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• The mean concentration of total FDOM
was higher in western Lake Chaohu
than in its inflow rivers.

• The mean concentration of total PFAAs
in western Lake Chaohu and its inflow
rivers were similar.

• The PFAAs in the dry seasonwere signif-
icantly higher than those in the rainy
season.

• The significant positive correlations be-
tween the PFAAs and FDOMs in two re-
gions

• Humic substances and protein-like sub-
stances might have opposite effects on
PFAAs' distributions.
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This study presents the effects of fluorescent dissolved organic matters (FDOM) on perfluoroalkyl acids (PFAAs)
inwestern Lake Chaohu and its inflow rivers. The surfacewater samples from the27 sites inwestern Lake Chaohu
and its inflow rivers were collected in March and September 2013. The contents of PFAAs and the FDOM in the
water samples were measured by a high-performance liquid chromatograph - mass spectrometer (HPLC-MS)
and by a fluorescence spectrophotometer, respectively. The temporal-spatial distributions of PFAAs and FDOM,
aswell as their interrelationships,were investigated. Eleven PFAA componentswere detected, and themean con-
centration of total PFAAs (TPFAAs) in western Lake Chaohu and its inflow rivers were 12.93 ± 5.19 ng/L and
11.84 ± 9.50 ng/L, respectively. PFOA was the predominant contaminant in two regions (7.13 ± 3.07 ng/L and
4.30 ± 2.14 ng/L) followed by PFHxA (1.72 ± 0.80 ng/L and 1.42 ± 1.41 ng/L) and PFBA (1.44 ± 0.78 ng/L and
1.37 ± 0.78 ng/L). The mean concentration of total FDOM in western Lake Chaohu and its inflow rivers were
220.0 ± 40.30 μg quinine sulfate units (Q.S.)/L and 406.3 ± 213.1 μg Q.S./L, respectively. The significant, positive
correlationswere observed between the PFAAs and FDOMs in both the lake area and the inflow rivers. However,
no significant correlation was observed between PFAAs and the dissolved organic carbon (DOC) in the lake area.
This finding indicated that the residues and distributions of PFAAs were significantly dependent on the compo-
sitions of dissolved organic matters (DOM) and not on the total content of DOM.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Perfluoroalkyl acids (PFAAs) have excellent hydrophobic and lipo-
philic properties and are widely used in many fields and products,
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such as fire-fighting foams, carpets, wrapping paper, and insulation
films (Giesy and Kannan, 2002; Begley et al., 2005; Gewurtz et al.,
2009). PFAAs are persistent because their C\\F bond is structurally
stable, and difficult to degrade (Key et al., 1997). In May 2009, the sur-
factant perfluorooctane sulfonic acid (PFOS), its salts, and
perfluorooctane sulfonyl fluoride (PFOSF) were added into Annex B of
the Stockholm Convention text (Stockholm Convention on Persistent
Organic Pollutants (SCPOPs), 2009). After the PFOS were reported in
wild animals in 2001 (Giesy and Kannan, 2001), increasing studies
showed that PFOS has acute and chronic toxicity to aquatic organisms
(Giesy and Kannan, 2001), and it can be transported over long distances
by binding to atmospheric particles or dissolving in water (Post et al.,
2012; Shan et al., 2015). Additionally, PFOS and long carbon chain
perfluoroalkylcarboxylic acids (PFCAs) have high bioaccumulation fac-
tors and food web magnification factors (Martin et al., 2004) and
threaten the ecological environment and human health through the
food web.

In 2000, the 3 M Company, a major manufacturer of PFOS, an-
nounced that theywould phase out PFOS voluntarily (EPA, 2000). How-
ever, the production of perfluorinated compounds gradually transferred
to China because of the increasing industrial demands (Chen, 2006). A
high level of PFAAs was detected in several large fluorine chemical in-
dustrial parks in East China (Jin et al., 2015; Wang et al., 2015; Zhu
et al., 2015), which are the important sources of PFAAs in China's
water environment. At present, the studies of PFAAs in China are pri-
marily focused on the exposure of PFAAs to humans (such as blood,
urine, and mother to child transmission) and health risks (Yang et al.,
2016a; Yang et al., 2016b; Yeung and Mabury, 2016; Yuan et al., 2016;
Zhang et al., 2015b), as well as the contamination to the water flowing
through the fluorine chemical industrial parks and coastal industrial
areas (Jin et al., 2015; Meng et al., 2015; Wang et al., 2015; Zhu et al.,
2015), and in a number of wastewater treatment plants (Chen et al.,
2012; Sun et al., 2011., 2012; Zhang et al., 2013a, 2015a). Dissolved or-
ganic matter (DOM), especially fluorescent dissolved organic matters
(FDOM), is a class of dissolved organic compounds that contain complex
structures and interactions and plays a pivotal role in aquatic ecosys-
tems. DOMcould adsorb or bind to organic contaminants, and influence
the degradation and bioavailability of organic contaminants, such as
polycyclic aromatic hydrocarbons, organochlorine pesticides, phthalate
Fig. 1. The distribution o
esters, estrogen, in water (He et al., 2016; Lam and Mabury, 2005; Ma
and Yates, 2018; Shang et al., 2015). At present, there are few studies
on themechanismof association between FDOMand PFAAs. Themolec-
ular weight of DOMhas a certain influence on the binding of PFAAs and
DOM, and the protein will inhibit the concentration of PFAAs (Wen
et al., 2016). In addition, salinity will affect the adsorption of PFAAs on
the organic components (Wang et al., 2013a, 2013b). However, the
study on the association mechanism of association between PFAAs
and DOM, and the influencing factors are still unclear (Liu et al.,
2015b). Meanwhile, there is a lack of studies of PFAAs in the wet and
dry periods, the relationship between rivers and lakes and their
influencing factors (Liu et al., 2015b). Such studies could help to charac-
terize the environmental behavior of these contaminants.

Lake Chaohu, located in the middle of Anhui Province (Fig. 1), is the
fifth largest freshwater lake in China and is one of the most eutrophic
lakes. It is a drinking water source for the 9.6 million residents in the
surrounding area, and its water quality will influence the health and
safety of the residents. In recent years, the eutrophication of Chaohu
Lake has spread from the west to the central and even east (Zhang
et al., 2015). The water quality of the Nanfeihe River, Shiwulihe River
and Paihe River, which are mainly flowing through the urban area of
Hefei City and flowing into the lake, are still worse than Grade V (Lu
et al., 2012). There are contaminants emission including several waste-
water treat plant tailwater, domestic sewage, and industrialwastewater
(Liu et al., 2012). Their average flow rates are approximately 14.27m3/s,
3.49 m3/s, and 12.7 m3/s, respectively (Wang et al., 2011). Fenglehe
River is flowing through the agricultural area of Hefei City, which con-
tributes 60% of river discharge into Lake Chaohu. Previous studies
showed the high concentrations of organic contaminants, such as
phthalate esters, and polycyclic aromatic hydrocarbon (He et al., 2013;
Qin et al., 2013), and several PFAAs were detected in Lake Chaohu (Liu
et al., 2015b), and FDOM might influence the distribution of PFAAs.
However, the differences in the relationships of PFAAs with FDOM be-
tween the river and the lake, as well as between dry and wet seasons
need further study. Therefore, monitoring PFAAs contamination and
the compositions of FDOM in western Lake Chaohu and its inflow rivers
could help to characterize the influence of FDOMs on the PFAAs. The pri-
mary purposes of this study are, 1) to investigate the FDOM distribu-
tions in the wet and dry seasons in western Lake Chaohu and its
f the sampling sites.
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inflow rivers; 2) to analyze the PFAA residues and distributions and
3) to explore the effects of FDOM on the PFAAs distributions.

2. Materials and methods

2.1. Measurement of PFAA contents in the water

The water samples from 27 sites in western Lake Chaohu and its in-
flow rivers (Fig. 1) were collected in March and September 2013. The
sampling sites were divided into four parts: the lake area (L1-L6, and
L10), rural river (Fenglehe River: R4A-R4C, flowing through the rural
area), urban rivers (Shiwulihe River: R2U-R2D, Nanfeihe River: R3A-
R3J, Tangxi River R12, flowing through the city area), and town river
(Paihe River: R1U-R1D, flowing through the town area).

The water sample preparation followed a published method (Liu
et al., 2015b; Taniyasu et al., 2005;Wang et al., 2014)with severalmod-
ifications. One liter of water in each sampling site was filtered through a
0.45-μm glass fiber filter (ashed at 450 °C for 4 h) using a peristaltic
pump (80EL005,Millipore Co., USA) and afilter platewith a 142-mmdi-
ameter to remove the suspended particles. A solid-phase extraction sys-
tem was used to extract the filtered water samples. Before extraction,
Oasis WAX cartridges (6 mL, 150 mg, Waters Corp., USA) were first
washed with 4 mL 0.1% NH4OH in methanol and conditioned with
4mL of methanol and 4mL of ultrapure water. A solid-phase extraction
manifold was connected to the vacuum pump. The cartridges were
dried by pumping for 30 mins. After activation, the water samples
were loaded using polyurethane tubing that was connected to the SPE
vacuum manifold (Supelco Co., USA), and the cartridges were washed
with 4mL of ammonium acetate (pH 4.0, 25 mM) and dried with a vac-
uumpump. Polypropylene centrifuge tubeswith graduationswere used
to quantify sample volumes. The SPE cartridges were sealed and deliv-
ered back to the laboratory prior to elution and purification. The car-
tridges were eluted with 4 mL of methanol and 4 mL of 0.1% NH4OH
inmethanol. Each extract was concentrated to 0.2 mL under high purity
nitrogen and filtered with a polypropylene (PP) filter (13 mm, 0.2 μm,
Pall Corp., USA) into a 2-mL brown glass vial with a 200 μL insert and
polyethylene (PE) septum.

The samples were analyzed using a published method (Wang et al.,
2014). Agilent 1290 Infinity HPLC System coupled with an Agilent 6460
triple quadrupole LC/MS System (Agilent Technologies, USA) and a
Zorbax Eclipse Plus C18 column (2.1× 100mm, 3.5 μm,Agilent Technol-
ogies, USA) was used. The column temperature was 40 °C. An ammo-
nium acetate solution at 2 mM (solvent A) and acetonitrile (solvent
B) were used as mobile phases. Gradient conditions were as follows: 5
μL sample was injected at a flow rate of 0.3 mL/min, starting with 80%
of solvent A and 20% of solvent B, and the condition was held for
13 min and later increased to 90% of solvent B at 14 min. The source
gas (N2) flow rate and temperature were maintained at 9 L/min and
350 °C, respectively. The MS/MS was operated under negative ESI
modes (more details, please see Table S1 in supplementary materials).

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

The solvent blank was performed using 100% methanol (HPLC
grade) and ran after 10 samples during the instrumental analysis. The
field blank was prepared using Milli-Q water and stored in the same
container with the samples. The procedure blank was also prepared
using Milli-Q water. Both the field blank and the procedure blank
were analyzed routinely to examine whether there was contamination
during the sampling and extraction. There were no detectable PFAAs
over the limit of quantification in any of these blanks.

The procedure recovery and matrix spike recovery tests were per-
formed. The native and mass-labeled standards of PFAAs were pur-
chased from Wellington Laboratories Inc. (Ontario, Canada). For the
procedure recovery, 10 ng mixtures of 17 native PFAAs standards
were spiked into 1 LMilli-Qwater and 1 Lwater samples. For thematrix
spike recovery, mass labeled standards, including [1, 2, 3, 4 13C] PFBA,
[1, 2, 3, 4 13C] PFOA, [1, 2 13C] PFDoA, [1, 2 18O] PFHxS, and [1, 2, 3, 4
13C] PFOS, were used. The recoveries and limits of detection for PFAAs
were shown in Table S2 (see more details in supplementary materials).

2.3. Measurement of FDOMs

The three-dimensional spectra of FDOMs were measured using a
fluorescence spectrophotometer (F-4500, Hitachi High-Technologies
Corp. Japan) with a four-way quartz cell (Coble et al., 1990; Hayakawa
et al., 2003; Stedmon and Bro, 2008). The excitation wavelength ranged
from 200 to 450 nm at 5 nm intervals, while the emission wavelength
was scanned from 220 to 600 nm at 2 nm intervals. The scan speed
was12,000 nm/minwith a 5-nmslitwidth for both excitation and emis-
sion and a photomultiplier voltage of 700 V. Milli-Q water was mea-
sured as a blank. The calibration was normalized by quinine sulfate
(Q.S.) at concentrations of 0, 20, 50, and 100mg/L, and the fluorescence
intensity was transformed to Q.S. units. The characteristics of the FDOM
were determined by the peak values of three-dimensional fluorescence
spectra. Six peak values were read in differentwavelength areas: fulvic-
like substance (Peak A, Ex 200–275 nm, Em 380–550 nm), humic-like
substance (Peak C, Ex 275–400 nm, Em 380–550 nm), tryptophan-like
substances with larger excitation wavelength (Peak S, Ex 200–250 nm,
Em 330–380 nm), tryptophan-like substances with larger excitation
wavelength (Peak T, Ex 250–300 nm, Em 330–380 nm), tyrosine-like
substances with smaller excitation wavelength (Peak D, Ex
200–250 nm, Em 280–330 nm), and tyrosine-like substances with
larger excitation wavelength (Peak B, Ex 250–300 nm, Em
280–330 nm).

Dissolved organic carbon (DOC), another important parameter to
evaluate DOM, was measured by a total organic carbon analyzer (TOC-
5000A, Shimadzu Corp., Japan).

2.4. Data processing

Microsoft Excel 2013 and SPSS 18.0 softwarewere used. The correla-
tion between the PFAAs and FDOMwas determined by the Mantel test
(Mantel, 1967; Mantel and Valand, 1970). The test was performed in an
R-project using the R package vegan (Oksanen et al., 2016). Pearson test
was chosen when data followed a normal distribution, in contrast,
Spearman test was used.

3. Results and discussion

3.1. The concentrations and distribution of FDOMs in Lake Chaohu and its
inflow rivers

Six types of FDOMs, including fulvic acid (A), humic acid (C), low ex-
citation wavelength tryptophan (S), high excitation wavelength trypto-
phan (T), low excitation wavelength tyrosine (D), and high excitation
wavelength tyrosine (B), which were measured by three-dimensional
fluorescence, are shown in Fig. 2 and Table S3. The highest concentra-
tion of low excitationwavelength tryptophanwas observed in thewest-
ern part of Lake Chaohuwith a concentration of 71.85 ± 57.51 μg Q.S./L
followed by high excitationwavelength tryptophan and fulvic acid with
concentrations of 63.92 ± 40.68 μg Q.S./L and 64.42 ± 27.79 μg Q.S./L,
respectively. In general, the FDOMs were composed with the mixture
of terrestrial humic substances and endogenous organic substances.

From the season variations, C and Awere significantly higher in Sep-
tember, which is rainy season, than those inMarch, which is dry season,
whereas T, D and Bwere slightly higher in the rainy season without sig-
nificant difference. The compositions of FDOMs were notably different
between the two seasons. In the dry season, the high excitation wave-
length amino acids were the predominant contents. The relative con-
tents of B and T, 19.8% and 19.2%, were higher, while the contents of C
and D, 14.7% and 12.8%, were lower. In the rainy season, the fulvic-like



Fig. 2. The concentrations and compositions of FDOMs in western Lake Chaohu and its inflow rivers (03: March, 09: September).
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acids and tryptophan were the dominant contents. There might be two
reasons for this composition difference. On one hand, the surface runoff
could bring more fulvic-like acids, which were derived from domestic
consumption, into the lake. On the other hand, the difference might be
related to the increase of endogenous amino acids because of algae
bloom (Lapierre and Frenette, 2009; Zhang et al., 2009).

Interpolated graphswere created (Fig. 3) to illustrate the spatial dis-
tributions of total FDOMs in western lake area and its inflow rivers in
March and September 2013. The concentrations of FDOMs in the lake
area were similar, whereas the FDOMs were quite different in the
river areas. The t-test results showed that FDOM concentrations in the
western lake area, as well as in the rural river, were significantly
lower than those in the urban rivers and the town riverwith the ranking
order: Shiwulihe River N Nanfeihe River N Paihe River N Fenglehe River
≈ western lake area (p b 0.05). There are sewage discharged into
Shiwulihe River and Nanfeihe River, which could increase the organic
matters in the rivers.

For the compositions of FDOMs, the B component of 19.5% in the
western lake area was the highest, whereas S component of 19.2% in
the riverswere the highest, and the other four componentswere similar
in both the lake area and the inflow rivers. Furthermore, the low and
high wavelength tryptophan (S and T components) accounted for the
largest proportion, ranged from37% to 46%,while the humic substances
(A and C components) were highest in Fenglehe River, accounting for
32%, in March. In Shiwulihe River, the amino acids-like substances
Fig. 3. The spatial distributions of total
accounted for up to 74%, which indicated that the endogenous protein-
aceous substances were abundant. For artificial sewage drains, algae
bloom occurred all year round in Shiwulihe River, and there are few pe-
ripheral vegetation and less terrigenous input. In September, the amino
acids were dominant in Paihe River and Shiwulihe River, whereas
humic substances were dominant in Nanfeihe River and Fenglehe
River. The inputs of these rivers diluted the proportion of amino acid
substances in the lake to some extent.

The concentrations of DOM and the compositions of FDOMs are
closely related to their geographical location and type (Brooks and
Lemon, 2015; Catalan et al., 2016). The DOC concentrations in salt
water lakes were significantly greater than those in freshwater lakes.
Meanwhile, the altitude of the lake and seasonal changes could also ef-
fect on the composition of FDOM (Song et al., 2019). Compared with
other freshwater lake, the content of FDOM in Lake Chaohuwas slightly
higher than that in Great Lakes and Lake Poyanghu, (Yao et al., 2015;
Zhou et al., 2016). Compared with eutrophic lakes, FDOMs in Lake
Chaohu were similar to Lake Xiaohu, (Sun et al., 2017), while a little
lower than those in Lake Chaohu (Zhou et al., 2015). For the inflow riv-
ers of Lake Taihu, River Dapu and River Yinchun, the protein-like com-
ponents decreased in the wet season compared with the dry season,
while humic-like components increased (Zhou et al., 2015). In the in-
flow rivers of Lake Chaohu, there were similar phenomenon: the
humic-like substances (A and C components) were greater in the wet
season than those in the dry season. This indicated a terrestrial source
FDOMs in March and September.
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input. However, the protein-like substances (S, T, D, and B components)
were similar in two seasons. The FDOMs in river was more affected by
seasons and precipitation, and had greater uncertainty, which might
be one of the reasons.

3.2. The profiles of PFAAs in Lake Chaohu and its inflow rivers

3.2.1. The concentrations of PFAAs
Eleven PFAAswere detected in thewater samples fromwestern Lake

Chaohu and its inflow rivers inMarch and September 2013, the dry sea-
son and rainy season in Lake Chaohu. The results presented in Table S4
showed that PFOAwas the predominant contaminantwith amean con-
centration of 7.13±3.07 ng/L in thewestern lake area. PFHxA and PFBA
followed with mean concentrations of 1.72 ± 0.80 ng/L and 1.44 ±
0.78 ng/L, respectively. The mean concentration of PFOS was very low,
which was 0.05 ± 0.09 ng/L. Compared with other freshwater lakes in
China, the concentration of PFOA in Chaohu Lake is similar to that of
Baiyangdian (Shi et al., 2012), slightly lower than that of Taihu Lake
(Yu et al., 2013) andDianchi Lake (Zhang et al., 2012) (p b 0.05), andno-
tably lower than the Lake Tangxunhu (Zhou et al., 2013) (three orders
of magnitude).

The main PFAAs in the inflow rivers were slightly different from
those in lake area. The predominant PFAAs was PFOAwith a mean con-
centration of 4.30 ± 2.14 ng/L followed by PFPeA and PFHxA with con-
centrations of 2.19 ± 8.27 ng/L and 1.42 ± 1.41 ng/L, respectively.
Compared to other rivers in China, the concentrations of PFOA in the in-
flow rivers in Lake Chaohuwere similar to those in Liaodong Bay (Chen
et al., 2015) and Pearl River Delta (Liu et al., 2015a), slightly lower than
those in the Huaihe River (Yu et al., 2013), Yangtze River Delta (Lu et al.,
2015) and Dianchi Lake (Zhang et al., 2012), and notably lower than
those in theXiaoqinghe River (Shi et al., 2015). This findingmight be re-
lated to the point source emissions: there are industrial parks around
the Xiaoqinghe River, and there is wastewater input into Tangxun Lake.

3.2.2. The spatio-temporal distributions of PFAAs
The composition and distributions of PFAAs are shown in Fig. 4. The

t-test was employed, and the results showed that the concentrations of
PFAAs in March were significantly higher than those in September (p b

0.05). In September, Chaohu Lake was in the wet period, and heavy rain
and surface runoff not only brought non-point source pollution but also
diluted the concentration of pollutants in the water (Liu et al., 2015b).

Interpolated graphs of the total PFAAs, PFOA and PFOS showed that
the PFAAs were variously distributed in the dry season and the rainy
season (Fig. 5) In the dry season, the most highest level of total PFAAs
Fig. 4. The spatial distributions of PFAAs in the lake area (a) and the inflow river
wasdetected in themiddle site of the ShiwuliheRiver,with a concentra-
tion of 61.40 ng/L, followed by the site in Tangxi River. Thes high levels
of PFAAs in these two sites were due to the contribution of PFPeA. For
the predominant contaminant PFOA, lake area was the most polluted.
Except for the site of Ershilibuhe River estuary, the PFOA levels in all
other river sites were lower. The concentrations in the Paihe River and
the Nanfeihe River were higher than those in the lake area. In the
rainy season, Paihe River and Nanfeihe River were the most polluted
area. The levels of total PFAA in these two rivers were higher than
those in the Shiwulihe River and lake area. In these sampling sites
with high PFAA levels PFBSwas also at higher level. The spatial distribu-
tion of PFOAwas similar to the distribution of the total PFAAs, except for
the sites with higher PFBS level. The center lake area, middle reaches of
Nanfeihe River and Paihe Riverweremost polluted. For PFOS, the spatial
distribution was similar to that in the dry season.

The t-test results showed that the concentration of PFOA in the Paihe
River was significantly higher than that in Nanfeihe River and Fenglehe
River (p b 0.05).Moreover, the concentrations of PFBS, PFHpA, and PFOA
in lake area were significantly higher than those in the rivers, and the
concentrations of these three PFAAs in the FengleheRiverwere the low-
est. The increase in PFBS concentrations in September may be related to
the use of PFOS substitutes (Zhang et al., 2013b). There are several
wastewater treatment plants in the upstream stretches of the Paihe
River, the Shiwulihe River, and the Nanfeihe River. In the industrial
park around the Paihe River, there are electronics and packaging
paper manufactories, and the wastewater from these factories are
treated and discharged into the Paihe River. The domestic wastewater
fromdowntown and its towns of CityHefei and part of industrialwaste-
water are treated and discharged into the Shiwulihe River and the
Nanfeihe River. A previous study showed that there was point source
pollution in the soil around these factories (Wang et al., 2013a,
2013b). It can be inferred that there was greater influence of PFAAs
from the Paiher River on PFAAs in the lake area, such as PFBS, PFHpA,
and PFOA, than those from the Fenglehe River.
3.3. The relationship between FDOMs and PFAAs in Lake Chaohu and its in-
flow rivers

The Spearman test was employed to analyze the pairwise correla-
tions among eleven PFAAs both in the lake area and the inflow rivers, re-
spectively. Table 1 shows that the dominant contaminants of PFCAs,
including PFOA, PFHpA, and PFBA, in the lake area were significantly
correlated with other PFAAs at 0.01 level. However, all of the PFCAs
s (b) in Lake Chaohu (left column: dry season; right column; rainy season).



Fig. 5. The spatial distribution of total PFAAs, PFOA and PFOS contents in both the dry season and the rainy season in Lake Chaohu.
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and PFSAs, except for PFBS and PFUdA, were significantly correlated
with each other in the inflow rivers.

These results suggest that the sources of PFHxA, PFBA, and PFOA
might be more similar in the lake area, and PFSAs, including PFBS,
PFHxS and PFOS, might be derived from the same source of emissions,
which was consistent with other studies (Lu et al., 2015; Wang et al.,
2014). However, in the inflow rivers, the dominant contaminants, in-
cluding PFOA, PFHpA, and PFNA, were more closely related to PFSAs.
Furthermore, the results show that there were different sources be-
tween humic acid-like substances and amino acids. The main source
of fulvic acid-like and humic acid-like substances were terrestrial; how-
ever, the amino acids were biological source substances, which were
more influenced by algae bloom and domestic sewage input.

Due to the large difference between the FDOMs concentrations in
the western lake area and its inflow rivers, the effects of FDOMs on
the distributions of PFAAs were analyzed separately. To eliminate the
autocorrelation of each variable, the Mantel test was employed to ana-
lyze the correlations between PFAA concentration matrices and FDOM
concentration matrices in Lake Chaohu. The results showed that there
were positive correlations between PFAAs and FDOMs both in the lake
area and in the rivers with correlation coefficients of 0.703 (p =
0.002) and 0.307 (p = 0.002), respectively. This finding indicates that
the composition of FDOM might influence the distributions of PFAAs
in the aqueous phase in the lake, which is consistent with our previous
findings (Liu et al., 2015b).

Furthermore, the correlations between PFAAs and FDOMs in west-
ern lake area and its inflow rivers were analyzed in two seasons, respec-
tively. Fig. 6 shows that there were significant positive correlations
between FDOMs and PFAAs in western lake area in March, as well as
in the inflow rivers in two seasons. The correlation coefficients in lake
areawere higher than those in rivers, and in addition, the correlation co-
efficients in March were greater than those in September. The result



Table 1
The results of spearman correlations between PFAAs in Lake chaohu (blue) and its inflow rivers (green).

PFBA PFPeA PFHxA PFBS PFHpA PFOA PFHxS PFNA PFDA PFOS 

PFBA 0.757** 0.662** 0.103 0.688** 0.736** 0.159 0.349 -0.015 0.533 

PFPeA 0.734** 0.858** 0.031 0.948** 0.964** 0.456 0.649* 0.175 0.617 

PFHxA 0.520** 0.512** 0.112 0.903** 0.868** 0.346 0.503 0.170 0.333 

PFBS -0.138 -0.085 0.128 0.099 0.055 0.268 0.011 0.192 0.333 

PFHpA 0.446** 0.383* 0.661** 0.374* 0.921** 0.557 0.640* 0.342 0.683*

PFOA 0.387* 0.360* 0.535** 0.295 0.769** 0.582* 0.754** 0.285 0.567 

PFHxS 0.349 0.392* 0.448* 0.303 0.601** 0.620** 0.748** 0.615* 0.539 

PFNA 0.446** 0.504** 0.514** 0.461** 0.746** 0.696** 0.620** 0.726** 0.700*

PFDA 0.210 0.302 0.291 0.518** 0.566** 0.436** 0.685** 0.810** 0.833**

PFOS 0.238 0.180 0.536** 0.230 0.620** 0.676** 0.579** 0.533** 0.516*

PFUdA 0.090 -0.048 0.112 -0.165 0.319 0.404 0.414 0.468* 0.505* 0.477 

Note: ** significant at 0.01 level; * significant at 0.05 level. Blue area shows the relationships between the eleven PFAAs in the lake area, and the green area shows the relationships in the
rivers.
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indicates that the organic matters, especially amino acids-like sub-
stances, in the lake area mainly promoted the distribution of PFAAs,
and the short carbon chain PFAAs were more affected. However, an op-
posite correlation between FDOMs and PFAAs was observed in Septem-
ber in lake area. This phenomenon might be related to the types of
FDOMs. In September, the rainy season, increased humic substances
flowed into lake, and highly concentration of DOM could decrease the
dissolved PFAAs in water (Xia et al., 2013), which led to a negative cor-
relation between FDOM and PFAAs in lake area. Moreover, the correla-
tions between PFAAs and DOC were observed, while no significant
relationship were found in our previous study in the year of 2011 and
2012 (Liu et al., 2015a, 2015b). To compare with previous study, there
was a higher total dissolved organic carbon concentration in present
study, and the concentrations of FDOMs in March were lower than in
September, whereas the dissolved organic carbon concentrations were
higher in March. In addition, the humic substances in Lake Chaohu
accounted for greater proportion than amino acid-like substances. The
humic acids and fulvic acids could associated with PFAAs, and even
might bind with PFAAs strongly (Chen et al., 2011). This could decrease
the soluble PFAAs concentrations (Xia et al., 2015), and influence the
partition of PFAAs in the water. Humic acid could enhance the
photodegradation of PFOA and PFOS while iodide existed, and the aro-
matic group of humic acid might be the key factor (Guo et al., 2018;
Sun et al., 2017). Protein could associate with PFAAs in liver by hydro-
phobic and hydrogen-bonding interaction (Sheng et al., 2016). Different
types of protein could influence the binding affinities with PFAAs
(Zhong et al., 2019). Therefore, it was speculated that the humic sub-
stance and amino acid-like substances have opposite effects on the dis-
tribution of PFAAs in water. Moreover, a ratio of humic-like substance
(A and C components) to protein-like substance (S, T, D, and B compo-
nents) were used to reflect the contribution of terrestrial and algea
sources to DOM (Zhou et al., 2017). The increasing ratio indicated an al-
lochthonous contribution increased. The correlation between PFAAs
and the ratios both in lake area and river area was conducted
(Table 2). The results showed significant negative correlations between
the ratio and the PFAAs level. The correlation coefficients in lake area
were higher than those in river area. It indicated that the increasing
humic-like substance proportion or decreasing proportion of protein-
like substance could decrease the PFAAs levels in water. This supported
the speculation. However, more research should be conducted to obtain
direct evidence for this phenomenon.

3.4. Suggestions for further studies

In future research, the emissions from fluorine-related industrial
manufactories in rivers, especially those flowing through urban and in-
dustrial parks (such as Paihe River and Nanfei River), should be moni-
tored and the discharge of PFAAs should be estimated. On this basis, it
is need to analyze the reason for the difference in the concentrations
of PFAA in the inflow rivers, for instance, why the levels of PFOA and
PFBS in Paihe River were significantly higher than those in other rivers.
Furthermore, the source apportionment of PFAAs should be concerned
and identified. A positive matrix factorization (PMF) receptor model
could be used (Paatero, 1997; Qi et al., 2016; Yan et al., 2017). This
model does not dependon the emission conditions of the source and cli-
mate, and does not have to track the contaminant migration process.
Based on the factor analysis method, the error of the chemical composi-
tion in the water is calculated by using the weight, and the main pollu-
tion sources and contribution rate are calculated by the least-square
method. Three sources are usually chosen including food-packaging in-
dustry emission sources, textile, electroplating, firefighting and semi-
conductor industry emission sources the precious metals and coating
industry emission sources. The contribution of each source could be an-
alyzed quantitatively by PMF model.

4. Conclusions

This study presented a general characterization of FDOMs inwestern
Lake Chaohu and its inflow rivers, and investigated the residues and dis-
tribution of PFAAs. For the six types of FDOMs, the low excitation wave-
length tryptophan in western Lake Chaohu with a concentration of
71.85 ± 57.51 μg Q.S./L followed by the high excitation wavelength
tryptophan and fulvic acid with concentrations of 63.92 ± 40.68 μg
Q.S./L and 64.42 ± 27.79 μg Q.S./L, respectively. From a spatial perspec-
tive, the tendency of FDOMs in western Lake Chaohu was ranked as
Shiwulihe River N Nanfeihe River N Paihe River N Fenglehe River ≈



Fig. 6. The correlations between PFAAs and FDOMs in March and September ((a) western lake area, (b) inflow rivers).
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western lake area. For PFAA contamination, PFOAwas the predominant
contaminantwith amean concentration of 7.13±3.07 ng/L. PFHxA and
PFBA followed with mean concentrations of 1.72 ± 0.80 ng/L and 1.44
±0.78 ng/L, respectively. The PFAAs in the dry seasonwere significantly
greater than those in the rainy season, and the PFAAs in the Paihe River
were the highest, whereas those in the Fenglehe River were the lowest.
The compositions of FDOMs could influence the distributions of PFAAs
in the aqueous phase in the lake. Furthermore, the humic substance
Table 2
The correlations between the humic-like substance to protein-like substance ratio and
PFAAs concentrations in river and lake.

River Lake River Lake

PFBA −0.320* −0.754** PFHxS −0.219 −0.025
PFPeA −0.504** −0.697** PFNA −0.273 −0.512
PFHxA −0.005 −0.644* PFDA −0.334* −0.033
PFBS 0.125 0.196 PFOS 0.048 −0.467
PFHpA −0.134 −0.618* PFUdA 0.013 –
PFOA −0.028 −0.714** PFAAs −0.217 −0.631*
and amino acid-like substances might have opposite effects on the dis-
tribution of PFAAs in water. The findings from this study could be help-
ful in understanding the behavior of PFAAs in freshwater environments
and the relationship between the contaminants and organic matters.
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