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Abstract

Pentachlorophenol (PCP), a persistent organic pollutant, has been banned in many countries, but it is still used in China as
a wood preservative, molluscicide, or reagent for fish-pond cleaning, which may pose risks to the ecosystem and humans.
However, data on the occurrence of PCP in the environment are scarce in the recent decade. The Yangtze River was regarded
as a priority area of PCP pollution according to previous documents. This study aimed to examine the spatial distribution
of PCP in the Yangtze River water, the differences in dry and wet seasons, the ecological risk for aquatic organisms, and
its removal efficiency in tap water treatment plants. The river water samples (n=144) were collected from the upper, mid-
dle, and lower reaches across ten provinces (or municipalities) in December 2020 and June 2021, respectively. PCP was
detected in 88.9% of all the samples, ranging from <MDL to 9.97 ng/L. Spatial distribution differences among the involved
provinces were observed, with the highest PCP concentration in the Chongqing section (median: 1.61 ng/L), followed by
Hubei (median: 0.23 ng/L), Jiangxi (median: 0.23 ng/L), Shanghai (median: 0.21 ng/L), and other provinces (<0.20 ng/L).
The surface water from Qinghai had the lowest concentrations (median: <0.01 ng/L). PCP levels in the Yangtze River water
were much lower than those reported in water samples worldwide a decade ago. PCP concentrations in the dry season
were higher than in the wet season (p <0.001). Ecological risk assessment suggested a low risk (RQy,,. 0.02) to aquatic
organisms posed by PCP in the river. In addition, 100% removal of PCP in tap water treatment plants was observed, while
the transformation products of PCP need further studies. The risk of human exposure to PCP through water ingestion only
was negligible. However, human exposure risks of PCP in highly contaminated areas still require attention, considering its
bioaccumulation and biomagnification in the environment.
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Introduction

Pentachlorophenol (PCP; 2,3,4,5,6-pentachlorophenol) is
a synthetic chemical that has been extensively used as a
wood preservative worldwide since its first production in
the 1930s (WHO 1987; IARC 2019). Additionally, it could
be applied as a herbicide, defoliant, and fungicide in agri-
cultural and domestic fields around the world (FAO 1996).
As well, PCP and its sodium salt (Na-PCP) were employed
as a molluscicide for controlling schistosomiasis vectors
and as a reagent for fish-pond cleaning in aquiculture in
China (Hong et al. 2005; Zheng et al. 2012). Hence, PCP
has been widely detected in water (Gao et al. 2008), soil
(Liu et al. 2006), and air (Zheng et al. 2011, 2012). PCP
is classified as a persistent organic pollutant and regulated
under Annex A of the Stockholm Convention (Stockholm
Convention 2017). It is known for its bioaccumulation
in the liver and high toxicity to it (Letcher et al. 2009;
USEPA 2010). A large body of literature showed the harm-
ful impact of PCP on the ecosystem, such as honey bees,
avian species, and aquatic organisms (WHO 1987; Zha
et al. 2006).

PCP was classified as a Group 1 carcinogen, owing to
its relationship with non-Hodgkin lymphoma has been
well documented (IARC 2019). For general population,
exposure to PCP can occur through consumption of con-
taminated water and food (USEPA 2016a), leading to its
occurrence in various human biological samples, such as
urine (Honda and Kannan 2018; Schmied-Tobies et al.
2021), hair (Hardy et al. 2021), serum (Carrizo et al.
2008), breast milk, and (maternal and cord blood) plasma
(Guvenius et al. 2003). In addition to health risks of occu-
pational PCP exposure, the general population exposed
to a relatively high level of PCP were also found to have
increased cancer risks (Cheng et al. 2015b; Cui et al.
2017). Moreover, epidemiological evidences suggested
that it might increase the risks of gestational diabetes mel-
litus (Huo et al. 2022), adverse birth outcomes (Guo et al.
2016), and gynecological infertility (Gerhard et al. 1999).

The use of it has been prohibited or restricted in many
countries, including China (only permitted for use as a
wood preservative) since the 1980s (FAO 1996), result-
ing in general decline of PCP levels over the past decades
worldwide (Zheng et al. 2011). However, with the high
prevalence of schistosomiasis around 2000 in traditional
epidemic areas of China, PCP was used to eliminate the
intermediate host snails (Cui et al. 2017), and therefore
relatively higher environmental levels of PCP have been
reported in China than in many other countries at that time
(Zheng et al. 2012; Cheng et al. 2015a). Currently, the
Ministry of Environment Protection of China (MEPC)
has included PCP and its salts in the list of priority
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pollutants (2023 version) (MEPC 2023). The Yangtze
River watershed, which holds 40% of the available fresh-
water resources and serves as source water for over 800
million residents in China (Xing et al. 2020), has been
identified as a priority area of PCP pollution previously
(Gao et al. 2008). Hence, it is of interest to characterize its
contamination level in the Yangtze River again. Addition-
ally, considering the human health risk of PCP via water
ingestion, it is essential to know its removal efficiency in
drinking water treatment plants, whereas this issue has not
been well illustrated in previous studies.

Under this background, the present study was designed
to elucidate the spatial distribution of PCP in the Yangtze
River water from upstream to downstream and its differences
between dry and wet seasons. Then, the potential risk for
the aquatic ecosystem in the Yangtze River posed by PCP
was assessed. In addition, the fate of PCP during tap water
treatment was also characterized to assess human exposure
through water ingestion.

Methods
Reagents and chemicals

Standard of PCP and its isotope-labeled standard penta-
chlorophenol-'"*Cy (PCP-'*Cy) were obtained from Toronto
Research Chemical Inc. in North York, Ontario, Canada
(Table S1). Liquid chromatography-tandem mass spectrome-
try (LC-MS) grade methanol, water, acetonitrile, and formic
acid were purchased from Fisher Chemical, Inc. (Waltham,
MA, USA). A Milli-Q IQ7000 (Millipore, Burlington, MA,
USA) was used to obtain Milli-Q water.

Sampling campaign

The Yangtze River, the third longest river in the world, is
located at a latitude of about 26° N to 34" N. It is located in
the subtropical monsoon climate zone, which is character-
ized by high temperature and substantial rainfall in summer
and reduced rainfall in winter. Hence, the sampling was con-
ducted in December 2020 (dry season) and June 2021 (wet
season) to understand the difference between these two sea-
sons. To explore spatial distribution, 72 sampling sites were
selected in ten provinces or municipalities (from Qinghai
Province to Shanghai municipality) where the mainstream of
the Yangtze River flows through (Fig. 1). The sampling sites
were selected mainly based on monitoring sites set by the
government along the Yangtze River (Table S2). Samples
were collected not far from the bank of the Yangtze River.
Every composite sample was derived from three samples,
which were collected successively at the same sampling site
(approximately 1 m below the water surface) and then mixed
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Fig. 1 The sampling sites of surface water from the mainstream of the Yangtze River, China. Arcgis 10.2 (Esri Inc., RedLands, CA, USA) was

used to draw this map

well. The latitude and longitude of each sampling site are
listed in Table S2.

Altogether, 144 surface water samples were collected
from these 72 sites (one composite sample from each site,
in wet and dry season, respectively). There were 30, 18,
and 24 sampling points located in the upstream (from the
origin in Qinghai to Yichang, Hubei; Y1-30), midstream
(Y31-48), and downstream (from Hukou County, Jiujiang,
Jiangxi to the estuary; Y49-72), respectively. Among them,
12 sampling sites (Y5, Y9, Y12, Y15, Y23, Y31, Y35, Y40,
Y43,Y57, Y60, and Y70) were located at areas for drinking
water sources (labeled in Fig. 1).

To find out the fate of PCP in drinking water treatment,
20 source water and 20 treated water samples (one sample
from each water plant in April and August 2021, respec-
tively) were collected from 10 water plants in Wuhan, China.
For the source water samples in each month, seven were
originated from the Yangtze River's Wuhan section, and
three from its largest tributary, the Hanshui River (Fig. S1).
Conventional and advanced treatment methods used in the
water plants are detailed in Fig. S2.

Before sampling, amber glass bottles (500 mL; pre-
cleaned with tap water, methanol, and Milli-Q water) were
rinsed with water from the sampling point. Water samples
in the water plants were collected after the water flowed for
at least three minutes. Then, the water samples were trans-
ported to a local laboratory at 4 °C and extracted within 24
h after collection. Milli-Q water was used as blanks.

Pretreatment, instrumental analysis, and quality
assurance

Glass fiber filters (GF/F, 0.7 pm, 47 mm diameter; What-
man, Maidstone, UK) were used to remove suspended solids
from the Yangtze River water samples and the source water
samples from the water plants. After this, 1 ng of the sur-
rogate standard (PCP—13C6, 100 ng/mL) was spiked into each
sample. Water samples (500 mL) were loaded onto the Oasis
hydrophilic-lipophilic balanced (HLB) solid-phase extrac-
tion column (SPE, 500 mg, 6 mL; Waters, Milford, MA,
USA), which were pre-treated with 5 mL of acetonitrile and
5 mL of LC-MS grade water. Then, the cartridge was rinsed
with 5 mL of LC-MS grade water, and 8 mL of acetonitrile
was used to elute PCP. The eluate was collected in a glass
tube, dried at 40 °C under a moderate nitrogen stream, and
reconstituted with 0.5 mL of 30% acetonitrile in water. The
extracts were preserved at —20 °C until analysis. Treated
water was extracted directly without filtration or extracted
after the free chlorine was quenched by sodium sulfite (Wan
et al. 2020).

The extracts were analyzed using an ultra-performance
liquid chromatography (ExionLC) coupled with a tandem
mass spectrometry system (6500 +, SCIEX, Framingham,
MA, USA). An ACQUITY UPLC HSS T3 column (1.8
pm, 2.1 mm X 150 mm, Waters Corporation, Milford, MA,
USA) at 40 °C was used for chromatographic separation
and 5 pL of the extract was injected. Mobile phase A was
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0.5%o formic acid in water, and phase B was acetonitrile. A
gradient elution program (Table S3) was used. The negative
multiple reaction monitoring (MRM) parameters are shown
in Table S1.

A calibration curve (ranging from 0.01 ng/mL to 10 ng/
mL, spiked with 1 ng of surrogate standard for each) was
used to quantify PCP. The correlation coefficient (r) was
above 0.999. Duplicates (n=8; variation below 10%), matrix
spikes (n=38; 1 or 10 ng of PCP was spiked), and (procedural
and field) blanks (n=28) were included in every batch of
samples (n <20). Relative recoveries calculated based on
matrix-spiked samples ranged from 85.1% to 90.7%. The
blank samples contained no detectable PCP. Based on the
sample volume and concentration factor, the method detec-
tion limit (MDL) for PCP was calculated as 0.01 ng/L at a
signal/noise ratio of > 10 (Li et al. 2022).

Ecological risk assessment

The potential ecological risk of PCP detected in the water
samples was assessed by the risk quotient (RQ) (Chen et al.
2021). The RQ value was calculated according to the fol-
lowing equation:
RO = MEC

PNEC
where MEC is the measured environmental concentration
of PCP in the water samples, and PNEC is the predicted
no-effect concentration of PCP. The lowest PNEC value of
PCP in freshwater was 0.4 ug/L according to the NORMAN
Ecotoxicology Database (NORMAN. 2022). RQ > 1 repre-
sents a high risk; 0.1 <RQ <1 represents a medium risk;
RQ <0.1 represents a low risk (Zhong et al. 2018). General
risk (RQpyfedian) and high risks (RQgsy,, RQyy,y) Were calcu-
lated with the corresponding concentration of PCP in the
water samples.

Statistical analysis

SAS 9.4 (SAS Institute Inc., Cary, NC, USA) and Graph-
Pad Prism 9 (GraphPad Software, San Diego, CA, USA)
were used for statistical analyses and preparing figures.
The 25th, 50th, 75th, and 95th percentiles were utilized
to describe the distribution of PCP in the river owing to
the skewness of its concentrations (Kolmogorov—Smirnov
test). The concentrations below the MDL were set as
the MDL divided by \/2 for the statistical significance
analysis because the detection frequency (DF) of PCP
(88.9%) was relatively high (Hornung and Reed 1990).
Statistical differences among different subgroups (e.g.,
watersheds, provinces or municipalities, seasons, and
urban-rural regions) were assessed using the linear
mixed-effects model (LMM) because of repeated seasonal
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sampling. LMM was also utilized to examine the asso-
ciation between PCP concentrations and water quality
indicators. PCP concentrations were In-transformed to
approximate normal distribution of residuals and homo-
geneity of variance.

Results and discussion
Occurrence of PCP in the Yangtze River

PCP was detected in 88.9% of the 144 surface water sam-
ples from the mainstream of the Yangtze River, and the
median concentration was 0.17 ng/L (range: <MDL-9.97
ng/L) (Table 1). Among them, the DF of PCP was 87.5%
for the samples corresponding to the drinking water sources
(n=24), with a range of <MDL-3.28 ng/L. Generally, PCP
levels of the drinking water sources were similar to that
of the other water samples (median: 0.17 ng/L vs. 0.19
ng/L) (Table S4). The maximum concentration (9.97 ng/L)
observed in this study was below the Maximum Contaminant
Level allowed in drinking water (1 pg/L; while its Maximum
Contaminant Level Goal for no known or expected risk to
health was zero) recommended by the USEPA (2016b) and
well below the provisional guideline value in drinking water
(9 pg/L) recommended by the WHO (2003) and China (GB
5749-2022).

The data of this study were compared to the corre-
sponding data for typical surface waters (rivers, lakes, and
water supply systems) worldwide, as shown in Table 1.
The PCP level in the Yangtze River (mean: 0.81 ng/L)
in this study was not much different from those recently
reported in other surface waters in China, such as those
for the Yinma River, China (mean: 2.27 ng/L) (Zhou et al.
2017), three rivers in Tianjin, China (mean: <3.64 ng/L)
(Zhong et al. 2018), and Poyang Lake, China (mean: 0.33
ng/L) (Yang et al. 2019). However, the PCP concentra-
tions in this study (median: 0.17 ng/L) were much lower
than the environmental levels in China reported over ten
years ago, such as those in the seven major watersheds
of China (median: 50 ng/L; sampling year not reported,
among which the median value in the Yangtze River was
63 ng/L) reported by Gao et al. (2008), major rivers in
ten areas of China (median: 60.7 ng/L, among which the
median value in the Yangtze River was 89.7 ng/L) sampled
in 2003-2004 reported by Jin et al. (2012). Similarly, PCP
concentration in the Dongting Lake in this study was thou-
sands of times lower than those sampled in 1998 (median:
0.73 vs. 3760 ng/L) reported by Zheng et al. (2000). PCP
concentrations in source water of three regions (Chizhou,
Maanshan, and Tongling) in Anhui, China, were also
higher (median: 16.76 ng/L; sampled in 2013-2014) (Cui
et al. 2017) than those in this study. This declining trend of
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Table 1 Comparisons of PCP in this study with corresponding data in surface waters (river, lake, water supply system) worldwide (ng/L) after

1991
Location Sampling year N DF (%) Median Mean  Range (or Max) Percentile Reference
concentration
The Yangtze River, China 2020-2021 144 889 0.17 0.81 <MDL-9.97 95th: 4.25 This study
Drinking water sources, the Yangtze 2020-2021 24 875 0.19 0.55 <MDL-3.28 95th: 2.77 This study
River*
Other water samples, the Yangtze 2020-2021 120 89.2 0.17 0.86 <MDL-9.97 95th: 4.50 This study
River®
Three Rivers in Tianjin, China 2018 37/ / <3.64 nd / (Zhong et al. 2018)
The Yinma River, Jilin, China 2016 51/ / 2.27% nd-7.34 / (Zhou et al. 2017)
Source water samples of water plants 2013-2014 76/ 16.8 / 3.91-237 / (Cui et al. 2017)
in three regions of Anhui, China
The Poyang Lake, China * 15 100 / 0.33 0.12-0.89 / (Yang et al. 2019)
Seven major watersheds, China * 623 854 50.0 / nd-594 90th: 144 (Gao et al. 2008)
The Yangtze River * 150 99.3 63.0 / nd-594 90th: 172
The Yellow River * 50 100 50.0 / nd-70 90th: 60
The Huaihe River * 39 974 60.0 / nd-351 90th: 239
The Songhuajiang River * 40 175 0.55 / nd-70 90th: 60
The Liaohe River * 58 724 50.0 / nd-60 90th: 30
The Haihe River * 39 100 50.0 / 50-70 90th: 50
The Pearl River * 150 79.3 31.5 / nd-396 90th: 126
Major rivers in ten areas, China 2003-2004 623  80.9 60.7 / <1.1-594 / (Jin et al. 2012)
The Yangtze River 2003-2004 / / 89.7 / 594 /
The Yellow River 2003-2004 / / 59.3 / 70 /
The Huaihe River 2003-2004 / / 96.1 / 351 /
The Haihe River 2003-2004 / / 54.3 / 70 /
The Liaohe River 2003-2004 / / 40.7 / 60 /
The Songhuajiang River 2003-2004 / / 9.48 / 70 /
The Pearl River 2003-2004 / / 48.3 / 396 /
Southeast River 2003-2004 / / 46.1 / 32 /
Southwest River 2003-2004 / / <I.1 / <I.1 /
Northwest River 2003-2004 / / 50.6 / 60 /
Dongting Lake, Hunan, China 1998 / / 3760° / nd-104° / (Zheng et al. 2000)
Surface water, USA 2020-2021 / / / / <0.1-<0.5° / (WQP 2021)
Ten streams, USA 2012-2014 / / / / 0.10° / (Bradley et al. 2017)
Stream and raw water supplying a U.S. 2001 / 33.0 / / <0.1 0r 0.1-0.3° / (Stackelberg et al. 2004)
water treatment facility
The Xochimilco Wetland, Mexico City, 2008-2009 19 / / / 500-17,500° / (Diaz-Torres et al. 2013;
Mexico Vazquez-Tapia et al. 2022)
Water Supply System, Brazil 2016-2017 22 0 nd / nd / (Maynard et al. 2019)
The Vistula and Pilica River, Poland 2008 / / / / 0.03-640° / (Michalowicz et al. 2011)
Surface Waters, Greece 1996-1999 / 0 nd / nd / (Lekkas et al. 2003)
Freshwater water samples from Bel- 1991-1997 / / / / 0.01-0.17 (1.50)° / (Muir and Eduljee 1999)

gium, Germany, and the Netherlands

N number of sample sizes or sample sites; DF detection frequency; Max Maximum; nd not detected; <MDL below the method detection limit; /:

not available

#Data from the drinking water sources and other water samples of this study are also listed here

“sampling year was not available

values calculated by raw data in the study

*ug/L

the PCP concentrations could be mainly attributed to the
restrictions on PCP use in past decades. Currently, there
is no public data available on PCP consumption volume.

However, it has been reported that PCP has been gradu-
ally replaced by other effective snail-killing agents (to kill
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schistosome hosts) in recent years (Coelho and Caldeira
2016).

The data in other countries (except for Brazil) were
mostly reported ten years ago (Table 1) since PCP was
banned in many countries (FAO 1996). Therefore, the con-
centrations in this study (range: <MDL-9.97 ng/L) were
much lower than those reported in some of them. After 1996,
for example, PCP was reported in the range of 500-17,500
pg/L in the Xochimilco wetland, Mexico City, Mexico
(2008-2009), as it was irrigated with semi-treated waste-
water (Diaz-Torres et al. 2013; Vazquez-Tapia et al. 2022).
PCP was also reported with relatively high concentrations
in the Vistula and Pilica river, Poland (sampled in 2008;
range: 0.03-640 pg/L) (Michalowicz et al. 2011). Neverthe-
less, PCP was undetectable in certain surface waters, such as
those from Greece (1996-1999; MDL: 0.92 pg/L) (Lekkas
et al. 2003) and Brazil (2016-2017; MDL: 2 ng/L)) (Maynard
et al. 2019), which may be related to their detection limits
or prohibition of PCP use. It might be necessary to examine
the current residue levels of PCP in surface waters from the
abovementioned regions of these countries.

Spatial distribution of PCP in the Yangtze River

Table 2 summarizes descriptive statistics of various sub-
groups. Water samples from the midstream and downstream

Table 2 Spatial distribution of PCP in the Yangtze River, China (ng/L)

had higher DFs of PCP (97.2% and 95.8%, respectively) than
those from the upstream (78.3%). The DF of water samples
from the urban (city) regions was higher than that of the
rural (town or village) regions (94.4% vs. 79.6%). PCP was
100% detected in the water samples from four provinces or
municipalities (Chongqing, Hubei, Jiangxi, and Shanghai).

PCP concentration ranges in the upper, middle, and
lower reaches of the Yangtze River were <MDL-9.97
ng/L, <MDL-4.33 ng/L, and <MDL-4.02 ng/L, respec-
tively. In the urban and rural regions, PCP concentration
ranges were <MDL-9.97 ng/L and <MDL-5.70 ng/L. No
statistically spatial differences were observed regarding the
watersheds (the upstream, midstream, and downstream) or
regions (urban and rural) (Table 2). However, the levels
of PCP in the River water varied in different provinces or
municipalities (p <0.0001). Surface waters from the Chong-
qing section (located in the upper reaches) had the high-
est level of PCP (median: 1.61 ng/L), followed by Hubei
(0.23 ng/L, middle reaches), Jiangxi (0.23 ng/L, middle and
lower reaches), Shanghai (0.21 ng/L, lower reaches), and
other provinces (less than 0.20 ng/L). No PCP was detected
(<MDL) in water samples of Qinghai section.

The maximum concentration (9.97 ng/L) was found in
the water of the Fengshou Dam, Chongging, in December.
In addition, the Poyang Lake and Dongting Lake (two of
the largest lakes in China), once the critical schistosome

DF (%) Geometric mean Mean Range Percentiles p-value
25th 50th 75th 95th
Yangtze River (n=144) 88.9 0.18 0.81 <MDL-9.97 0.06 0.17 0.50 4.25
Watersheds 0.18
Upstream (n=60) 78.3 0.16 1.24 <MDL-9.97 0.02 0.15 1.50 5.71
Midstream (n=36) 97.2 0.24 0.75 <MDL-4.33  0.08 0.16 0.88 3.44
Downstream (n=48) 95.8 0.17 0.30 <MDL-4.02 0.11 0.17 0.29 0.76
Regions 0.70
Urban (city) (n=90) 94.4 0.19 0.77 <MDL-9.97 0.08 0.17 0.39 3.98
Rural (town or village) (n=54) 79.6 0.17 0.87 <MDL-5.70 0.03 0.17 0.96 4.15
Provinces or municipalities <0.0001
Qinghai (n=2) / / <MDL <MDL <MDL <MDL <MDL <MDL
Sichuan (n=20) 70.0 0.06 0.47 <MDL-5.89 <MDL 0.03 0.39 1.45
Yunnan (n=10) 50.0 0.03 0.11 <MDL-0.70 <MDL 0.03 0.10 0.46
Chongging (n=22) 100 0.79 2.44 0.02-9.97 0.16 1.61 3.59 9.46
Hubei (n=36) 100 0.34 0.98 0.03-4.33 0.13 0.23 1.14 3.70
Hunan (n=6) 83.3 0.08 0.28 <MDL-1.37 0.04 0.10 0.12 1.06
Jiangxi (n=6) 100 0.21 0.82 0.02-4.02 0.09 0.23 0.32 3.10
Anhui (n=14) 92.9 0.16 0.24 <MDL-0.89 0.14 0.17 0.26 0.58
Jiangsu (n=22) 95.5 0.15 0.22 <MDL-1.00 0.09 0.17 0.26 0.49
Shanghai (n=6) 100 0.22 0.26 0.09-0.51 0.18 0.21 0.30 0.46

DF detection frequency; <MDL below the method detection limit

Statistical differences among different subgroups were assessed using the linear mixed-effects model
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epidemic areas, had been reported to be heavily contami-
nated by PCP (Zheng et al. 2000). In this survey, PCP had
mean concentrations of 2.02 ng/L and 0.73 ng/L, respec-
tively, in water samples from the outlets of the Poyang Lake
(Jiangxi Province) and Dongting Lake (Hunan Province).

The spatial differences may be related to different pur-
poses of using PCP. Eliminating snails in the traditional
schistosomiasis epidemic areas (Hubei, Jiangxi, Poyang
Lake, Dongting Lake) may explain why these locations had
relatively higher concentrations than other sites (Zheng et al.
2000, 2012; Zhang et al. 2021). However, Chongqing is not
an endemic area for schistosomiasis, and the high PCP con-
centrations here may be related to the following reasons. On
one hand, besides wood preservatives, there are several other
industries where PCP may be used in Chongqing, such as
tanneries, shipbuilding factories, and paper manufacturing
industries (Gao et al. 2008; Wang and Sun 2009). On the
other hand, the continued use of PCP in aquaculture may
also be a contributing factor. Several articles reported that
PCP and Na-PCP had been abused as a reagent for fish-pond
cleaning (to kill mussels and shellfish) in China, consider-
ing their low cost and high efficiency (Hong et al. 2005; Ge
et al. 2007; Cheng et al. 2015a), even though such applica-
tion of PCP had been banned for many years (FAO 1996).
Many types of aquatic products were detected with PCP
in Chongqing (AMR 2022a, b), implicating that PCP may
still be contaminating small ponds and some aquaculture
facilities. Aquaculture spreads throughout every district of
Chongqing, and the largest aquaculture base in southwest
China (Changshou Lake) is located in Chongqing (Chen
et al. 2023). Therefore, possible abuse of PCP in aquaculture
throughout China merits further attention.

Differences of PCP in dry and wet seasons

During December 2020 (dry season) and June 2021 (wet
season), the PCP levels in the Yangtze River water were
significantly different (Fig. 2); higher concentrations were
observed in December (range: <MDL-9.97; median: 0.33
ng/L) than those in June (range: <MDL~-1.86; median: 0.14
ng/L) (p <0.001) (Table S5). For different watersheds, sea-
sonal differences were found in the upstream (December
vs. June: 1.30 vs. 0.11; p<0.01) and midstream (0.93 vs.
0.13; p<0.001) of the Yangtze River (Table S5; Fig. 2A).
As shown in Fig. 2B, seasonal differences were only found
in Chongging and Hubei sections of the Yangtze River. Such
differences were supposed to be mainly related to the sea-
sonality of actual PCP application; as a wood preservative
and reagent for fish-pond cleaning, PCP was used more fre-
quently in the fall and winter. Winter has historically been
the prime season for logging, and PCP is used to preserve
them longer (FAO 1996; Dahlgren et al. 2007). Also, aquatic
farmers usually clean fish ponds with PCP during winter
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Fig.2 The concentrations of PCP in the upper, middle, and lower
reaches of the Yangtze River, China, in the wet (June) and dry
(December) seasons (A); median concentrations of PCP in river
sections of ten provinces in two seasons (B). Statistical differences
among different subgroups were assessed using the linear mixed-
effects model. The band inside the box of (A) shows the median (50th
percentile); the bottom and top of the box are the first (25th) and the
third (75th) quartiles; the whiskers represent the minimum and the
maximum values. ** represents p <0.001; * represents p <0.01

(Tang 2008). On the other hand, the relatively low flow rate
of the Yangtze River water in December (Table S6) may
cause poorer transportation and dilution of PCP. Similarly,
in Ge et al. (2007)'s report, average PCP concentration in
shrimp (from Huiming Fish Market, Jiangsu, China) was
also found to be higher in December 2003 [0.30 pg/kg wet
weight (ww)] compared to that in June 2003 (0.25 pg/kg
ww). It implied that such differences between dry and wet
seasons could be associated with continuous/stable release
of PCP from the sediment but less precipitation in dry
season.

Moreover, the association between PCP concentra-
tions and certain water quality indicators (e.g., pH, con-
ductivity, transparency, dissolved oxygen, total nitrogen,
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ammonia nitrogen, total phosphorus, permanganate index)
were explored. The available water quality indicators at the
monitoring sites along the Yangtze River are presented in
Table S7. The results of the LMM analyses suggested sig-
nificant associations of water temperature (negative), dis-
solved oxygen (positive), conductivity (negative), and total
phosphorus (positive) with PCP contamination (p <0.05)
(Table S8). The strongest association was observed between
total phosphorus and PCP concentrations, which implied
that (agricultural, municipal, and industrial) wastewater
discharge may most heavily impact the level of PCP in the
river (Conley et al. 2009).

Risk assessment for aquatic ecosystem

As shown in Table S9, the highest risks in both wet and dry
seasons were found in the Chongqing section of the river
(RQpax 10 the dry season: 0.02, in Fengshou Dam; RQy,«
in the wet season: 0.005, in Zhutuo Town, Chongqing). In
the entire Yangtze River mainstream, the RQsof <0.1 indi-
cated that PCP was unlikely to pose severe hazards to aquatic
organisms, which was consistent with the conclusions of Jin
et al. (2012) and Xing et al. (2012). Nevertheless, the hazards
of PCP should not be ignored as this assessment method is
only appropriate for conservative screening-level and pre-
liminary risk assessment (Jin et al. 2012). Plants can biocon-
centrate PCP from the environment and pass it to animals and
human beings through the food chain (Wang and Sun 2009).
Letcher et al. (2009) reported biomagnification of PCP. Thus,
PCP may be a potential stress factor to the health of animals,
which deserves further studies. Besides, there are a large
number of contaminants in the river water (Li et al. 2022;
Shi et al. 2023). Co-occurrence of other compounds such as
chlorophenol congeners in the river might influence organ-
isms jointly (Zhong et al. 2010); thus, the present assessment
might lead to underestimation of the potential risk.

The fate of PCP in water plants and the human
exposure risk

In the samples of source water taken from the water
plants in Wuhan, the DF of PCP was 85.0%, with a range
of <MDL-8.10 ng/L (Table S10). The spiked surrogate
standard PCP-13C6 would disappear if the free chlorine was
not quenched and PCP was not detected in any treated water
samples, implying that it might have been transformed in
the water treatment processes of the water plants. Similarly,
Stackelberg et al. (2004) reported that PCP was detected in
33% of sampled stream and raw water supplying a U.S. water
treatment facility prior to treatment (range: <0.1-0.3 pg/L),
and it was not detected in finished water. No data on PCP
transformation during chlorination were available yet. In
Anotai et al. (2007)'s report, the primary intermediates were
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found to be tetrachlorophenols and phenol during treatment
of PCP-contaminated wastewater by ozonation. Whereas,
Hong and Zeng (2002) found that ozonation of PCP could
produce intermediates such as tetrachloro-p-benzoquinone
(TCBQ; with the lowest PNEC of 190 ng/L) and tetrachloro-
p-hydroquinone (TCHQ); with the lowest PNEC of 48 ng/L)
(NORMAN. 2022). An animal experiment revealed that
TCBQ and TCHQ were able to generate oxidative DNA
damage and might contribute to the carcinogenicity of PCP
(Dahlhaus et al. 1996). Thus, what transformation products
of PCP can be found in drinking water and surface water
should be confirmed in future studies and their concentra-
tions need to be measured.

Contamination of PCP in sediment [because it is a weakly
polar chemical with a high logKow value of 5.12 (Table S1),
which means it tends to be absorbed by the sediment] of the
Yangtze River is of concern in future studies. The finding
of 100% removal of PCP in the water plants suggested that
the risk caused by PCP itself via water consumption is neg-
ligible for humans. Whether there exist any hazards posed
by the transformation products of PCP should be consid-
ered in future studies, which is one of the limitations of this
paper. Second, PCP exposure levels in real life should not be
neglected because of its bioaccumulation and the fact that
the general population may ingest PCP through other path-
ways, such as ingestion of foodstuffs (Coad and Newhook
1992). Other limitations of this study included that seasonal
variations were not well illustrated since only two months
were included for analysis, and the sampling size for every
section of the river may not be sufficient, which needs to be
increased in future studies. Future studies need to care about
adverse health effects related to both PCP and its transfor-
mation products, and establish an integrated ecological risk
assessment model. Also, PCP levels in other environmental
media and its exposure levels in people from contaminated
areas like Chongqing Municipality and Hubei Province
deserve more attention.

Conclusions

In this study, the distribution characteristics of PCP in the
Yangtze River water, from upstream to downstream, were
described. Spatial variations among various provinces along
the river were observed for the first time, with the highest
PCP concentrations in Chongqing section, followed by that
in Hubei, Jiangxi, and Shanghai sections. The dry season
witnessed higher concentrations and detection frequencies
of PCP. PCP in the Yangtze River water posed a low threat
(RQpax: 0.02) to aquatic organisms. The exposure risk of
PCP through tap water ingestion only was negligible for
humans. However, ecological risks and human exposure lev-
els in highly contaminated areas may still require attention.
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In addition, the occurrence of PCP transformation products
in tap water and the related health risk needed to be investi-
gated in future studies.
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