources that differ

from those of their parent PAHs. In particular, 3-ClFlt

and 1-ClPyr are produced from coal combustion,

8-ClFlt and 7-ClBaA are reported to be generated from

traffic emissions, and 9-ClPhe, 9-ClAnt, 6-ClChr,

3-ClFlt, 1-ClPyr, 4,7-Br2BaA, and 7,12-Br2BaA can

be considered indicators of industrial operations.

Halo-PAHs also tend to accumulate as ultrafine

particles with an aerodynamic diameter of less than

1.0 lm (about 70% of ClPAHs and 54% of BrPAHs).

Even though several Halo-PAHs exhibit significantly

higher toxicity than their parent PAHs, details of their

formation mechanisms, physicochemical properties,

and atmospheric behavior remain unclear. Further

research and long-term monitoring of Halo-PAHs are

thus essential to gain a better understanding of these

carcinogenic compounds. In particular, the size dis-

tribution and formation mechanism of ClPAHs and

BrPAHs in particulate matter should be concerned

more. In addition, risk assessment of atmospheric

Halo-PAHs is of vital importance for policymakers

and residents.
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