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Abstract 

Background:  As the longest river in Asia, the Yangtze River flows through the most industrialized cities in China and 
provides critical ecological services for agriculture, industry, and transportation. Polychlorinated biphenyls (PCBs) have 
been banned for many years, but trace amounts of PCBs still exist as persistent organic pollutant in drinking water and 
are an ecotoxicological problem. In this work, we collected water, sediment, and suspended particulate matter (SPM) 
samples along the Yangtze River, to study the distribution and transport of PCBs for the risk assessment of the Yangtze 
River as a drinking water source.

Results:  The ΣPCBs concentrations in water, sediment, and SPM ranged in 0.04–11 ng/L, 0.33–69 ng/g, and 0.72–
153 ng/L, respectively. The main pollutants were PCB17, 18, 28, 47, and 118 in the Yangtze River. The ffSW value of 
PCB18 and PCB28 all exceeded 0.50, whereas the ffSW value of PCB47 and PCB118 (except for PCB118 at Y-4) was less 
than 0.50. The toxic equivalent quantity (TEQ) range of PCBs in water and in sediment was ND–5.55 pg-TEQ/L and 
ND–2.51 pg-TEQ/g, respectively.

Conclusions:  In both water and sediment, lower chlorinated PCBs are dominant in the middle reaches and higher 
chlorinated PCBs are dominant at downstream. In contrast, SPM is dominated by tetra-CBs. The ffSW values reveal a 
net redissolution of lower PCBs from sediments to water but a net sorption of higher PCBs from water to sediment. 
The PCBs in water and sediment at downstream pose potential ecological risk, but the drinking water does not have a 
non-carcinogenic risk for humans.
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Background
As the longest river in Asia, the Yangtze River supports 
the livelihood of > 400 million inhabitants and flows 
through a basin of about 1.8 × 106  km2 in size [1], cov-
ering regions with the highest level of urbanization and 
industrialization in eastern China that contribute to 

about 42% of China’s Gross Domestic Product [2]. It is 
an important freshwater resource in China and provides 
numerous ecological services for agriculture, industry, 
and transportation. The lower reaches of the Yangtze 
River provide 80–100% of the drinking water for eco-
nomically developed and densely populated regions like 
Jiangsu and Shanghai [3, 4], but water quality has been 
menaced in recent years by rapid industrialization and 
accelerated urbanization.

Polychlorinated biphenyls (PCBs) include 209 con-
geners whose physicochemical properties and toxicity 
depend on the number and position of chlorine atoms in 
the molecule [5]. Because of their chemical stability and 
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heat resistance, PCBs were once widely used as additives 
in heat exchange fluids, components for transformers 
and large capacitors, carbon-free copy paper, as well as 
paints and plastics, before their persistence and toxicity 
were examined and revealed [6–8]. In general, PCB28, 52, 
101, 118, 138, 153, and 180 are indicative polychlorinated 
biphenyls (ind-PCBs) and are often used as indicators of 
environmental pollution [9], whereas coplanar polychlo-
rinated biphenyls (co-PCBs) including PCB77, 81, 105, 
114, 118, 123, 126, 156, 157, 167, 169, and 189 are used 
to estimate the toxicity of PCBs [10, 11]. The PCBs ubiq-
uitous in the environment are notorious for their bioac-
cumulation and ability to transport over long distance 
[12]. Upon entering the water environment, PCBs are 
adsorbed by particulate matter because they are insoluble 
in water and eventually precipitate in the sediment [13]. 
However, sediment can resuspend when environmental 
factors change (e.g., turbulence caused by ship motion or 
flooding), and adsorbed PCBs are then released back into 
the water to start another cycle of environmental con-
tamination [14, 15] and eventually accumulate in organ-
isms. In fact, the transport of PCBs along the food web 
poses a serious risk to ecological integrity and human 
health [16, 17]. Therefore, it is of great importance to 
understand the transport of PCBs in water, sediment, 
and suspended particulate matter (SPM) to evaluate their 
risks in drinking water source.

Some studies have reported on the occurrence and dis-
tribution of PCBs in the source water and sediment of the 
Yangtze River [18–20], but the transport of PCBs along 
the Yangtze River in water, sediment, and SPM remains 
overlooked. In this work, we calculated the fugacity frac-
tion of PCBs in sediment based on the PCBs concentra-
tions determined by isotope dilution HRGC/HRMS, to 
evaluate the sediment–water diffusion of PCBs and their 
risk in the drinking water source of the Yangtze River.

Materials and methods
Study area
The samples originated from the middle and lower 
reaches of the Yangtze River. The collection area passes 
through Hubei, Anhui, Jiangxi, and Jiangsu provinces, 
and covers the entire middle and lower reaches of the 
Yangtze River. Samples were collected in November 2016 
from drinking water sources along the Yangtze River at 
specified sites (Fig. 1). Overlying water was first filled into 
1-L brown glass bottles, stored in ice box, then brought 
back to the laboratory and passed through a 0.45-μm 
filter membrane to get the water sample and the SPM 
sample. Sediment was collected from the surface of the 
riverbed, wrapped in aluminum foil, and sealed in poly-
thene bag, then freeze-dried and frozen at − 20  °C until 
chemical analysis. To reduce possible random variation 
during collection, at least three replicates were collected 

Fig. 1  Sampling sites along the Yangtze River
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at each site for both overlying water and sediment, and 
the eventual sample of the site was a composite of all rep-
licates after thorough mixing.

Chemicals and materials
All solvents were of pesticide residue grade and pur-
chased from Fisher (Fair Lawn, NJ, USA) and Tedia 
(Fairfield, OH, USA). The standard solutions EC-4977 
(method 1668A toxics/LOC/window defining) and 
EC-4979 (method 1668A injection internal standard 
solution) were supplied by Cambridge Isotope Laborato-
ries (Andover, MA, USA).

Anhydrous sodium sulfate, silver nitrate and sodium 
hydroxide were of analytical grade and purchased from 
Beijing Chemical Factory (Beijing, China). Silica gel 
(100–200 mesh) was purchased from Qingdao Haiyang 
Chemical Co., Ltd. (Shandong, China). Basic aluminum 
oxide (100–200 mesh) was purchased from Sinopharm 
Chemical Reagent Co., Ltd. (Shanghai, China).

Analytical method
Water samples were spiked with the EC-4977 standard 
(1 ng) and equilibrated for at least 2 h prior to solid phase 
extraction. Samples of sediment and suspended particle 
matter were pretreated according to the methods of Zhao 
et al. [21]. That is, the solid sample (about 2 g) was spiked 
with 1 ng of 13C-labeled EC-4977 and homogenized with 
sodium sulfate (10 g) with mortar and pestle. The homog-
enized mixture was allowed to equilibrate for at least 12 h 
before accelerated solvent extraction (ASE) was carried 
out. The extracts were cleaned up, and passed through 
multi-layer silica gel and basic aluminum oxide, and the 
recovered compounds were finally identified and quanti-
fied with a DB-5MS column (60 m × 0.25 mm × 0.25 μm) 
by isotope dilution HRGC/HRMS. In this paper, 209 con-
geners of PCBs are analyzed.

Quality control and quality assurance (QA/QC)
The laboratories must show its ability to generate accept-
able method blank, precision, and recovery. Initial pre-
cision and recovery tests were performed according to 
Zhao et al. [21], including sample preparation, extraction, 
and clean-up. The limit of detection was defined as the 
level of S/N = 3:1 in the measurement of spiked samples. 
The limit of detection for PCBs ranged in 0.3–1.8  pg/L 
for water, and 0.9–6.5 pg/g for sediment (dry weight). The 
recoveries of PCBs spiked in water and sediment samples 
ranged in 58–80% and 70–98%, respectively, and the rela-
tive standard deviation (RSD) was less than 20%.

Data and statistical analyses
The SPM water partition coefficient Kd (kg SPM per L 
water) was calculated as follows [22]:

where CM (mg PCBs/L SPM) and CW (mg PCBs/L water) 
are the concentrations of PCBs in the aqueous and solid 
phases, respectively.

The normalized partition coefficient of organic carbon 
(KOC) is an empirical value of the steady-state environ-
ment simulated in the laboratory and can be predicted by 
KOW (n-octanol/water partition coefficient) [23]:

KOC* is the modified normalized partition coefficient of 
organic carbon found in the field and can be calculated 
as [24]:

where CS (mg PCBs/kg sediment) is the concentrations of 
PCBs in the sediment and fOC is the mass fraction of the 
organic carbon in the sediment (based on the measured 
TOC).

The fugacity of PCBs in sediment and water was calcu-
lated as follows [20]:

where fS and fW are the fugacity of PCBs in sediment and 
water, respectively, and ρS is the density of the solid sedi-
ment (1.50 × 103 kg/m3 for all calculations).

The fraction of the total fugacity (ff) was calculated as 
[25]

where ffSW represents the fugacity fraction of PCBs in 
sediment.

The carcinogenic risk and non-carcinogenic risk are 
calculated as follows [26]:

where Ci is the concentration of PCBs in water (mg/L); 
IR the daily drinking water volume (1.85 L); EF the adult 
exposure frequency (365 d/a); SF the carcinogenic slope 
factor (2  kg d/mg); BW the body weight of an adult 
(60 kg); AT the average time of the onset of carcinogenic 
effect (25550 d); ED the adult exposure period (70 a); and 
RfD the exposure dose (0.02  mg/d kg). All values were 

(1)Kd = CM/CW

(2)logKOC = 1.04 logKOW − 0.61

(3)KOC∗ = (CS/CW)/fOC

(4)fS =
CS × ρS ×H

fOC × KOW

(5)fW = CW × H

(6)ffSW = fS/
(

fS + fW
)

(7)CR =
Ci × IR× EF× SF

BW× AT

(8)HI =
Ci × IR× EF× ED

BW× AT× RfD
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taken from the Chinese population exposure parameter 
manual [27].

Results and discussion
PCB levels in the water, sediment, and SPM
Additional file 1: Table S1 lists the total concentrations of 
PCBs (ΣPCBs) and predominant PCB congeners in the 
water, sediment, and SPM of the Yangtze River, which 
range in 0.04–11 ng/L, 0.33–69 ng/g, and 0.72–153 ng/L, 
respectively. The concentrations of ind-PCBs in water, 
sediment, and SPM are 0.005–0.38 ng/L, 0.06–21.5 ng/g, 
and 0.25–4.04 ng/L, respectively. For the 12 types of co-
PCBs, their concentration in the three phases ranges in 
ND–0.23 ng/L, ND–8.41 ng/g, and ND–1.27 ng/L, with 
a median value of 0.03  ng/L, 0.03  ng/g, and 0.23  ng/L, 
respectively. The ΣPCBs level in water is thus com-
parable to that of the Pearl River Estuary (China) 
(0.02–14.8 ng/L) [28] and the Houston waterway (up to 
12.5  ng/L) [29], but significantly lower than that of the 
Ebro River (up to 108 ng/L) [30]. The ΣPCBs level in sedi-
ment is comparable to that of the Pearl River Delta sur-
face sediment (3.50–48.3  ng/g) but is at the low end of 
the global PCBs level (0.20–400  ng/g) [31]. The ΣPCBs 
level in SPM is higher than that of the Dalian River estu-
ary (6.78–66.6  ng/L) and the Portuguese coast (4.2–
30.1 ng/L) [32], but much lower than that of the Newark 

bay estuary (466–966 ng/L) [33]. It can be seen from the 
above comparisons with other systems around the globe 
that the PCBs’ pollution at the Yangtze River is at a low to 
medium level [34]. Generally, the ΣPCBs level tends to be 
higher in water and SPM in the middle reaches than the 
downstream, but the reverse is true for sediment.

The PCBs concentration is the highest at Y-2, Y-5, 
Y-7, and Y-9 (all in the vicinity of Wuhan) for SPM and 
at Y-25 and Y-28 (both in the Jiangsu province) for sedi-
ment, respectively. Point sources are likely involved in 
these localized high PCBs’ level. Besides, various other 
factors including hydrodynamics, crystal size, etc., may 
also drive up the PCBs concentration [35]. In fact, Y-25 
is in the tributary of the Yangtze River, where sediment 
particle size and low hydrodynamics may contribute to 
high PCBs.

Characteristics of PCBs in the water, sediment, and SPM
Figures  2, 3, and 4 present the distribution PCB homo-
logues in water, sediment, and SPM. In water, di-CBs 
and tetra-CBs are the dominant congeners (> 40% of the 
total) in the middle reaches, whereas di-CBs and penta-
CBs are the dominant congeners in the lower reaches 
near Jiangsu (Fig.  2). The findings are consistent with 
the results of Zhang et al. [19], in which tetra-CBs were 
found to be the predominant contaminants. The PCBs in 

Fig. 2  The percentage of PCB homologues in the water of the Yangtze River
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Fig. 3  The percentage of PCB homologues in the sediment of the Yangtze River

Fig. 4  The percentage of PCB homologues in the SPM of the Yangtze River
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the sediment are mainly tri-CBs and tetra-CBs, and the 
proportion of penta-CBs and hexa-CBs increases in the 
downstream (Fig. 3). The PCBs’ distribution in the sedi-
ment of the Yangtze River resembles that of the coastal 
East China Sea [18]. The PCBs in the SPM are mainly 
tetra-CBs (> 70%), although the proportion of di-CBs and 
tri-CBs increases in the downstream section (Fig. 4).

In general, for both water and sediment, lower chlorin-
ated biphenyls are the dominant congeners in the middle 
reaches and higher chlorinated biphenyls are the domi-
nant congeners in the lower reaches. Tetra-CBs are the 
dominant congeners in SPM.

Two representative types of PCBs (ind-PCBs and co-
PCBs) were analyzed as the indicators of environmental 
pollution and toxicity [9]. The proportion of seven ind-
PCBs to ΣPCBs varied between 1.54 and 64.4%. The con-
gener profile of the ind-PCBs is dominated by the tri-CB 
PCB28 and the penta-CB PCB118, and other congeners 
contribute much less. Besides, the concentration of co-
PCBs is significantly lower in water than in SPM, likely 
due to the low polarity, poor water solubility, and low 
content of co-PCBs in water.

The fingerprint of the detected PCBs differs in the three 
phases. PCB11 is detected in all water samples. PCBs 47 
and 41 are detected more frequently in SPM and in sedi-
ment than in water, whereas PCB 138 is detected more 
frequently in sediment than in water and in SPM. In con-
trast, Zhang et  al. [19] found for the Yangtze River that 
the most abundant congeners are PCB28, 18, 66, 44, and 
52 in water and PCB 138, 153, 156, 194, and 209 in SPM. 
The main component of SPM in this study was low chlo-
rinated PCBs, while that of SPM in Zhang et  al. mainly 
was high chloride PCBs.

Principal component analysis (PCA) was carried out 
for PCBs that were detected with > 55% frequency and 
representative in the three phases, including PCB11, 17, 
18, 28, 41, 47, 51, 66, 70, 74, 110, 118, 138, 153, and 209. 
In the PCA results (Figs. 5 and 6), PC1 accounts for 69.3% 
of the variation, and its representative congeners include 
PCB47, 41, 51, 11, 18, 17, 66, and 28. The PC2 accounts 
for 14.8% of the variation, and its representative conge-
ners include PCB70, 110, 138, 118, 153, and 74. PC1 has 
higher loading for the lower chlorinated homologues like 
tri- and tetra-CBs, whereas PC2 has higher loading for 
the higher chlorinated homologues like penta- and hexa-
CBs (Fig. 5). The PCA results also indicate that at sites 25 
and 28, the sediment is affected by PCB138, 110, and 70 
(Fig. 6), water is mainly affected by PCB11, and the SPM 
is affected by PCB47, 41, and 51. This is also consistent 
with the results of [36], where higher PCBs are more 
readily adsorbed by natural organic matter (NOM) with 
time.

Transport of PCBs among multi‑matrix compartments
The exchange of pollutants among multi-matrix com-
partments is a very complicated process that involves 
many factors including van der Waals forces, particle 
size, covalent bonds, temperature, etc. Multiple param-
eters are used to represent the transport of pollutants 
between media [36].

In this study, predominant PCB congeners in water, 
sediment, and SPM (including PCB18, 28, 47, and 118) 
were selected to evaluate the transport of PCBs among 
multi-matrix compartments. The SPM–water parti-
tion coefficient (Kd) reflects whether the adsorption of 
chemical substances favors the SPM than the aqueous 
environment. The logKd values of PCB18, 28, 47, and 

Fig. 5  Principal component profile of PCBs in the water, sediment, 
and SPM of the Yangtze River

Fig. 6  PCA score plot of PCBs in the water, sediment, and SPM of the 
Yangtze River
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118 were calculated from Eq. (1) to be 3.50–4.16, 3.20–
4.28, 3.17–4.90, and 3.03–4.07, respectively. Hence, the 
four PCBs have similar Kd. Organic matter content, 
temperature, mineral composition, and median particle 
size are all important factors affecting Kd value.

The diffusion of dissolved contaminant from sedi-
ment to water is one of the main transport processes. 
The KOC value is compared with KOC* to predict 
whether PCBs have reached equilibrium between sedi-
ment and water in the field [25]. The logKOC* values 
of PCB18, PCB28, PCB47, and PCB118 range in 2.99–
4.90, 3.00–4.20, 2.97–4.71, and 2.91–4.18, respectively, 
all much less than the predicted equilibrium logKOC 
value (5.16, 5.18, 5.87, and 6.19, respectively). That is, 
the transport of PCB18, PCB28, PCB47, and PCB118 
in sediment and water did not reach equilibrium yet. 
Thus, just like organochlorine pesticides (OCPs), 
known as persistent organic pollutants, PCBs have not 
reached equilibrium in their exchange between sedi-
ment and water either [36].

The fugacity fraction is commonly used to demon-
strate the equilibrium state because the two directions 
of the equilibrium line (ff = 0.50) represent the same 
level of the deviation from the balanced state. The value 
of the fugacity fraction (ff ) can be used as one of the 
indicators to evaluate the transport of PCBs between 
two phases. Specifically, transport occurs from sedi-
ment to water when ffSW > 0.50 and in the reverse when 
ffSW < 0.50.

The ffSW values (Table 1) indicate that PCB18 and 28 
have net redissolution from sediment to water, except 
for that PCB18 at Y-5. In contrast, PCB47 and PCB118 
in most cases (except for PCB118 at Y-4) have ffSM 
< 0.50, corresponding to net sorption from water to 
sediment. As the number of chlorine atoms increases, 

PCBs tend to reach saturation in water and show migra-
tion from water to sediments. PCBs are different from 
OCPs according to Jin and Liu et al., whose ffSW values 
show net sorption from water to sediment [27, 36].

A fugacity fraction in 0.20–0.80 may not represent a 
significant deviation from equilibrium, and there are 
other parameters that are difficult to include in the 
error. The sediment–water model provides a prelimi-
nary basis to describe the transport of pollutants in two 
media and needs to be further verified.

Ecotoxicological and health risk assessment
PCBs in sediment have certain effects on the environ-
ment, and benthic organisms are also affected by sed-
iment-bound PCBs [37]. We use the sediment quality 
guidelines (SQG) to assess the potential ecotoxico-
logical impacts of organic contaminants in the surface 
sediment of the Yangtze River. Specifically, the range-
low (ER-L) and range-median (ER-M) values refer to 
the lower 10 percentile and median values, respectively 
[38]. In this study, the ΣPCBs concentration (Additional 
file  1: Table  S2) is below the ER-L (22.7  ng/g) except 
at Y-25 and Y-28, and neither (69.4  ng/g for Y-25 and 
59.4 ng/g for Y-28) is greater than the ER-M (180 ng/g). 
Because the ΣPCBs level is much lower than ER-L, the 
ecological risk of PCBs in the sediments is deemed rea-
sonably low, but the PCBs pose potential ecological risk 
in 5.9% of the sampling sites.

According to the Canadian soil quality guidelines, the 
standard value of polychlorinated dibenzo-p-dioxins/
dibenzofurans (PCDD/Fs) is 4.0 pg/g [39]. In this study, 
the TEQ of PCBs in sediment falls in ND–2.51  pg-
TEQ/g, with a median value of 0.0007  pg-TEQ/g. 
Therefore, the sediment has a low ecotoxicological risk.

The TEQ of co-PCBs in water ranges from ND to 
5.55  pg-TEQ/L. The TEQ is lower than the environ-
mental quality standard (1.00 pg-TEQ/L) set by the Jap-
anese government [15] at sites other than Y-26, Y-27, 
Y-28, Y-29, and Y-30. The sites in the Jiangsu province 
have higher TEQ of PCBs in water, and thus the ecotox-
icological risk in the lower reaches of the Yangtze River.

The carcinogenic and non-carcinogenic health risk 
assessment models were also applied [40]. The carcino-
genic and non-carcinogenic risk of PCBs in water varies 
from 3.87 × 10−11 to 9.67 × 10−9 and from 6.78 × 10−8 
to 1.69 × 10−5, respectively. The carcinogenic risk of 
PCBs is much less than the risk threshold (1 × 10−6) 
defined by the US EPA and thus negligible. Because the 
PCBs are harmful to humans when the non-carcino-
genic risk exceeds 1, the PCBs in water do not show a 
non-carcinogenic risk either.

Table 1  The ffSW values of  PCB18, 28, 47, and  118 
in the Yangtze River

Sampling site ffSW

PCB18 PCB28 PCB47 PCB118

Y-3 0.83 0.94 0.06 0.19

Y-4 0.73 0.77 0.05 0.90

Y-5 0.33 0.70 0.01 0.05

Y-7 0.79 0.96 0.01 0.15

Y-12 0.79 0.98 0.04 0.09

Y-13 0.92 0.98 0.06 0.10

Y-15 0.81 0.94 0.27 0.06

Y-16 0.99 0.99 0.29 0.39

Y-19 0.80 0.89 0.03 0.14

Y-20 0.70 0.60 0.11 0.17
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Conclusions
In this study, the PCBs of water, sediment, and sus-
pended particulate matter (SPM) in the drinking 
water source of the Yangtze River were determined 
with isotope dilution HRGC/HRMS. The ΣPCBs con-
centration ranges in 0.04–11  ng/L, 0.33–69  ng/g, and 
0.72–153  ng/L in water, sediment, and SPM, respec-
tively. Compared with other regions, the Yangtze River 
has a low to medium level of PCBs pollution.

In general, for both water and sediment, lower chlo-
rinated biphenyls are the dominant congeners in the 
middle reaches, and higher chlorinated biphenyls 
dominate in the lower reaches. Among all congeners, 
PCB11, 17, 18, 28, and 118 have higher detection fre-
quency in water, sediment, and SPM. The distribution 
of PCBs varies across the three phases. The SPM mainly 
contains PCB47, 41, and 51, whereas the sediment 
mainly contains PCB138, 110, and 70.

The value of ffSM indicates that the diffusion of 
PCB18, 28, 47, and 118 in sediment and water is away 
from equilibrium. The results show that PCB18 and 28 
have net redissolution from sediment to water, while 
PCB47 and PCB118 have net sorption from water to 
sediment. Risk assessment results indicate potential 
ecological risk from PCBs in the water and sediment 
of the Yangtze River, but neither carcinogenic nor non-
carcinogenic risk was found from the PCBs.
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