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A B S T R A C T   

Per- and polyfluoroalkyl substances (PFAS) have been applied in numerous industrial and consumer products, 
the majority of which flow into waste management infrastructures (WMIs) at the end of their life cycles, but little 
is known about atmospheric releases of PFAS from these facilities. In this study, we addressed this key issue by 
investigating 49 PFAS, including 23 ionic and 26 neutral and precursor PFAS, in the potential sources (n = 4; 
within or adjacent to WMIs) and reference sites (n = 2; coastal and natural reserve sites) in urban and rural areas 
of Hong Kong, China. Duplicate samples of air and size-segregated particulate matter were collected for 48 h 
continuously using a 11-stage Micro-Orifice Uniform Deposit Impactor (MOUDI). In general, fluorotelomer al-
cohols (FTOHs) and perfluoroalkane sulfonamides were the predominant PFAS classes found across sampling 
sites. We also demonstrated the release of several less frequently observed semivolatile intermediate products (e. 
g., secondary FTOHs) during waste treatment. Except for perfluorooctane sulfonate, the size-segregated distri-
butions of particulate PFAS exhibited heterogeneity across sampling sites, particularly in the WMIs, implying 
combined effects of sorption affinity and emission sources. A preliminary daily air emission estimation revealed 
that landfill was a relatively important source of PFAS relative to the wastewater treatment plant. A simplified 
International Commission on Radiological Protection model was used to estimate lung depositional fluxes, and 
the results showed that inhaled particulate PFAS were mainly deposited in the head airway while fine and ul-
trafine particles carried PFAS deeper into the lung alveoli. The cumulative daily inhalation dose of gaseous and 
particulate PFAS ranged from 81.9 to 265 pg/kg/d. In-depth research is required to understand the health effect 
of airborne PFAS on workers at WMIs.   

1. Introduction 

Per- and polyfluoroalkyl substances (PFAS) are fluorinated sub-
stances that contain at least one fully fluorinated methyl or methylene 
carbon, but do not contain any attached H/Cl/Br/I atoms, as defined by 
the Organization for Economic Cooperation and Development (OECD) 
in 2021 (OECD, 2021). Because of their intrinsic chemical properties 
and thermo- and biostabilities, >4000 PFAS have been registered and 
widely incorporated into industrial materials and consumer products (e. 

g., textiles, carpets, and food packaging) (Houtz et al., 2018; Cousins 
et al., 2019). Most of these products find their way into waste man-
agement infrastructures (WMIs) such as landfills (Stoiber et al., 2020). 
Once dumped into the landfill, some PFAS may be released through 
leaching, while those with relatively low water solubility and high 
volatility can be emitted into the atmosphere with landfill gas (Hamid 
et al., 2018), making landfills time-delayed emission sources. Generally, 
leachate from landfills is transported to wastewater treatment plants 
(WWTPs) for further treatment before being discharged into receiving 
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waters. However, WWTPs are already overwhelmed with PFAS and 
show poor removal capacity for PFAS (Garg et al., 2020); they may serve 
as secondary input sources to the surrounding environment. 

Recent studies have highlighted waste streams as critical sources of 
PFAS in the environment (Lang et al., 2017; Stoiber et al., 2020). 
However, most research has focused on aqueous discharge (e.g., 
leachate and wastewater), with fugitive atmospheric releases occasion-
ally investigated (Ahrens et al., 2011; Weinberg et al., 2011). However, 
bioaerosols laden with organic pollutants (e.g., PFAS) can enter the at-
mosphere from the WMIs and be transported to nearby communities 
(Weinberg et al., 2011; Chen et al., 2020a). During waste disposal, 
storage, and treatment processes, PFAS precursors, which coat industrial 
and consumer products, can be biologically transformed into smaller 
and more stable perfluoroalkyl carboxylic acid (PFCAs) (Lang et al., 
2016). Some of the transformation pathways of PFAS have been well 
characterized (Wang et al., 2005; Wang et al., 2009), whereas several 
unknown pathways, forming complex and unidentified byproducts, 
further expand the enormous PFAS inventory. 

Several studies have reported increases in gastrointestinal and res-
piratory symptoms for workers at landfills and WWTPs (Tlotleng et al., 
2019; Stobnicka-Kupiec et al., 2022), which may be attributed to 
occupational exposure to particulate matter (PM) and air emissions 
associated with microorganisms and organic contaminants including 
PFAS (Garg et al., 2020; Stoiber et al., 2020). Inhalation of PFAS can 
inhibit lung surfactant function and cause acute inhalation toxicity (Sørli 
et al., 2020). The physicochemical features of inhaled particles and their 
sizes control their fate in the human respiratory tract and consequent 
effect on human health (Jin et al., 2016). After inhalation, coarse par-
ticles may lodge in the throat and/or the bronchi, whereas ultrafine and 
submicrometer particles could travel deeper into the human lung and 
translocate into the blood circulation system (Valavanidis et al., 2008; 
Kim et al., 2015). Consequently, size resolution studies can provide more 
realistic estimates of atmospheric exposure than bulk particle 
measurements. 

Given the hypothesis that WMIs are potential sources contributing to 
PFAS burden in the urban atmosphere, samples of air and size- 
segregated particulate matter were collected from the largest landfill 
and three WWTPs in Hong Kong, and samples from coastal and natural 
reserve sites were also included for comparison. Size-segregated distri-
bution of particulate PFAS at different sites and their emission volumes 
(including gas and particulate matter) into the atmosphere were inves-
tigated. Moreover, a simplified dosimetry model was used to estimate 
the deposition flux of inhaled particulate PFAS in the human respiratory 
tract. The objectives of this study were (i) to quantify a wide array of 
diverse PFAS, including precursors and transformation products, in the 
atmosphere of WMIs and further highlight the putative source sites; (ii) 
to provide insight into the size-segregated signature of particulate PFAS 
in potential sources and reference sites; (iii) to quantify the daily 
emissions of airborne PFAS from potential sources; and (iv) to evaluate 
the depositional flux of PFAS in different regions of human respiratory 
tracts and the air inhalation dose for workers in WMIs. 

2. Materials and methods 

2.1. Materials and chemicals 

Collectively, 49 PFAS were examined in this study based on their 
prevalence in the atmosphere and WMIs (Liu et al., 2020; Wang et al., 
2020) as well as their potential toxicity to human beings (Dickman and 
Aga, 2022). They comprise two major categories based on their structure 
and volatility (Wang et al., 2022a), i.e., (1) ionic PFAS, including per-
fluoroalkyl sulfonates (PFSAs), PFCAs, chlorine-substituted ether sulfo-
nates (Cl-PFESAs), and two emerging PFAS (i.e., 
perfluoroethylcyclohexane sulfonate and 4,8-dioxa-3H-perfluoronona-
noix acid) and (2) neutral and precursor PFAS, including fluorotelomer 
unsaturated carboxylic acids (FTUCAs), polyfluoroalkyl phosphate 

diesters (diPAPs), fluorotelomer alcohols (FTOHs), secondary FTOHs 
(sec-FTOHs), fluorotelomer acrylates (FTACs), fluorotelomer methac-
rylates (FTMACs), fluorotelomer iodides (FTIs), perfluoroalkane sul-
fonamides (FASAs), and perfluoroalkane sulfonamidoethanols (FASEs). 
A complete list that includes the full names, abbreviations, molecular 
weights, and suppliers for the studied PFAS is provided in Table S1 of the 
Supporting Information (SI). Among them, N-methylperfluorobutane 
sulfonamide (N-MeFBSA), N-methylperfluorohexane sulfonamide (N- 
MeFHxSA), N-ethylperfluorohexane sulfonamide (N-EtFHxSA), and FTIs 
were purchased from Synquest Laboratories (Alachua, FL, USA), and 6:2 
FTAC, 6:2 FTMAC, and 8:2 FTMAC were obtained from Toronto 
Research Chemicals (TRC; Toronto, Canada). Other standards were 
purchased from Wellington Laboratories (Guelph, Ontario, Canada). 
Twenty-four mass-labeled standards were obtained from Wellington 
Laboratories (Guelph, Ontario, Canada). 

All solvents and reagents used were of analytical or UPLC grade. 
Ethyl acetate (EtOAc; ≥99.9%), methanol (MeOH; ≥99.9%), and 
acetonitrile (ACN; ≥99.9%) were purchased from Merck (Darmstadt, 
Germany). Ammonium acetate (≥97%) was purchased from Wako Pure 
Chemical Industries (Osaka, Japan). Ammonia solution (25%) was 
purchased from Sigma–Aldrich. ENVI-Carb cartridges (100 mg, 1 mL) 
were sourced from Supelco (Bellefonte, USA). 

2.2. Sampling strategy 

Particulate samples were collected on 47-mm diameter glass fiber 
filters (GFFs; Whatman International ltd., Maidstone, England) in a 
Micro-Orifice Uniform Deposit Impactor (MOUDI; 1200R; MSP Corpo-
ration, Shoreview, MN, USA) at a constant flow rate of 30 L/min. The 
MOUDI sampler was connected to a self-packed PUF/XAD-2/PUF 
sandwich to simultaneously trap PFAS in the size-segregated particulate 
and gaseous phases. The sandwich consisted of 10 g of precleaned XAD-2 
resins (Ultra-Clean resin, Restek, Australia) held between two PUF plugs 
(6 cm OD × 2.5 cm length on top and 6 cm OD × 5.1 cm length on the 
bottom; Restek, Australia). Each particle sample was segregated into 11 
size fractions by the MOUDI sampler based on their aerodynamic 
diameter (Dp), i.e., Dp > 18, 10–18, 5.6–10, 3.2–5.6, 1.8–3.2, 1.0–1.8, 
0.56–1.0, 0.32–0.56, 0.18–0.32, 0.10–0.18, and 0.056–0.10 μm. 

The sampling locations and land utilization categories in the studied 
area are shown in Figure S1. One existing landfill (site LA; the West New 
Territories Landfill) and three WWTPs (sites ST1–3; i.e., Shatin, Stone-
cutters Island, and Stanley WWTPs) in Hong Kong, China, were selected 
as the representative infrastructures in this study. The investigated 
landfill (site LA) has been in operation since 1993 and is the largest 
strategic landfill in Hong Kong. It occupies an area of approximately 
110 ha and has a waste intake of approximately 6,400 ton/d in 2020 
(HKEPD, 2020). Types of waste deposited at the investigated landfill 
include municipal, construction, and special (e.g., livestock and radio-
active waste). ST1 adopts a secondary (biological) treatment with acti-
vated sludge, is the largest secondary WWTP in Hong Kong. ST2 is the 
largest WWTP in Hong Kong, treating half of the produced sewage (with 
a designed average flow of 1.7 million m3/d), and features a chemical- 
enhanced primary treatment (CEPT) process. Ferric chloride and poly-
mer are added to the sewage during the CEPT process to aid the for-
mation of flocs and settling down of particulate matter. ST3 also adopts a 
secondary treatment. Further information on the three investigated 
WWTPs (e.g., populations served, daily inflow, and hydraulic retention 
time) is provided in Table S3. Examination of these WMIs can provide 
relevant information for WMIs with similar treatment processes across 
the globe. 

Based on the accessibility at different locations, air samplers were 
deployed at the height of 1.5 m and approximately 100 m away from the 
active landfilling zone at site LA, near the aeration tanks at sites ST1 and 
ST3, and on the rooftop of a central pumping station at site ST2. Air is 
pumped through the bottom of the aeration tanks to improve microbial 
activity; thus, aqueous aerosols and attached organic compounds (e.g., 
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PFAS) are emitted into the atmosphere due to turbulence on the water 
surface (Ahrens et al., 2011). Therefore, aeration tanks can be classified 
as potential sources in the WWTPs. Notably, aeration tanks at ST1 are 
open to the atmosphere, while those at ST3 are housed in a cavern. 

Air samples from two reference sites were also included in this study: 
i) the Mai Po Nature Reserve (site MP), which is a protected wetland and 
conservation area in Hong Kong, and ii) a coastal site (CO), which is 
situated at Cape D’Aguilar in the southeastern Hong Kong Island and is 
adjacent to the marine reserve. Sampling campaigns were carried out 
during wintertime from November 2020 to January 2021. The climate of 
Hong Kong is sub-tropical monsoonal, characterized by dry weather and 
prevailing northeasterly winds during wintertime. The sampling 
campaign at each site was conducted over one week to obtain duplicate 
samples (each lasted approximately 48 h). Field blanks were obtained by 
exposing each sampling medium to the air until sampling started. 
Further sampling information is provided in Table S2. 

Meteorological parameters, including temperature, wind speed, and 
relative humidity (Table S4) were recorded onsite using a Davis Vantage 
Vue Wireless Weather Station (Davis Inst., USA). The only exception was 
site LA, where the parameters were obtained from the Hong Kong Ob-
servatory. Furthermore, 72-h backward trajectories of air masses were 
computed using the Hybrid Single-Particle Lagrangian Integrated Tra-
jectory (HYSPLIT) model (Figure S2) (Stein et al., 2015). Detailed de-
scriptions of the modeling are provided in the SI. 

2.3. Sample treatment and determination method 

Detailed information on the sample treatment and gravimetric ana-
lyses are provided in the SI. The PM mass concentration was determined 
by the difference before and after sampling, and the results are sum-
marized in Table S5. The PFAS in the PUF and XAD-2 (representing the 
gaseous phase) were extracted using Soxhlet extraction following a 
previous study (Tian et al., 2018) with minor modifications. Briefly, air 
(PUF and XAD-2) and GFF samples were spiked with 5 ng of neutral PFAS 
and 1 ng of ionic PFAS mass-labeled standards before extraction. The 
PFAS in the PUF and XAD-2 were extracted separately with EtOAc for 24 
h, followed by MeOH for 24 h. The extracts were concentrated to 1 mL 
using rotary evaporation followed by a gentle stream of nitrogen. Both 
fractions were cleaned using Envi-carb cartridges and concentrated to 
0.5 mL for subsequent instrumental analysis. The treatment method for 
PFAS in the GFF samples has been described elsewhere (Lin et al., 2020). 
Briefly, samples were extracted with MeOH three times using sonication. 
The extracts were further cleaned using Envi-carb cartridges (100 mg, 1 
mL) and concentrated to 0.5 mL for subsequent instrumental analysis. 

The details of the instrumental analyses are provided in the SI. In 
brief, the neutral PFAS were analyzed using a Thermo Scientific TSQ 
9000 gas chromatography-triple quadrupole tandem mass spectrometer 
(GC-MS/MS; Thermo Fisher Scientific, Dreieich, Hessen, Germany). The 
mass spectrometer was operated in electron ionization mode using se-
lective reaction monitoring (SRM). The target neutral PFAS were sepa-
rated and quantified on an Agilent J&W DB-WAX capillary column (30 
m × 0.25 mm i.d., 0.25 μm film thickness; Agilent Technologies, Palo 
Alto, CA, USA). The ionic PFAS was determined by an Agilent 1290 In-
finity ultra-performance liquid-chromatography (Agilent Technologies, 
Palo Alto, CA, USA) equipped with a Sciex 5500 QTRAP mass spec-
trometer (LC-MS/MS; Sciex, Singapore). Separation and quantification 
of target ionic PFAS were achieved using a Zorbax Eclipse XBD-C8 
(Agilent Technologies, Palo Alto, CA, USA) guard column connected 
to a Zorbax Eclipse Plus C18 (2.1 mm i.d. × 50 mm L., 1.8 μm; Agilent 
Technologies, Palo Alto, CA, USA) analytical column. The mass spec-
trometer was operated in negative electrospray ionization mode using 
multiple reaction monitoring (MRM). Detailed information on the mass 
parameters used during the LC-MS/MS and GC-MS/MS analyses is listed 
in Tables S6-S7. 

2.4. Quality assurance and quality control (QA/QC) 

Glassware and GFFs were baked at 450 ◦C for 6 h before use. PUFs 
were cleaned using Soxhlet extraction with MeOH followed by EtOAc for 
12 h before each round of sample treatment. After sample collection, 
GFFs, PUFs, and XAD-2 were wrapped with aluminum foil, placed into 
polyethylene zip bags, and stored at − 20 ◦C. Procedural blanks and 
recoveries were conducted with every batch of samples being analyzed. 
Instrumental blanks and QC standards were injected after every 15 
samples to examine instrumental carryover and performance. Field and 
laboratory blanks were treated using the same procedures as the actual 
samples. Mean concentrations obtained from field blanks were defined 
as the method quantification limits (MQLs). For those target PFAS not 
detected in field blanks, MQLs were obtained from the lowest concen-
tration in the standard curve within an acceptable accuracy (within 100 
±20%). The MQLs of PFAS ranged from 0.003 pg/m3 (8:2 FTMAC) to 
4.24 pg/m3 (8:2 FTOH) and from 0.006 pg/m3 (perfluorohexane sulfo-
nate; PFHxS) to 22.2 pg/m3 (8:2 FTOH) in the PUF and XAD-2, 
respectively, and ranged from 0.0003 pg/m3 (perfluorononane sulfo-
nate; PFNS) to 22.6 pg/m3 (10:2 FTOH) in the particulate phase 
(Table S8). Overall, procedural recoveries ranged from 73.2% (10:2 
fluorotelomer unsaturated carboxylic acids; FDUEA) to 207% (per-
fluorohexanoic acid; PFHxA), from 59.4% (perfluorooctadecanoic acid; 
PFOcDA) to 192% (perfluorobutanoic acid; PFBA), and from 60.7% (5:2 
sec-FTOH) to 178% (8:2 fluorotelomer unsaturated carboxylic acids; 
FOUEA) in the PUF, XAD-2, and GFF, respectively (Table S9). Peaks of 
analytes with signal-to-noise ratios lower than 3 were not integrated, 
and such analytes were defined as not detected (ND). During data 
analysis, a value of MQL/2 was assigned to any detected concentrations 
lower than the MQL, while those with ND values were set to zero if 
unspecified. Reported values were all subtracted from those of blank 
contaminants. 

2.5. Atmospheric emission and human inhalation intake estimates 

A simplified Gaussian dispersion model, which assumes steady-state 
conditions, was adopted to estimate the quantity of PFAS emitted from 
WWTPs and landfills (Jiang and Wu, 1990; Ahrens et al., 2011). The 
long-time average wind speed during the wintertime in Hong Kong 
(2.64 m/s; 1991–2020) was obtained from the Hong Kong Observation. 
Detailed algorithms are provided in the SI. 

Direct measurements of fractional deposition of particles within 
human lungs are lacking. Thus, a simplified International Commission 
on Radiological Protection (ICRP) model was adopted to estimate the 
depositional fluxes of PFAS in different regions of the human respiratory 
tracts (ICRP, 1994). The ICRP model is determined by a set of semi-
empirical equations derived from human inhalation data (ICRP, 1994). 
This model fully considers the human respiratory exchange rate under 
different environmental conditions and retention mechanisms of size- 
fractioned particles in the human respiratory tract (ICRP, 1994). The 
ICRP model has been successfully applied in dosimetry assessments of 
organic contaminants such as PFAS (Guo et al., 2018), polycyclic aro-
matic hydrocarbons (Wu et al., 2015), and halogenated flame retardants 
(Cao et al., 2018). In this model, the human respiratory tract is mainly 
divided into three regions: the head airway (including nose, mouth, 
pharynx, and larynx), tracheobronchial region, and alveolar region. 
Deposition of particles in the three regions is mainly via inertial 
impaction, gravitational sedimentation, and Brownian diffusion (Kurth 
et al., 2014). Deposition efficiency in each region was estimated as 
follows: 

DEHA,i = IFi

×

(
1

1 + exp(6.84 + 1.183lnDp,i)
+

1
1 + exp(0.924 − 1.885lnDp,i)

)

(1) 
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DETB,i =

(
0.00352

Dp,i

)[

exp
(

− 0.234
(

lnDp,i + 3.40
)2

)

+ 63.9exp(− 0.819
(
lnDp,i − 1.62

)2
)

] (2)  

DEAL,i =

(
0.0155

Dp,i

)[
exp(− 0.416(lnDp,i + 2.84)2

) + 19.11exp(

− 0.482(lnDp,i− 1.362)2
)
] (3)  

IFi = 0.5 × (1 + exp(− 0.06 × Dp,i)) (4) 

Where DEHA,i, DETB,i, and DEAL,i are deposition efficiency of particles 
in the head airway, tracheobronchial region, and alveolar region, 
respectively; Dp,i is the geomean diameter in each size fraction (the 
square root of the product of upper and lower size range of each stage, 
μm). 

The deposition flux (DFj,i, pg/h) was calculated by the deposition 
efficiency (DEj,i) in each region, the concentration of PFAS (Ci, pg/m3) in 
each size fraction, and human breathing rate (V). The daily intake dose 
(DID, pg/kg/d) was estimated via the breathing rate of particulate and 
gaseous PFAS (Li et al., 2019; Chen et al., 2020b). Detailed algorithms 
are provided in the SI. 

3. Results and discussion 

3.1. Profile pattern of PFAS and preliminary air emission estimate 

The detailed concentrations of PFAS in the gaseous and particulate 
phases are given in Tables S10-S11, with the total concentrations 
(designated as 

∑
PFAS) summarized in Table S12. Overall, 43 of the 49 

investigated PFAS were detected in the gaseous phase, while fewer were 
observed in the particulate phase (25 out of 43). Therefore, in the 
following sections, we discuss the PFAS concentration as the sum of 
gaseous and particulate phases. 

Among the investigated FTOHs, 6:2 FTOH was the most abundant 
compound (25.7±10.2 pg/m3), contributing to 33% of the neutral 
∑

PFAS (Figure S3). The detected concentrations of 6:2 FTOH in the 
present study (79.2–1,300 pg/m3; Table S12) were considerably lower 
than those in the air of landfills and WWTPs in Ontario, Canada 
(89.9–12,300 pg/m3) (Ahrens et al., 2011), which could be partly 
explained by the difference in infrastructure size, operation age, and 
waste composition in different WMIs. The FASA profiles were primarily 
dominated by N-MeFBSA (38.1–392 pg/m3; contributing to 9.8% of the 
neutral 

∑
PFAS), which is one of the important intermediate products 

formed during the atmospheric oxidation of N-methyl perfluorobutane 
sulfonamidoethanol (N-MeFBSE) (D’eon et al., 2006). The N-MeFBSA 
concentrations in our study were much higher than those in the air of the 
North Sea (0.1–3.9 pg/m3) (Xie et al., 2013), Bohai Sea (0.63–1.9 pg/ 
m3) (Zhao et al., 2017), and WWTPs of northern Germany (23–61 pg/ 
m3) (Weinberg et al., 2011). The prevalence of airborne N-MeFBSA may 
originate from the transformation or direct emission of materials treated 
with N-MeFBSE-based products (Lange, 2018). Furthermore, the pro-
gressive application of short-chain N-MeFBSE as a replacement for long- 
chain N-MeFOSE and N-EtFOSE in innovative surface-treatment prod-
ucts since 2003 (Ritter, 2010) may also be responsible for the higher 
concentration of N-MeFBSA observed in this study. Regarding the ionic 
PFAS, the profiles were dominated by PFBA (25.7±10.2 pg/m3; 
contributing to 25% of ionic 

∑
PFAS), which could be attributed to its 

higher volatility among the ionic PFAS and the shifts in industrial pro-
duction and application to short-chain PFAS. Comparable PFBA levels 
were observed at both reference sites (37.6±6.92 pg/m3) and potential 
sources (20.6±6.45 pg/m3), which is consistent with a previous study 
(Weinberg et al., 2011). One possibility is that PFBA may be formed via 
the oxidative degradation of precursors (e.g., 4:2 FTOH) (Taniyasu et al., 
2013) and undergo regional or long-range atmospheric transport to the 

reference sites. 
Contamination levels for the PFAS were significantly higher at the 

potential source sites than those at the reference sites (p < 0.05; Man-
n–Whitney U test). As shown in Fig. 1, the highest concentration of 
∑

PFAS was found at the landfill (2,390±395 pg/m3), which was 
approximately twice that observed at the WWTPs (855–1,400 pg/m3) 
and 3–4 times that at the reference sites (656–703 pg/m3). These results 
imply that landfills could be a relatively important source of PFAS for 
surrounding communities. The higher concentrations observed at the 
landfill (site LA) could be attributed to the massive disposal volume of 
PFAS-containing products. The quantity of total solid waste disposed at 
landfills in Hong Kong was estimated to be 15,637 ton/d on average in 
2019, and almost half of the disposed waste was processed in the studied 
landfill (HKEPD, 2020). During landfilling and waste aging, unbound 
PFAS (such as FTOHs and FASEs) linger on materials that can be released 
into the atmosphere (Dinglasan-Panlilio and Mabury, 2006). Alterna-
tively, PFAS precursors and degradation products may enter the atmo-
sphere via liquid − air transfer from leachate or via partitioning to 
landfill gases if they are not efficiently collected within the waste system 
(Hamid et al., 2018). It is worth noting that although the reference sites 
(MP and CO) are less influenced by human activities, air masses origi-
nating from the industrialized Pearl River Delta region during the 
sampling period (Figure S2), might have affected the 

∑
PFAS levels (658 

±20.6 pg/m3). Moreover, sea spray aerosol (SSA) could be an additional 
source, which may carry PFAS into the atmosphere through bubble 
bursts from the seawater surface (Casas et al., 2020; Sha et al., 2020; Sha 
et al., 2021). 

The quantity of PFAS emissions from the investigated WWTP and 
landfill to the atmosphere was preliminarily estimated based on a 
simplified Gaussian dispersion model. Results are summarized in 
Table S13. The daily emission of PFAS from the investigated landfill (site 
LA) was estimated to be approximately 95.8 mg/d during the winter-
time, which was approximately four times that calculated from the 
WWTP (site ST1; 24.3 mg/d). This observation again suggests that 
landfill can be regarded as a relatively important input of PFAS to the 
atmosphere. Similar observations have been reported previously 
(Ahrens et al., 2011; Weinberg et al., 2011). However, it should be noted 
that this estimation was based on a single measurement from one sam-
pling point. Several parameters such as model assumptions and weather 
conditions may yield uncertainty to the estimation (Ahrens et al., 2011; 
Cheng et al., 2011). Therefore, the estimated PFAS emission in this study 
should be treated with caution. 

3.2. Identification of secondary fluorotelomer alcohols 

The coefficient of divergence (CD; detailed algorithms are provided 
in SI) is an indicator of the uniformity between monitoring sites. 
Generally, chemical components in the two sites are similar if CD is close 
to zero. In contrast, they are considerably different if CD approaches one 
(Wongphatarakul et al., 1998). The CD values across sampling locations 
in this study generally indicated greater spatial variability (CD > 0.6), 
whereas moderate differences were observed between sites CO and MP, 
and between sites LA and ST1 (Table S14; CD < 0.6). FTOHs were the 
most abundant PFAS class detected at site LA (1,680±439 pg/m3), ac-
counting for 70% of the 

∑
PFAS profile (Fig. 1). The profile of PFAS at 

site LA was followed by FASAs (328 pg/m3 on average; 14% of 
∑

PFAS). 
The prevalence of FTOHs in the landfill air was in agreement with 
several previous studies (Ahrens et al., 2011; Weinberg et al., 2011; Tian 
et al., 2018). This could be attributed to their widespread application as 
polymeric surface coatings in stain-resistant products (Zheng et al., 
2020). 

It is worth noting that sec-FTOHs (i.e., 5:2 and 7:2 sec-FTOHs) 
dominated the 

∑
PFAS profiles in two WWTPs (sites ST2 and ST3), with 

average concentrations of 621±133 and 470±34.4 pg/m3, contributing 
to 56% and 47% of the 

∑
PFAS, respectively. sec-FTOHs are one of the 

important intermediate products formed during the biotransformation 
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of fluorotelomer-based compounds (e.g., FTOHs) to form stable PFCAs 
(Wang et al., 2005; Wang et al., 2009; Lewis et al., 2016). However, a 
minor proportion of sec-FTOHs was observed in the air of the landfill 
(29.2±19.6 pg/m3; <2% of the total profile; Fig. 1), where microbial 
degradation may also occur. In addition to the diverse microbial com-
munities, sec-FTOHs may be strongly bound to soil organic matter in 
landfills and transformed into downstream products (e.g., PFCAs) 
(Hamid et al., 2020). Similarly, sec-FTOHs also accounted for a minor 
proportion of the 

∑
PFAS burden at the reference sites (9.82±2.35 pg/ 

m3; ~1% at site MP). To the best of our knowledge, sec-FTOHs have been 
less frequently identified in field monitoring. Only two studies have 
discovered homologs of sec-FTOHs in sludge-amended soils (Ellington 
et al., 2009; Yoo et al., 2010). Our results further suggested the possi-
bility of biotransformation and atmospheric release of these semivolatile 
degradation byproducts from occupational settings into the environ-
ment. The prevalence of sec-FTOHs in WMIs, particularly in the WWTPs, 
indicated these chemicals could be used as source markers for the 
biotransformation of fluorotelomer-based chemicals. 

The atmospheric lifetime of FTOHs has been estimated to be 10–80 
d based on smog chamber experiments and modeling methods (Ellis 
et al., 2003; Piekarz et al., 2007). However, the environmental fate of 
sec-FTOHs is still poorly understood. One study reported the field- 
determined half-lives of sec-FTOHs (e.g., 0.99 yr for 7:2 sec-FTOH), 
which are comparable to those of their precursors (e.g., 1.09 yr for 8:2 
FTOH) (Yoo et al., 2010). The atmospheric half-life of 5:2 and 7:2 sec- 
FTOHs estimated by AOPWIN model in the EPI suite was 24.9 d (USEPA, 
2012), which is comparable to their precursors. A long atmospheric 
lifetime can typically allow chemicals to be transported over consider-
able distances. Therefore, it is likely that sec-FTOHs can undergo 
transportation after being released and deposition in the nearby com-
munities and eventually being degraded into stable PFCAs (Wang et al., 
2009). This prediction demonstrated the necessity to examine the 
environmental transport and fate of semivolatile intermediates. 

Fig. 1. Concentrations (pg/m3; A) and relative abundance (%; B) of various PFAS categories determined at each location (MP: Mai Po Reserve; CO: coastal site at 
Cape D’Aguilar; LA: the West New Territories Landfill; ST1, ST2, and ST3 refer to Shatin, Stonecutters Island, and Stanley Sewage Treatment Works, respectively). 
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3.3. Distribution signature of PFAS in size-segregated particles 

In this study, particles with Dp in the range of 0.056–0.1 and 0.1–1.8 
μm are considered ultrafine and fine particles, respectively, while those 
with Dp > 1.8 μm are defined as coarse particles (Zhou et al., 2018). 
Descriptive statistics of the concentrations of PFAS in size-segregated 
particles are summarized in Tables S15–16 and Figure S4. 

The distribution of organic chemicals in size-segregated particles is 
typically influenced by a combination of factors, such as sampling ar-
tifacts, atmospheric conditions, and emission sources (Allen et al., 1996; 
Richard et al., 2011; Li et al., 2019). Generally, organic chemicals 
affiliating with the ultrafine and fine particle fractions are possibly 
associated with secondary origins by gas-particle conversions (Finlay-
son-Pitts and Pitts, 1997), while those in coarse particle fractions 
probably originated from the condensation or resuspension of 

preexisting aerosols or mechanically generated dust particles (Kawa-
naka et al., 2009). 

The normalized size signature of the four most frequently detected 
ionic PFAS, namely PFBA, perfluorooctanoic acid (PFOA), per-
fluorobutane sulfonate (PFBS), and perfluorooctane sulfonate (PFOS), is 
presented in Fig. 2. The profile of PFBA was generally dominated by a 
unimodal distribution in the fine particle fraction (0.32–1 μm), whereas 
another significant peak in the coarse particle range (3.2–10 μm) was 
found at site ST2. Except for emissions from biological processes, PFAS- 
laden particles at site ST2 were likely comprised of mineral dust from 
construction activities or fugitive dust aerosols from bare soils, which 
have been characterized as the primary contributor of coarse particles in 
the atmosphere (Harrison et al., 2012). However, inconsistent size- 
distribution signatures were observed for PFOA across the sampling 
sites. Generally, trimodal distributions were observed at sites MP, CO, 

Fig. 2. The normalized size distribution of four PFAS in the particulate matter at different sampling sites (a–f). a) MP; b) CO; c) LA; d) ST1; e) ST2; and f) ST3. dC is 
the mass concentration of PFAS on each stage (pg/m3), Ctotal is the total concentration of PFAS in all stages (pg/m3), and dlogDp is the logarithmic size interval for 
particles collected on each stage of the impactor (µm). The dash lines indicate an aerodynamic diameter of 0.1 μm and 1.8 μm. 
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and LA (Fig. 2a–c), peaking in the fine and coarse particle fractions. 
Nonetheless, the association of PFOA in different sizes of particles varied 
among the three WWTPs: it was uniformly distributed across particle 
sizes at ST1 (Fig. 2d) or showed the highest proportion in fine particles 
at ST2 (0.32 < Dp < 0.56 μm; Fig. 2e); but exhibited a prominent peak in 
coarse particles at ST3 (3.2 < Dp < 5.6 μm; Fig. 2f). These disparities in 
the size distribution of particulate PFOA across the WWTPs might be 
associated with heterogeneity in wastewater properties, treatment 
method, and aerosol components (e.g., microbial communities and 
organic matter contents) (Han et al., 2020; Yang et al., 2020). By com-
parison, the size-distribution behaviors of PFOA also varied in previous 
studies. Most studies reported that PFOA showed a uniform peak in the 
fine particles (Dp < 1μm) collected from rural or suburban areas (Dreyer 
et al., 2015; Guo et al., 2018; Lin et al., 2020; Wang et al., 2022b), 
whereas Harada et al. (2006) and Yu et al. (2018) found that it was 
accumulated in coarser particles. These discrepancies suggest that the 
distribution is not entirely governed by the chemical affinity between 
PFOA and particles, and other factors may also alter its distribution 
behaviors. Moreover, the smallest cutoff size of the collected particles in 
the present study was 0.056 μm. There could be a possibility that PFOA 
was associated with particles of Dp < 0.056 μm, resulting in their 
absence in the ultrafine fractions. 

PFBS, in most cases, displayed trimodal distributions with prominent 
peaks in the coarse particle fraction. In contrast, the PFBS collected from 
landfills was mainly enriched in fine particles, and no obvious distri-
bution pattern was observed at ST3. The predominance of PFBS in the 
coarse particle fraction was more pronounced at sites CO (a coastal 
reference site) and ST1 (near aeration tanks in WWTP). Particles at sites 
CO and ST1 could be associated with SSA and bioaerosols generated via 
bubble bursts at the water–air interface, respectively. These particles 
could enrich organic pollutants (e.g., PFAS) by up to 100 fold compared 
with the bulk phase and carry organic pollutants into the atmosphere 
(Blanchard, 1975; Radke and Herrmann, 2003). Different production 
mechanisms at the water–air surface may result in various particle sizes 

(Quinn et al., 2015; Cochran et al., 2016). PFOS featured a broad and 
distinct peak in the particle range of 1–10 μm across sampling sites 
(Fig. 2). This observation was in line with several previous studies 
(Dreyer et al., 2015; Guo et al., 2018; Lin et al., 2020; Wang et al., 
2022b). The consistent distribution also implies that PFOS may be 
released via abrasion and direct partitioning from consumer products (e. 
g., textiles and carpets) to atmospheric particles. 

3.4. Estimating lung deposition flux and total air inhalation 

The magnitude of on-site workers exposure to airborne PFAS at 
WMIs via inhalation or other uptake pathways is largely unknown. 
Furthermore, airborne organic pollutants can be transported by wind, 
thereby affecting neighboring communities. We, therefore, estimated 
the depositional flux of inhaled particulate PFAS in the human respira-
tory system of on-site workers at the WMIs using the ICRP dosimetry 
modeling. The fractional deposition flux of inhaled PFAS in the human 
respiratory tract is shown in Fig. 3, and the data in each size range are 
provided in Table S17. The average estimated depositional flux of 
∑

PFAS in the WMIs (49.9 pg/h) was around four times of those in the 
reference sites (14.9 pg/h). The highest depositional flux was observed 
at site LA (109 pg/h). In the WMIs, the deposition pattern was seen 
predominantly in the head airway region (38.6 pg/h on average; 77% of 
total deposition flux), followed by the alveolar (8.89 pg/h; 18% of total 
deposition flux) and tracheobronchial regions (2.40 pg/h; 5.0% of total 
deposition flux) (Figure S5). Particles deposited into the head airway 
and tracheobronchial regions are typically quickly cleared by muco-
ciliary transport, whereas particles deposited in the alveolar region 
show resistance to clearance and enter the bloodstream more readily, 
thereby posing more direct risks to human health (Stuart, 1984; Hu 
et al., 2021). 

We also compared the relative contribution of inhaled PFAS associ-
ated with particles of different sizes (Fig. 3). In general, inhaled PFAS 
associated with coarse particles accounted for the highest depositional 

Fig. 3. Modeled fractional deposition flux 
(pg/h) and relative abundance (%) of PFAS 
in a human respiratory tract at different 
sampling sites. LA: the West New Territories 
Landfill; ST1: Shatin WWTP; ST2: Stonecut-
ters Island WWTP; ST3: Stanley WWTP; MP: 
Mai Po Nature Reserve; CO: coastal site at 
the Cape D’Aguilar. HA: head airway; TB: 
tracheobronchial region; and AL: alveolar 
region. Coarse particles refer to those with 
Dp > 1.8 μm; fine particles are defined as 
those with Dp in the range of 0.1–1.8 μm, 
while ultrafine particles refer to those with 
Dp in the range of 0.056–0.1μm.   
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flux in the head airway (76%–92%), followed by the tracheobronchial 
regions (46%–67%), whereas those in fine particles were the main 
contributors in the alveolar region (34%–64%). The relative abundance 
of inhaled particulate PFAS in the ultrafine fraction increased in the 
alveolar region, which was consistent with previous studies on haloge-
nated and organophosphate flame retardants (Luo et al., 2014; Luo et al., 
2016). Notably, greater contributions of inhaled PFAS associated with 
ultrafine particles in the tracheobronchial and alveolar regions were 
observed at site ST1. Although the total depositional flux at site ST1 was 
lower, the induced health effect cannot be neglected as ultrafine parti-
cles may penetrate deeper into the human body. These results imply that 
particle size is crucial to the assessment of human inhalation risks of 
airborne PFAS. 

The cumulative daily intake dose (DID) of PFAS in both the partic-
ulate and gaseous phases was further estimated for on-site workers 
(Table S18). Overall, the average DIDs were 169 pg/kg/d in WMIs. The 
most predominant compound was 6:2 FTOH (48.7 pg/kg/d on average), 
followed by 7:2 sec-FTOH (25.9 pg/kg/d on average), while the DID for 
ionic PFAS in on-site workers was dominated by PFOS (1.72 pg/kg/d on 
average). The highest cumulative DID found at site LA (265 pg/kg/d) 
was several orders of magnitude lower than that reported previously in a 
textile facility (~7000 ng/kg/d) (Heydebreck et al., 2016). Workers are 
suggested to wear respiratory face masks at the WMIs, which may 
decrease the intake of particle-bound PFAS. For example, N95 face 
masks can reach 85%–95% filtration efficiency for various sizes of 
particles (Cramer et al., 2020). However, face masks have limited 
filtration efficiency for gaseous phase where a certain amount of PFAS 
may occur (Jin et al., 2021; Muensterman et al., 2022). Further research 
on the effect of face masks on reducing the inhalation exposure risks of 
PFAS is needed. The present study provides a basis for estimating the 
magnitude of inhalation of size-resolved airborne PFAS; however, par-
ticle deposition may be affected by several factors, such as aerosol 
properties, respiratory system anatomy, and respiratory physiology (Yeh 
et al., 1976; Haddrell et al., 2015). In-depth research is required to 
understand the health effects of airborne PFAS in WMIs such as landfills 
and WWTPs. 

4. Conclusions 

To summarize, the majority of the PFAS present in the air samples 
collected from the investigated waste management infrastructures were 
PFAS precursors (e.g., FTOHs) and their semivolatile transformation 
intermediates (e.g., sec-FTOHs). Further research is needed to improve 
our understanding of the environmental transport, fate, and potential 
risk from these intermediate and terminal degradation products. The 
distinct particle size signatures of PFAS at different sites may also 
facilitate source apportionment in future studies on ambient air. The 
specific regional depositional fluxes calculated in the human respiratory 
tract have significant implications for health-related challenges associ-
ated with PFAS from potential source areas. In particular, we demon-
strated that ultrafine particles are major carriers of PFAS into the 
alveolar region of the lung. We also highlighted that the landfill, with a 
daily emission of approximately 95.8 mg/d, could potentially be an 
important source of atmospheric PFAS relative to WWTPs. However, 
there existed limitations regarding the sample size and sampling period 
in this study, which may bring about uncertainty to the air emission 
estimation. A more systematic sampling strategy with sufficient sam-
pling period and more sampling points shall be implemented in future 
studies. 

Overall, the present study has laid the groundwork for future studies 
to systematically characterize the magnitude of PFAS atmospheric re-
leases and examine the environmental transport and fate of PFAS. The 
main findings could be applicable to WMIs with similar treatment 
technique and operation conditions. Given society’s heavy reliance on 
landfills as a sink for commercial and industrial wastes, more thorough 
evaluations of landfills as a main source of atmospheric pollutants and 

related health effects are needed. 
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