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Abstract:
A 30 m vertical drawdown water level fluctuation zone (WLFZ) was formed

annually due to seasonal water impoundment in the Three Gorges Reservoir (TGR) in
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Southwest China. In this study, a super site in downstream of WLFZ, ~ 200 km off the
Three Gorges Dam, was used to investigate the seasonally gas-particle partitioning and
air-water exchange of USEPA 16 polycyclic aromatic hydrocarbons (16 PAHs). The
average concentrations of 16 PAHs in the particle phase were 66.63£9.15 ng/m?® in
winter and 8.43+2.95 ng/m?® in summer. In the gas phase, they were 28.47+4.79 ng/m?
in winter and 10.57+1.51 ng/m® in summer. In the dissolved phase of surface water,
they were 38.65+6.37 ng/L in winter and 56.53+8.86 ng/L in summer. The logarithmic
gas-particle partitioning coefficient ( 1gK, ) was negatively correlated with the
logarithmic subcooled liquid vapor pressure (lng). While the 1gK,, was positively
correlated with logarithmic octanol-air distribution coefficient (IgKg,). These two
regressions both indicated un-equilibrium of gas-particle partitioning of PAHs in the
atmosphere. Applying “Whitman two-film resistance model” to our datasets shows that
3-ring PAHs had a net volatilization from water to air (2.74 to 6.43 ng/m?/d), and 4~5-
ring PAHs favored deposition from air to water (-0.614 to -0.413 ng/m?/d). The water
as a potential ‘source’ for 3-ring and a ‘sink’ for 4~5-ring PAHs was thereby revealed.
The results of this study are crucial for understanding atmospheric gas-particle
partitioning of PAHs and for revealing the factors and mechanisms governing their
geochemical cycling at air and water interfaces.

Keywords: PAHs; gas-particle partitioning; air-water exchange; Three Gorges
Reservoir region (TGRR)

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs), a group of ubiquitous persistent
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organic pollutants (POPs), are aromatic organic compounds that composed of two or
more fused benzene rings (Li et al., 2017). PAHs may be contained in crude and refined
petroleum (i.e., petrogenic PAHs) and produced by combustion of fossil fuel and
biomass burning (i.e., pyrogenic PAHs) (Ravindra et al., 2008; Zakaria et al., 2002).
Due to their teratogenic, carcinogenic, and mutagenic effects, PAHs have become the
important pollutants in environmental science research (Huang et al., 2017; Jiang et al.,
2014).

On account of their semi-volatility, hydrophobicity and lipophilicity, PAHs have
diverse and complicated environmental geochemical behaviors, such as atmospheric
deposition, gas-particle partitioning, air-water/soil exchange and even absorption by
plants (Fellet, et al., 2016; Wu et al., 2019). There have been studies concerning the
gas-particle partitioning and air-water exchange of PAHs over the atmosphere of fresh
waters. For example, Li et al. (2009) estimated air-water diffusion exchange flux of
PAHs in a small urban lake in Guangzhou, China, based on a year-round monitoring.
They revealed that the fluxes were predominantly controlled by the precipitation
intensity in wet season whereas by atmospheric concentration in dry season. Verma et
al. (2017) assessed the gas-particle partitioning of PAHs in a rural site close to Yamuna
river, India, during post-monsoon and winter seasons. The regression parameters and
the relationship between the partitioning coefficient and temperature suggested that the
concentration of PAHs in the atmosphere is governed by local sources. Low molecular
weight PAHs were found mainly in the gaseous phase and high molecular weight PAHs

in the particulate phase. Recently, Tucca et al. (2020) estimated the air-water diffusive
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exchange fluxes of PAHs in an oligotrophic North—Patagonian lake in Chile. They
found that PAHs showed a net volatilization for lighter PAHs, and a net deposition trend
for higher molecular weight PAHs. As regarding the occurrence of PAHs in atmosphere
and water, these studies issued the multi-medium behavior of PAHs in regional
perspective.

The Three Gorges Dam (TGD), one of the largest man-made hydropower projects
in the world, has had a seasonal change in water level as a result of water storage in the
winter (October-April) and release in summer (May-September) (Deng et al., 2016;
Zhang et al., 2015). The water level rises to 175m during storage period, and decreases
to 145m during discharge period, resulting in a unique water-level-fluctuation zone
(WLFZ) along the Three Gorges Reservoir region (TGRR) (Jiang et al., 2018b; Yue et
al., 2016). With a length of ~190 km and an area of ~350 km?, environmental conditions
of the WLFZ are influenced by intensive human activity (Ye et al., 2011; Huang et al.,
2015). These studies showed that the formation of WLFZ changes the air-water
interactions, and influences the transfer of contaminants from ‘source to sink’ in the
TGRR.

The concentration of USEPA priority 16 PAHs in surface sediments of the WLFZ
in TGRR was between 165 and 1653 ng/g, dominating as the main POPs in this region
(Floehr et al., 2015). In the summer half year, the water level in the dam gradually
decreases, exposing the WLFZ under the air and enabling the PAHs evaporate from
water into atmosphere due to the relatively high temperature and more abundant light

illumination and oxygen. In the winter half year, the water level gradually increases, re-
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submerging the WLFZ under the water and enabling the PAHs trapped therein due to
surface runoft and interception effect from the TGD. This “trapped phenomenon” could
be enhanced by the relatively low temperature and anaerobic environment of WLFZ.
These two distinct water-air interactions could result in the different roles of the water
for the PAHs in the atmosphere over the WLFZ.

There have been studies focusing on the occurrence and transfer of PAHs in
water systems in TGRR, such as Deyerling et al. (2014), Wang et al. (2009) and Wolf
et al. (2013). Recently, we collected atmospheric samples from the WLFZ in winter and
summer, and found that 2-3 ring PAHs in summer was more likely to come from
volatilization from the water, while 5-6 ring PAHs in winter was mainly from biomass
combustion, revealing a seasonal "absorption-volatilization" conversion of PAHs in the
water (Wang et al., 2020). The water as a ‘source’ in summer and a ‘sink’ in winter for
PAHs thereby requires further study. To date, air-water exchange and gas-particle
partitioning of PAHs in atmosphere over the WLFZ at different water levels have not
received much attention.

The objectives of this study were to 1) unravel the mechanism of gas-particle
partitioning and air-water exchange of PAHs in different seasons; 2) to explore the
potential “volatilization from the water” and “deposition to the water” roles of PAHs
driven by water level manipulation under human disturbance. This study on the gas-
particle partition and air-water exchange of PAHs in WLFZ is therefore important for
understanding their different environmental geochemical behaviors during periods of

water storage (winter) and discharge (summer) in the TGRR.
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2. Materials and methods
2.1 Sampling

Air and water samples were collected at Pengxi River wetland nature reserve, a
typical part of WLFZ in TGRR (Figure 1). With an area of 41.07 km?, the natural
reserve is approximately 250 km upstream of the TGD, and has low residential density
and almost no industrial activity. The water level of the reserve could increase to ~175
m in winter and drop to ~145 m in summer of the next year, making it an ideal site to

conduct gas-particle partition and air-water exchange of PAHs in different seasons in
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Figure 1 Sampling site at WLFZ of TGRR.
The sampling apparatus was placed on the roof of a three-story building, a super
scientific monitoring station affiliated to Chongqing Forestry Bureau. This station has
been used to observe the characteristics of carbonaceous pollutants in the atmosphere

between different seasons associated with water levels in TGRR (Wang et al., 2020).
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Air samples were collected via a high-volume air sampler (ASM-1, Guangzhou Mingye
Huanbao Technology Company, Guangzhou, China) with a flow rate of approximately
of 300 L/min. Total suspended particle (TSP) samples were collected on quartz fiber
filters (20x25 cm?, T2600, Pall Corporation, Port Washington, NY, USA) held in a
metal frame and then polyurethane foam (PUF) plugs (6.5 cm in diameter, 7.5 cm in
thickness, density 0.030 g-cm™) were carried out using a glass holder to collect PAHs
in the gas phase. Each sample was collected over 23.5-hours, from 9:00 a.m. to 8:30
a.m. of the following day. Two field blank samples were obtained for water-storage and
water-release period respectively. Prior to sampling, the quartz fiber filters were
wrapped in aluminum foil and baked in a muffle furnace for at least 4 h at 450 °C. The
PUF plugs were Soxhlet-extracted with dichloromethane (DCM) for 48 h. After drying,
these PUF plugs were sealed in valve bags and stored in a desiccator. After sampling,
all samples including the field blanks were stored at -20°C until further analysis. There
were both two parallel field blanks for the air and water samples. Surface water samples
(10 L/sample) were collected using a lake water-rinsed/ river water-rinsed Teflon
bucket adjoining the super scientific monitoring station. The water sampling site is
~100 m far away from the station. The samples were collected in the same location both
in winter and summer. Using a vacuum pump, a pre-combusted glass fiber filter (GF/F,
50 mm in diameter, bore size 0.45 um) was used to remove suspended solids. A glass
column filled with Amberlite XAD-2 and XAD-4 resin (1:1 of total 30 g, Sigma-
Aldrich, USA) was used for solid-phase extraction and enrichment of dissolved PAHs

in the filtrate through a peristaltic pump. The XAD-2 and XAD-4 resin were pre-



148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

cleaned using a Soxhlet extraction with dichloromethane (DCM) for 48 h. Finally, the
solid-phase extraction column was wrapped with a parafilm and aluminum foil and
stored at -20°C as well. Twenty-two paired gas-particle (n=44) and water samples
(n=44), from January 8 to January 17, 2019 (winter: high water level ~175m) and July
12 to July 23, 2019 (summer: low water level ~145m), were collected consecutively in
this study. The sampling information and meteorological conditions are summarized in
Table S1 in Supporting Information.
2.2 Sample analysis

Dichloromethane (DCM) was used to Soxhlet extract PAHs from the quartz fiber
filters and PUF plugs after adding a known PAHs standard sample. The standard sample
consisted of deuterated naphthalene (Nap-ds, m/z 136), deuterated acenaphthene (Ace-
dio, m/z 164), deuterated phenanthrene (Phe-dio, m/z 188), deuterated chrysene (Chr-
di2, m/z 240) and deuterated perylene (Per-di2, m/z 264). After 48h, the DCM was
rotary evaporated to about 5 mL at 30°C and 40 rpm/min in a vacuum rotary evaporator
and solvent-exchanged to hexane (HEX). The concentrates were evaporated to about 2
mL by N> with a purity of 99%. The chromatography columns (8 mm in diameter, 20
cm in length, 3 cm deactivated Al2O3, 3 cm Si0; and 1 cm NaxSO4 from the bottom to
top) were used for clean-up and fractionation. Subsequently, the columns were rinsed
three times with 15 mL DCM/HEX (1:1, v:v) and concentrated again with N> to a
volume of 500 puL. For water samples, DCM/HEX (1:1, v:v) was used to rinse the solid-
phase extraction columns and then treated in the same way as the air samples described

above. An Agilent GC 6890 N equipped with DB5-MS column (30 mx0.25 mmx0.25
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um) coupled with Agilent 5975C MSD was used for PAHs determination. GC-MS
operation was programmed as follows: initial temperature of 60°C for 2 min, ramped
to 290°C at 3 °C/min and held for 20 min and injected with the split-less mode. The
post-run time was 5 min at 310 °C. Hexamethylbenzene (HMB) was added as an
internal standard for GC-MS analysis.

The targeted PAHs were USEPA 16 priority PAHs. The following are the number
of rings, names and abbreviation of them: 2-3 ring (6 species): naphthalene (Nap);
acenaphthylene (Ac), acenaphthene (Ace), fluorene (Fl), phenanthrene (Phe),
anthracene (Ant); 4-ring (4 species): fluoranthene (Flu), pyrene (Pyr),
benzo[a]anthracene (BaA), chrysene (Chr); 5-6 ring (4 species): benzo[b]fluoranthene
(BbF), benzo[k]fluoranthene (BKF), benzo[a]pyrene (BaP), dibenzo[a,h]anthracene
(DBA); indeno[1,2,3-cd]pyrene (IP), benzo[ghi]perylene (BghiP).

2.3 Quality assurance/ Quality control (QA/QC)

The purity of the organic solvent (DCM and HEX) was 95% HPLC grade in this
study. Prior to sample processing, all the glass apparatuses were washed and dipped in
hot potassium dichromate and sulfuric acid mixed solution. Apparatus was
subsequently rinsed with de-ionized water (18.2 MQ Milli-Q) successively then
wrapped in aluminum foil and heated for at least 4 hours at 450°C in a muffle furnace.
All apparatuses were rinsed three times with DCM or HEX before use. Surrogate
recoveries in the gas phase samples were 61%=+10% for Nap-ds, 70%+5% for Ace-dio,
90%+4% for Phe-dio, 98%+4% for Chr-di2 and 103%=+5% for Per-di», respectively. For

the TSP samples, they were 62.3%+8% for Nap-ds, 82.7%+5% for Ace-dio, 92.5%+5%
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for Phe-dio, 101.8%=+7% for Chr-di2 and 111.5%+10% for Per-di», respectively. For the
dissolved phase in water samples, they were 59.3%+9% for Nap-ds, 66.7%+9% for
Ace-dio, 80.3%+10% for Phe-dio, 87.9%=+11% for Chr-di» and 100.2%+10% for Per-
di2, respectively. The method detection limits (MDLs) were the average field blank plus
three times the standard deviation and were 0.019-0.35 pg/m? for the air samples and
0.15-1.92 pg/L for the water samples (Wu et al., 2017). Aside from Nap, the other
species of PAHs were almost under detection method for the field blanks and other
blank samples. The sample results were displayed as blank corrected values by
subtracting the average blank concentrations from each sample.
2.4 Gas-particle partitioning

The partitioning behavior of PAHs between gas and particle phase can be
described by gas-particle partition coefficient (K, m3-ug™t) (Jenkins et al., 1996; Sitaras

et al., 2004) as follows:

C
_ p
= <SP W)

Where C, and C, are PAHs concentrations (ng'm?) in the particle and gas
phase, respectively; TSP is the total suspended particle concentration (ug-m™).

The distribution of PAHs in the atmosphere can be divided into adsorption and
absorption (Simcik et al., 1998; Terzi and Samara, 2004).  After introducing the vapor
pressure of the subcooled liquid (PY), the linear relationship of logK,, and logP! was
developed to characterize both mechanisms of organic matter absorption and particle
surface adsorption (Simcik et al., 1999), with the equation:

logK, =m, long + b, (2)
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Where the slope value (m,) could indicate equilibrium state and dominant
mechanism of distribution, and the intercept value (b,) is related to the properties of
aerosol particles. The temperature-dependent P} of PAHs was calculated as:

logP? Z% + by, 3)

Where T is the average temperature during the sampling time. The m; and by
values for PAHs species are shown in Table S2 (Odabasi et al., 2006). Theoretically, the
gas-particle distribution process is in equilibrium with a slope value of -1 (Pankow,
1994). If m, <-1, the adsorption onto the particle surface is dominant; If m, > -0.6,
the distribution is mainly affected by the absorption into the organic matter of particles;
And if -1 < m, <-0.6, adsorption and absorption jointly affect the distribution (Goss
and Schwarzenbach, 1998). In equilibrium, the long—logP(ﬂ model can be simplified
as Zhang et al. (2018):

logK,, = —logPE + logfonm - 5.22 4)

Where fqy, is the mass fraction of organic matter (OM), and could be calculated
as OM=1.60C (Chan et al., 2010).

As octanol is the solvent usually used as the reference for OM in studies, the
distribution of PAHs between gas and OM (Kgy) can be empirically viewed as its
octanol-air distribution coefficient (Kg, ) (Harner and Bidleman, 1998; Lohmann et al.,
2000). The linearly dependent model of logK,, and logKp, can then be expressed as
Finizio et al. (1997):

logK, = m logKoa +b 5)

Where the temperature-dependent Ky, values can be obtained by:
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logKps=B/T+ A (6)

The A and B values for targeted PAHs are shown in Table S1. Ideally, the m value
should be near +1 under the equilibrium condition. The equations for the absorption
and the adsorption models are summarized in Supporting Information.

2.5 Air-water exchange

The exchange between dissolved and gas phase PAHs was quantitatively
estimated by the widely applied Whitman two-film resistance model (Schwarzenbach
et al., 2003). The flux of PAHs across the air-water interface is given by Wania et al.
(1998):

F=Kol«(C,,-C,/H) (7)

Where Cy (ng/m?) and C, (ng/m?) are the concentrations of PAHs in the water

and the atmosphere, respectively. H' is the dimensionless Henry’s law constant. Kol

(m/d) is the overall mass transfer coefficient (Wang et al., 2013), which is defined as:

L1
Kol K, K,H'

®)
Where Ky and K. are the mass transfer rates through the water and air layer film,

respectively (Wu et al., 2017). Ky can be expressed as Liu et al. (2016):

Ky=0.65%10"%(Scwpans/Scwcoz) > Upp<d.2m/s  (9)

SCW,PAHs

-0.5
K,,=(0.79 U10—0.68)><10'3><< > ,Ujp>42m/s  (10)

CW,CO2

K. can be expressed as McDonough et al. (2016):

0.67
K,=(0.2 U;4+0.3)x(Dpaps.o/Dr20.2)

(1D

Where Ui (m/s) is the wind velocity at a reference height of 10 m, Scw,pans and

Scw,pans are the dimensionless Schmidt number of PAHs and CO2, Dw,pans (cm?/s) and
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Dwcoz2 (cm?/s) are the molecular diffusivities of PAHs and CO, in the water,
respectively. The other equations for calculating the relevant parameters in Ky, and K,
are also summarized in Supporting Information.
2.6 Uncertainty for exchange flux estimation

The uncertainty of the estimated flux was calculated by the error propagation
analysis method derived from Shoemaker et al. (1974), which has been widely used by
Feng et al. (2021b) and Liu et al. (2016). The error caused by random uncertainty was
calculated as:

6*(F)= (&xa—lil)2 (oK o)+ (af:_FW)Z (oCu+ ;(f

2
) ccy* (12)

Based on the measured samples and recoveries, the error coefficients of Cy and Ca
were estimated to be 20% and the error value of Ko was assumed to be 40% to cover
the uncertainties in the air-water mass transfer coefficients and wind speed (Bamford et
al., 1999; Nelson et al., 1998).

The overall propagated error associated with the calculated of the PAH air-water
exchange fluxes ranged between 2% and 1069%, with an average 95%. Our result was
higher than that reported by Fang et al. (2008) (51%), but were close to those reported
by Cheng et al. (2013) (102%) and Feng et al. (2021b) (110%). Most of the errors
associated with the fluxes were attributed to the Ko because it was the only value that
was not measured directly (Bamford et al., 1999; Nelson et al., 1998).

3 Results and discussion
3.1 Occurrence of PAHs

The sum of USEPA priority 16 PAHs (thereafter as 16 PAHs), in both the
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atmosphere (gas and particle phase) and water samples are shown in Table 1. The
concentrations of the individual PAHs are in Table S3. IP, DBA, BghiP were below
detection limit in all gas phase samples. The concentrations of the 16 PAHs in the
particle phase averaged at 66.63+9.15 ng/m? in winter and 8.43+2.95 ng/m? in summer,
respectively. For the gas phase, they were 28.47+4.79 ng/m? in winter and 10.57+1.51
ng/m’ in summer, respectively. Particulate PAHs dominated in winter, accounting for
70.1% of the total. In summer, gaseous PAHs dominated, contributing 54.7% of the
total. In the water, the concentrations of dissolved PAHs of WLFZ averaged at
38.65+6.37 ng/L in winter while in summer the average was 56.534+8.86 ng/ L.

Table 2 shows the mean concentrations of the 16 PAHs in the atmosphere (gas and
aerosol phases) and water (dissolved phase) of the WLFZ at TGRR compared with
other studies worldwide. The mean value of PAHs in aerosol and gas phase at TGRR
was lower than and Lake Taihu in China by a factor of 2 - 5 (Tao et al., 2017), and
comparable with Pearl River Estuary, China (Lao et al., 2021). They were much higher
than Marginal seas of Arctic Ocean (Na et al., 2021), Coral Reef Area of South China
Sea (Feng et al., 2021b; Zhang et al., 2021a). For dissolved PAHs in water, the
concentrations in TGRR were lower than Yangtze River Estuary, East China Sea (Jiang
et al., 2018a), but higher than in the Coastal region of Incheon, South Korea (Kim and
Chae, 2016) and Panguipulli Lake, Chile (Tucca et al., 2020).

Table 1. Summary of 16 PAHs in atmosphere (gas and particle phase) and water samples

collected from Pengxi River Wetland Nature Reserve. (nd- not detected)

Particle phase Gas phase Air samples Water samples

Compound
(ng/m?) (ng/m?) (ng/m?) (ng/L)
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Mean SD Mean SD Mean SD Mean SD
(a)After submergence, winter (2019, 01)
Nap 2.35 0.12 2.09 0.63 4.44 0.65 19.80 5.14
Ac 0.16 0.03 0.91 0.44 1.07 0.44 2.66 1.01
Ace 0.02 0.01 1.47 0.26 1.49 0.26 2.10 1.44
F1 0.28 0.09 3.71 0.69 3.99 0.68 5.72 0.96
Phe 2.80 0.79 14.04 2.30 16.84 2.18 7.87 3.32
Ant 0.35 0.05 0.66 0.21 1.01 0.25 0.84 0.27
Flu 5.67 1.09 3.14 0.52 8.82 1.29 0.87 0.44
Pyr 5.35 0.77 1.94 0.37 7.28 1.03 0.90 0.27
BaA 3.16 0.51 0.13 0.05 3.30 0.55 nd nd
Chr 5.14 0.63 0.32 0.06 5.46 0.64 nd nd
BbF 13.79 2.01 0.02 0.01 13.81 2.01 nd nd
BkF 3.37 0.57 0.03 0.01 3.40 0.57 nd nd
BaP 5.78 1.44 0.03 0.01 5.81 1.45 nd nd
DBA 1.26 0.21 nd nd 1.26 0.21 nd nd
1P 9.90 1.84 nd nd 9.90 1.84 nd nd
BghiP 7.22 1.40 nd nd 7.22 1.40 nd nd
> PAHs 66.63 9.15 28.47 4.79 95.10 13.03 38.65 6.37
(b)Before submergence, summer (2019, 07)
Nap 2.36 0.09 0.89 0.13 3.25 0.19 25.28 5.42
Ac 0.02 0.01 0.16 0.06 0.17 0.06 0.96 0.25
Ace 0.01 0.01 0.05 0.02 0.05 0.02 3.63 1.10
F1 0.05 0.02 0.49 0.12 0.55 0.14 13.04 5.64
Phe 0.22 0.08 4.63 0.76 4.85 0.84 11.47 2.29
Ant 0.07 0.02 0.19 0.04 0.25 0.05 1.00 0.23
Flu 0.28 0.14 1.94 0.26 2.21 0.38 0.63 0.17
Pyr 0.37 0.21 1.15 0.20 1.52 0.37 0.5203 0.14
BaA 0.28 0.14 0.08 0.02 0.35 0.16 0.02 0.05
Chr 0.40 0.20 0.40 0.11 0.81 0.27 0.02 0.04
BbF 0.99 0.51 0.12 0.03 1.11 0.53 0.15 0.47
BKkF 0.32 0.15 0.02 0.004 0.34 0.15 0.04 0.13
BaP 0.66 0.36 0.06 0.01 0.71 0.38 0.01 0.03
DBA 0.14 0.06 nd nd 0.14 0.06 0.001  0.004
1P 1.28 0.65 nd nd 1.28 0.65 0.004 0.01
BghiP 1.00 0.51 nd nd 1.00 0.51 0.004 0.01
> PAHs 8.43 2.95 10.17 1.51 18.60 4.34 56.53 8.86




302  Table 2. Comparisons of the mean concentrations of 16 PAHs in atmosphere (gas and aerosol phases) and water (dissolved phase) of WLFZ at

303 TGRR with other places.

Sampling site Sampling period Ael‘((l)lsgo/lnlljsl)lase G(z:lsg?ll:l?)s ¢ Disso(l;:;iL[))hase References
WLFZ in TGRR, China 2019.01.08-2019.01.17 66.62 28.47 40.74 This study
WLFZ in TGRR, China 2019.07.12-2019.07.23 8.42 10.17 56.78 This study
Pearl River Estuary, China 2019.08.18-2019.08.25 1.14 184.67 35.65 Lao et al., 2021
Marginal seas of Arctic Ocean 2018.07-2018.09 0.05 1.66 133.90 Na et al., 2021
Coral Reef Area of South China Sea 2018.03.21-2018.04.12 0.83 41.25 7.94 Feng et al., 2021b
Coral Reef Regions South China Sea 2015.05.20-2015.07.04 0.15 6.74 252.28 Zhang et al., 2021a
Panguipulli Lake, Chile 2017.03-2017.08 — 11.62 0.96 Tucca et al., 2020
Yangtze River Estuary, East China Sea 2014.03.27-2015.01.18 34 4.4 61.4 Jiang et al., 2018a
Taihu Lake, China 2015.03.30-2016.01.28 90.77 106.57 294.20 Tao et al., 2017
Coastal region of Incheon, South Korea 2013.10-2014.12 — 37.0 9.34 Kim and Chae, 2016
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3.2 Gas-particle partitioning of PAHs

The 1gK,, values of 13 PAHs (3 species were under detection limit in water sample)
in the atmosphere of WLFZ in the TGRR in winter (high water level) and summer (low
water level) are summarized in Table S4. Figure 2 compares the measured and predicted
1gK,, of PAHs using the dual octanol-air/soot-air model. The average 1gK, of 2-5 ring
PAHs were -1.86 £ 0.28, -2.86 + 0.68, -1.09 £ 0.56 and 0.53 £+ 0.44 in winter,
respectively. In summer, they were -1.06 + 0.14, -2.43 + 0.37,-1.71 £ 0.58 and -0.46 +
0.21, respectively. As shown in Figure 2, the K, displays an increasing trend with the
molecular weight of PAHs, which is similar to other studies (Hu et al., 2019). Low ring
PAHs have higher vapor pressures and Henry's coefficients, making them readily
distribute in the gas phase. However, high ring PAHs have relatively low volatility and
tend to combine with particles (Barrado et al., 2012). The K;, of high ring PAHs in
summer were lower than those in winter, which could be related to meteorological
conditions as solar radiation and high ambient temperature in summer are conducive to
the volatilization of PAHs from the particle to the gas phase, resulting in the decrease
of Kp (Jia et al., 2021). In winter, high relative humidity lead to high aerosol liquid
water content, promoting the adsorption of aerosols by PAHs and increasing the K,
value (Hu et al., 2019). Non-exchangeable compositions of PAHs are fixed in aerosols
generated by combustion from fossil fuels and biomass, making them difficult to
migrate into the gas phase. This could be an important reason why K, values of some

low ring PAHs, such as Nap, Ace and F1, were still high (Harner and Bidleman, 1998).
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Figure 2 The measured and predicted 1gK,, of PAHs using the dual octanol-
air/soot-air model.

The regression results of ngp—lgP](z and IgK,-1gKp for atmospheric PAHs of
TGR are shown in Figure 3. The slope of ngp—lgP](z in winter and summer was -0.53
and -0.27, respectively. For the interception, they were -3.05 and -2.13, respectively.
The results showed that the distribution of gas-particle partition were mainly influenced
by the absorption into particulate organic matter (Goss and Schwarzenbach, 1998). The
slopes of 1gK,-1gKq, in winter and summer was 0.50 and 0.27, respectively. For the
interception, they were -6.19 and -3.92, respectively. These results both indicated the
disequilibrium of PAHs distribution in the atmosphere of WLFZ in TGRR (Zhang et
al., 2018). Indeed, factors including pollution source input, temperature variation,
humidity and particle properties (such as adsorption point and organic matter activity
coefficient) as well as irreversible adsorption of organic matter in particles would all
affect the gas-particle distribution (Goss and Schwarzenbach, 1998; Simcik et al., 1998).
PAHs emitted to the atmosphere would gradually reach an equilibrium state after a

process of atmospheric deposition, gas-particle reaction and chemical transformation
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(Lohmann et al., 2000; Simcik et al., 1998). According to Akyiiz and Cabuk, (2010),
slopes of ngp-lng close to —1 indicate that the PAHs transport from over long
distances to sampling site, whereas the slopes far from —1 denote the contribution of
local sources. The slope observed in this study was rather far from —1. This indicated
that the PAHs were mostly from location sources. The adsorption—desorption
equilibrium between the gas and particle phases has not been established. Back
trajectory analysis at 100 m (red),700 m (green) and 2000 m (blue) of the individual
72-hour arriving at sampling site during the sampling period are shown in Figure S1.
The parcels in the two seasons from nearby of East Chongqing were both mainly
observed at 100 m. The air parcels in summer were faster than those in winter, making
the transport paths relatively short. Considering the mountainous location of the
sampling site, it is reasonable to conclude that a short transport pathway from local
Chongqing had an effect on the gas-particle partitioning of PAHs.

The slope of ngp—lng and IgK,-1gKpa in summer was shallower than those
in winter. One possible reason could be the effect from ambient temperature, since the
higher temperature in summer would prompt more organic compounds with higher
vapor pressures to evaporate into the atmosphere. These compounds could then be
absorbed by particles, resulting in a deviation between slope and equilibrium value. In
this study, temperatures in summer and winter were 25.5-34 °C and 5-7 °C, with a mean
0f 29.8 °C and 6.1 °C, respectively. Another possible reason could be ascribed to the
sorptive properties of the atmospheric particles from different sources between summer

and winter (Hu et al., 2019). Fossil fuel and biomass combustion were the important
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sources of PAHs in the atmosphere around the reservoir area (Hu et al., 2019; Feng et
al., 2021a). Incomplete combustion of these fuels is conducive to the formation of non-

exchangeable components, as are forest fires and volatilization of diesel/ petroleum

residues in summetr.
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Figure 3 The regression results of ngp—lgPE and 1gK,-1gKq, for atmospheric PAHs

of TGR.

Table 3 summarize a comparison of ®Omeas/Ppred for atmospheric PAHs from the

equilibrium states of ngp—lgP(ﬂ and 1gK,-1gKo, models, and the dual octanol-

air/soot-air model. ®=Cp/(Cp+Cg), where Cp and Cg are PAHs concentrations (ng/m?)

in the particle phase and gas phase, respectively. The results showed using the dual

model the predicted values of @ were closer to the measured values from field sampling,

indicating that organic matter and elemental carbon were important factors affecting
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the partitioning (Figure 3). The elemental carbon in aerosols has a strong adsorption
effect on PAHs, and therefore the elemental carbon-air distribution coefficient (Ksa)
could be a vital parameter for prediction (Dachs and Eisenreich, 2000). The predicted
® for low ring PAHs (2-3 rings) varied greatly among the three models; while for high
ring PAHs (4-5 rings), they were good agreement with the measured value. Therefore,
the equilibrium state prediction model was more suitable for the gas-particle
partitioning of 4-5 ring PAHs. For the dual model (Figure 3), the predicted 1gK,
underestimated the actual gas-particle partitioning determind from the field sampling,
and the deviation decreased with the ring number of PAHs. The 1gK,, of 2-5 ring PAHs
in winter were underestimated by 4.14 £0.14, 1.33 £ 0.57, 0.56 + 0.33 and 0.28 = 0.42
units, respectively. In summer, they were underestimated by 5.77 £+ 0.22, 2.68 + 0.60,
1.17+0.36 and 0.76 £ 0.19 units, respectively. Low ring PAHs have strong diffusivity,
and readily reach an equilibrium state, but this state was vulnerable during the field
sampling process. For example, PAHs with high volatility originated from incomplete
combustion were wrapped by particles and therefore could not interact between
different phases (Simcik et al., 1998). The deviation between ®meas and Ppred in Winter
was less than in the summer. Hence, the more active migration, diffusion and chemical
reactions of PAHs in summer could affect the prediction bias of these models.

Table 3. Comparison of ®Omeas/Pprea for atmospheric PAHs from the equilibrium states

of ngp-lng and 1gK,-1gKo, models, and the dual octanol-air/soot-air model.

PAH 2019/01 (high water level period) 2019/07 (low water level period)
$
ngp—lng 1gK,-1gKoa Dual Model ngp-lng 1gK,-1gKoa Dual Model
Nap 4.75x10* 2.79x10° 6.39x10° 1.38x10° 2.26x10° 1.73x10°

Ac 9.98%102 1.22x10° 1.81x102 1.00x10* 9.58x10° 1.65x10°
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414

Ace 47.06 57.63 8.82 9.27x103 8.75x103 1.61x10°

Fl 85.86 1.14x10? 18.87 2.74x10° 2.80x10° 5.50%10?
Phe 23.16 35.06 6.87 2.05%10? 2.34x10? 52.37
Ant 44.84 68.41 13.52 1.11x103 1.27x10° 2.89x10?
Flu 4.96 8.71 2.52 41.36 56.54 14.97
Pyr 5.79 8.59 2.83 66.93 92.24 24.28
BaA 1.37 1.19 1.10 16.84 13.19 6.86
Chr 1.03 1.16 1.01 4.65 7.90 2.86
BbF 1.01 1.01 1.01 1.86 2.29 1.51
BKF 1.00 1.01 1.00 1.91 2.35 1.57
BaP 1.00 1.00 1.00 1.50 1.79 1.31

3.3 Air-water exchange

Using the associated equations shown above, we calculated the air-water exchange
fluxes of PAHs in winter and summer. The air-water exchange fluxes of 12 individual
PAHs (Nap, DBA, IP and BghiP not included) in winter (high water level period) and
summer (low water level period) are summarized in Table S5. Figure 4 shows the
variation of exchange fluxes of 12 PAHs based on the collected samples. The flux
ranged from -0.36 ng/m?/d (Fla at 2019/01) to 3.19 ng/m%*d (Flu at 2019/07). The
negative values represent net deposition from air to water, while positive values
represent the volatilization of PAHs from water into air. Among them, 3-ring PAHs
showed a trend of net volatilization. Flu had the highest flux, accounting for 43.1% and
49.5% of the total in winter and summer, respectively. The next highest flues were from
Ace (22.6% and 17.7%) and Phe (4.1% and 25.9%). 4-ring PAHs favored deposition
from the air into the water. The deposition fluxes of 5-ring PAHs were rather low
owning to their low concentrations in the water phase. As regards the total exchange of
PAHSs, the flux in TGR was lower than the Northwest Pacific Ocean (15PAHs, -54 to
107 ng/m?/d) (Wu et al., 2017) but comparative with the coral reef region in South

China Sea (15PAHs, -55.9 to -0.86 ng/m?/d) (Zhang et al., 2021a).
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The direction and flux of PAHs exchange at the air-water interface are related to
their physical and chemical properties, such as molecular weight, vapor pressure, as
well as environmental factors such as temperature and wind speed (Chen et al., 2016;
Wu et al., 2017; Wu et al., 2019). Three-ring PAHs are relatively water-soluble and
could be abundant in the water phase (Zhang et al., 2021b). Due to their high vapor
pressure and Henry’s constant, they generally show a trend of volatilization from the
water into the gas phase. By contrast, 4-5 ring PAHs readily occur in the particle phase
(Zhang et al., 2021a) and deposit into water via atmospheric deposition. In this study,
3-ring PAHs were tended to volatilize from water into the gas phase, 4-5 ring PAHs
were favored to deposit from the air into the water. This was confirmed by the results
of our study and consistent with reported results from the Bohai and Yellow Seas (Chen
et al., 2016) and the northwestern Pacific Ocean (Wu et al., 2017).

The seasonal variation of PAHs air-water exchange flux mainly related to ambient
temperature (Ruge et al., 2015; Wu et al., 2019). In this study, the average surface water
temperature was 10.4 °C in winter and 28.4 °C in summer. LMW PAHs have low
evaporation enthalpy, and their water-gas exchange process is significantly affected by
the temperature (McDonough et al., 2014). High temperature promotes the
volatilization of PAHs from water into gas phase, and weakens the absorption of PAHs
by the water (Zhang et al., 2021a). Therefore, the air-water exchange flux of LMW
PAHs in summer is generally higher than those in winter. In addition, meteorological
factors such as wind speed and wind direction could affect air-water exchange. For

example, Wu et al. (2017) found that higher wind speed promoted the volatilization of
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3-ring PAHs from water into air while Zhang et al. (2021a) showed that the air masses

originating from different directions had effect on the PAHs air-water exchange flux.

A

B Vinter
B summer

Air-water exchange flux (ng/m*/d)

: Acy Ace Tlu Phe Ant TFla Pyr BaA Chr BbF BkF BaP

Figure 4 The seasonal variation of exchange fluxes of 12 PAHs based on the
collected samples.

Although this study was limited to two seasonal datasets collected from only one
location, information of the air-water exchange of PAHs in WLFZ of TGRR could still
be obtained. Apart from air-water exchange, there were two other ways that PAHs could
interact with the surface water, via atmospherically dry and wet deposition. Larger scale
studies based on multiple sites and four seasonal samples are needed to reveal higher
resolution temporal-spatial variations of air-water exchange of PAHs. Further study on
the atmospheric wet and dry deposition of PAHs to identify the role of water as a
“source” or “sink” in WLFZ should be considered, and would prove to be interesting
and fruitful. Moreover, PAHs concentrations will be measured in different depth of the

water column, providing a good chance to assess the effect of vertical transport on the



452  air-water exchange at the reservoir.

453 4 Conclusions

454 This study provides the first data sets of gas-particle partitioning and air-water
455  exchange of PAHs in WLFZ in TGRR of China. The concentrations of USEPA 16PAHs
456 in the water and air averaged 47.6 + 7.62 ng/L and 56.9 + 8.69 ng/m?, respectively. The
457  seasonal average of PAHs in the air in winter were higher than those in summer; while
458  the opposite was true for PAHs in the water. The regression results of ngp—lng and
459 1gK,-1gKps complemented well each other, both indicating the non-equilibrium
460  distribution of PAHs in the atmosphere of WLFZ in TGRR. The slope of ngp—lng
461 and I1gK,-1gKp, in summer was shallower than those in winter. The ®pred Were closer
462  to the ®meqs from field sampling, indicating the important influence of organic matter
463  and elemental carbon affecting partitioning. The deviation between ®@meas and Ppreq in
464  winter was less than that in summer. Three-ring PAHs showed a trend of net
465  volatilization from water in air while 4~5-ring PAHs favored deposition from the air
466  into the water. Under these conditions, there should be more concern regarding the
467  atmospheric wet and dry deposition of PAHs as identifying the role of “source” or “sink”
468  PAHs in the water of WLFZ in TGRR.
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