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A B S T R A C T   

Estuarine rivers are the primary medium for transporting pollutants from human activities to the ocean. Poly-
cyclic aromatic hydrocarbons (PAHs) have substantial toxicity and pose a significant risk to ecosystem and 
human health. However, the influences of urbanization on their distribution, particularly in China where ur-
banization is occurring rapidly, remain unclear. This study took three coastal economic circles of China as 
research areas, and investigated PAHs (16 species) in the estuarine river water. 95.9% of the sampling sites 
demonstrated moderate PAHs pollution and moderate ecological risk. Coal and petroleum combustion was the 
primary source of PAHs, but the source composition varied among the regions. Air pollution caused by energy 
emissions, particularly carbon emissions, has a critical and differential effect on PAHs distribution and deposi-
tion. With the increasing use of clean energy, PAHs emissions have been gradually reduced, which provides an 
effective option for PAHs reduction in a rapidly urbanizing coastal region.   

1. Introduction 

PAHs are an essential class of ubiquitous environmentally persistent 
organic pollutants with well-recognized carcinogenicity, teratogenicity, 
mutagenicity, and genotoxicity (Pichler et al., 2021). PAHs have a 
strong ability to diffuse and are distributed in multiple media, including 
water, soil, and sediment (Liu et al., 2012; Lu et al., 2020). PAHs 
accumulate at high levels in aquatic organisms and are subsequently 
transferred to humans through the food chain, thereby posing a signif-
icant threat to both human health and biodiversity (Qiu et al., 2009; Gu 
et al., 2013). These compounds are distributed widely in the environ-
ment and have been identified as priority pollutants by the United States 
Environmental Protection Agency (Keith and Telliard, 1979; Qin et al., 
2010). Clarifying the distribution characteristics and transmission 
mechanisms of PAHs is of great significance to ensure regional 
ecosystem health (Kim et al., 2013; Zhang et al., 2020). Particularly with 

the worldwide increase in urbanization and the intensification of energy 
consumption, understanding the emission characteristics and sources of 
PAHs is essential to reducing their emission and ensuring environmental 
sustainability (Cao et al., 2017; Huang et al., 2021). 

Previous studies have shown that PAHs are artificial pollutants, the 
distribution and composition of which vary with the type and intensity 
of their emission sources (Ma et al., 2010; Wu et al., 2021). Industrial-
ization, transportation, and household energy emissions cause the 
incomplete combustion of carbonaceous materials, and the release of 
petroleum products has been identified as the primary source of PAHs 
(Ravindra et al., 2008). Urbanization and increased numbers of house-
holds increase PAHs emissions significantly, and PAHs spread to various 
environmental media, such as rivers, the sea, and the atmosphere. Ur-
banization has resulted in the discharge of large amounts of contami-
nants into the marine ecosystem through river runoff and long-distance 
atmospheric transport during the past several decades (He et al., 2002; 
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El-Shahawi et al., 2010; Li and Duan, 2020). However, transmission at 
the regional scale and the influencing mechanisms are still not under-
stood precisely (Manzetti, 2013; Abdel-Shafy and Mansour, 2016; Song 
et al., 2019). The transport of PAHs pollution to the marine ecosystem 
has not attracted sufficient attention from the government because of a 
lack of knowledge, particularly in developing regions. Among them, the 
emissions of large amounts of PAHs continued to grow at an alarming 
rate, and the total sectoral emissions increased by 92% (from 28.0 to 
53.7 kt) from 2002 to 2012 (Huang et al., 2019; Li et al., 2021; Cui et al., 
2022). Most of these pollutants enter rivers through the atmosphere, 
spread throughout the basin’s hydrological process, and finally are 
carried forward to the ocean (Botsou and Hatzianestis, 2012; Zhang 
et al., 2016). Although the atmospheric transport mechanism has been 
studied widely (Aulinger et al., 2007; Cheng et al., 2016; Yu et al., 
2021), PAHs transmission mechanisms and influencing factors in rivers 
entering the sea are still not completely understood and most studies 
have focused largely on the distribution characteristics of sediment and 
the water-sediment interaction (Liu et al., 2012; Wang et al., 2016). 
Estuarine rivers directly receive atmospheric sediments and pollutant 
emissions. Their content and distribution characteristics are of great 
significance to reveal the mechanism by which PAHs are transmitted to 
marine ecosystems. 

This study systematically collected and measured the estuarine rivers 
and inlets along China’s coastline to determine the PAHs pollution levels 
and their sources. Furthermore, we considered the regional climate and 
urbanization characteristics and divided the coastal region into three 
marine economic circles (northern, eastern, and southern) with different 
climate factors, urbanization levels, and household characteristics. Our 
results can provide solid scientific evidence for the government to 
control PAHs pollution through integrated environmental management. 

2. Materials and methods 

2.1. Research design and sampling 

The sampling points were arranged according to the distribution of 
the main rivers that empty into the sea. Based upon remote sensing and 
field investigations, 105 main rivers entering the sea in China were 
selected (Fig. 1). The data were collected from August to October 2018 
after the rainy season to ensure the stable ecological flow, and water 
samples were collected at the estuaries of the main rivers from Liaoning 
to Hainan Provinces (multiplicative sampling). PAHs are persistent hy-
drophobic organic pollutants, which are easily adsorbed on fine particles 
with large specific surface areas and large adsorption capacity (Rios 
et al., 2010). When the shear effect of water flow increases, the coarse 
particles break into fine particles under the shear force and absorb a 
large amount of organic matter into the water body (Naing et al., 2016). 
Therefore, the object of this study is the concentration of PAHs in natural 
water, which is the sum of dissolved and particulate matter adsorption 
to ensure accuracy of discharge into the sea. A Dn-100 stainless steel 
water collector (Volume 2 L, diameter 20 cm, height 20 cm) was used to 
collect surface water (approximately 25 cm under water). The samples 
were stored in 1 L brown polyethylene bottles, sealed, refrigerated, 
preserved on ice, and transported back to the laboratory. Once trans-
ported to the laboratory, samples were stored at − 20 ◦C until analysis 
(November 2018). 

2.2. Sample extraction and pretreatment 

2.2.1. Target analytes and materials 
Sixteen priority PAHs listed by the US EPA were measured: naph-

thalene (Nap); acenaphthylene (Acy); acenaphthene (Ace); fluorene 
(Flu); phenanthrene (Phe); anthracene (Ant); fluoranthene (Fla); pyrene 
(Pyr); benzo[a]anthracene (BaA); chrysene (Chr); benzo[b]fluoranthene 
(BbF); benzo[k]fluoranthene (BkF); benzo[a]pyrene (BaP); indeno 
[1,2,3-cd]pyrene (IPY); dibenzo[a,h]anthracene (DBA), and benzo[g,h, 

i]perylene (BPE). The reagents used were methanol (chromatographi-
cally pure, Fisher Scientific, USA), dichloromethane (chromatographi-
cally pure, Baker Company, USA), acetone (chromatographically pure), 
anhydrous sodium sulfate (analytically pure, Beijing chemical reagent 
plant), an SPE solid-phase extraction column (LC-18 and LC-Si, specifi-
cations: 6 ml 500 mg), and high purity nitrogen. Moreover, 16 standard 
samples were used to confirm the analysis of the PAHs specified by the 
US. The instruments primarily included an accelerated solvent extractor 
(ASE-350 Dionex, USA), rotary evaporator (IKA ® hb10 digital, Ger-
many), nitrogen blower (Organomation, USA), SPE solid-phase extrac-
tion device (Supelco, USA), Agilent 6890-5975c GC-MS, freeze dryer, 
and muffle furnace. 

2.2.2. Instrumental analysis 
The LC-18 SPE column was activated first with dichloromethane and 

methanol. During the activation process, the flow velocity was 1 drop/s, 
and the columns were always kept wet. Then, 1 L water samples spiked 
with Phe-d10 and ANY-d10 were injected into the LC-18 columns. The 
water sample was passed through the solid-phase extraction column at a 
constant flow rate (1 drop/s). After the water sample passed through the 
column completely, the solid-phase extraction columns were dried in a 
freeze dryer to remove the water. Finally, we eluted the extraction 
column with 10 ml dichloromethane and collected the eluent in a 15 ml 
glass centrifuge tube. A Kl512 nitrogen blower was used to concentrate 
the 15 ml eluent to 1 ml, and the 1 ml concentrate solution was passed 
through a 0.22 μm organic filter membrane into a 1.5 ml brown injection 
vial for GC/MS analysis. 

Fig. 1. Sampling sites along the coast of China cover the three northern, 
eastern, and southern marine economic circles. The blue curve indicates the 
major river systems in China. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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2.2.3. Quality assurance/quality control (QA/QC) 
Agilent HP-5 (30 m × 0.25 mm × 0.25 μm) was selected as the 

capillary column for GC-MS. The instrument conditions were set as 
follows: constant current (1.0 ml/min); carrier gas (He); no split injec-
tion; valve opening time (1 min); the temperature of the sample inlet 
(300 ◦C); the temperature of the auxiliary channel (300 ◦C); and the 
temperature of the quadrupole (150 ◦C) and ion source (300 ◦C). The 
heating procedure was as follows: holding for 1 min at 80 ◦C, heating to 
200 ◦C at a rate of 3 ◦C/min; holding for 1 min, heating to 280 ◦C at a 
rate of 10 ◦C/min and holding for 20 min. The ion model (SIM) selected 
was the ion detection method. The entire analysis process was moni-
tored by method blank, spiked matrix, and parallel samples. Moreover, 
the recoveries were used to assess the accuracy of the measurement 
results. A group of parallel samples was set for every 20 test samples. In 
this research, the detection limit of the analytical method was between 
0.18 and 1.32 ng/L, and the recovery of 16 hybrid solutions was be-
tween 57.88% and 132.10%. The recoveries of Ace-d10 and Phe-d10 
were between 60.03%-139.19% and 91.30%–130.77%, respectively. 
In addition, there was little difference in the concentration of PAHs 
between parallel samples. All the organic reagents were chromato-
graphically pure, and all of the glass instruments were baked for 4 h in a 
muffle furnace at 500 ◦C prior to use. 

2.3. Data analysis 

2.3.1. Ecological toxicity 
In order to assess the potential ecological risk of PAHs on aquatic 

biota, Risk Quotients (RQ) are commonly used as follows: 

RQNCs =CPAHs/NCs
(1)  

RQMPCs =CPAHs/MPCs
(2)  

where RQNCs and RQMPCs are risk quotients of negligible concentrations 
(NCs) and maximum permissible concentrations (MPCs) of PAHs in 
water, respectively (Akhbarizadeh et al., 2016). The values of NCs and 
MPCs of different PAHs were according to relevant literature (Akhbar-
izadeh et al., 2016). Generally, RQNCs < 1 and RQMPCs > 1 showed 
moderate level of PAHs contamination, while RQMPCs > 1 indicated that 
contamination of individual PAHs might be severe. 

2.3.2. Source analysis 
We used the PCA-MLR method to investigate the PAHs source (Ma 

et al., 2017; Fakhradini et al., 2019; Han et al., 2020). According to the 
ratio of different substances in each sample and their main sources, the 
primary pollution sources and their contribution rate were obtained 
using multiple stepwise linear regression analysis. First, the dimen-
sionality of the receptor data was reduced through principal component 
analysis (PCA), the relations among multiple variables were analyzed, 
and less representative factors, i.e., pollution factors, were extracted. 
The following formula describes the multiple linear regression model: 

Y =
∑p

i=1
miXi + b (3)  

where Y is the dependent variable that represents the total amount of 
PAHs; P is the number of principal factors (pollution sources) extracted 
by PCA; and m is the standardized regression coefficient. X is the score of 
the ith principal factor, and b is the regression constant. 

2.3.3. Selection and analysis of affecting factors 
To investigate the factors that influence the distribution patterns of 

PAHs in estuarine rivers, we screened and tested related indicators based 
upon the literature and data availability (Zhang et al., 2007; Shen et al., 
2010; Lv et al., 2020; Dhital et al., 2021). Twenty-two urbanization 
factors were screened for analysis (Table 1). A multicollinearity analysis 
with SPSS showed that there were multiple collinearities among these 
factors. PCA was used to eliminate multiple collinearities in the data, 
and the factors with an eigenvalue >1 were extracted (Feng et al., 2019; 
Chen et al., 2021). The 22 anthropogenic parameters were grouped into 
six main components that accounted for 78.3% of the variation. Based 
upon the parameter loadings, the six principal components were ur-
banization and green living, traditional energy, air pollution and carbon 
emissions, waste gas emissions, the industrial sector, and GDP (Table 1). 
Given that the study area spans more than one climatic zone, we took 
into consideration of climate factors (temperature and rainfall). The 
data were collected and calculated primarily from governmental sta-
tistical yearbooks, bulletins and reports, and Chinese city statistical 
yearbooks, while the air pollution data were obtained from https 
://www.aqistudy.cn/historydata/. The data of temperature, rainfall 
and air pollution were corresponding to the sampling region in the 
sampling month. Other parameters were provided on an annual basis in 
the sampling year (2018). The data were standardized to eliminate 
dimensionality. We conducted two-tailed Spearman correlations to de-
pict the correlation effects of six affecting factors of PAHs, including 2 
ring, 3 ring, 4 ring, 5 ring, and 6 ring PAHs. Then, we performed a 
regression on low molecular weight (LMW) PAHs (2–3 rings) and high 
molecular weight (HMW) PAHs (4–6 rings) through multiple linear 
analysis. 

3. Results and discussion 

3.1. PAHs distribution patterns 

PAHs were detected in all the estuarine rivers (Fig. 2). With a con-
centration range of 255.5–1355.2 ng/L and a mean value of 585.2 ±
175.9 ng/L, the spatial differentiation was considerable (Fig. 3a). 
However, the PAHs concentrations ranged from 467.8 to 664.7 ng/L in 
ninety-five percent of the sampling sites, which were determined to have 
moderate PAHs pollution according to pollution evaluation criteria (Li 
et al., 2015a,b; Janadeleh et al., 2018; Peng et al., 2021). Meanwhile, 
some anomalous high values were found in heavily polluted rivers, such 

Table 1 
Selection and classification of affecting factors.  

Urbanization and green living Traditional energy Air pollution and carbon emission Waste gas emissions Industrial sector GDP 

Urbanization rate Per capita energy 
consumption/tons 

Carbon emissions The volume of industrial soot 
dust emission 

The tertiary industry as a 
percentage of GDP 

Per capita 
GDP 

Population density Per capita coal 
consumption/tons 

The annual mean concentration of 
PM2.5 

Industrial waste gas 
emissions at 

Per capital oil consumption  

Green travel Per capita GDP energy 
consumption/tons 

The annual mean concentration of 
PM10 

97th percentile daily mean 
concentration of CO 

The volume of industrial 
wastewater discharged  

Household electricity 
consumption for residential 

Per capita GDP sewage The annual mean concentration of 
SO2    

Green coverage area  The annual mean concentration of 
NO2      

90th percentile daily maximum 8 h 
mean concentration of O3     
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as the Beijiang River and Shenzhen River in the Pearl River system, 
where the content of PAHs exceeded 1200 ng/L, which was more than 
two times higher than the mean value. The risk quotients (RQ) showed 
that the RQNCs of total PAHs were >1 and RQMPCs were <1 in all rivers, 
indicating moderate ecological risk level. Moreover, the calculated 
RQMPCs of ANT, BKF in most rivers were higher than 1, showing high 
level of ecological risk for these compounds. Also, in the previous work 
of our group, joint probability curves (JPC) of environmental concen-
tration distributions (ECDs) and species sensitivity distributions (SSDs) 
were used to present the probabilistic ecological risk of the PAHs along 

the whole coast. The calculated probability risk value of BaP was 0.41% 
(Lu et al., 2022). Hence, dissolved PAHs in the estuarine rivers of China 
may bear potential risks for aquatic organisms. 

The range of PAHs concentrations was compared with several other 
water bodies from various sites around the world, as reported in Table 2. 
Results in this study were generally higher than those in other regions of 
the world, possibly because the water samples were unfiltered, and the 
samples contained suspended particulates, which could characterize the 
direct input of external pollution sources into the river. The concentra-
tions of pollutants were also related to the regional economic conditions 

Fig. 2. The spatial distribution (a) and hotspot distribution (b) of PAHs in seagoing rivers in coastal areas.  

Fig. 3. The distribution characteristics of PAHs contents (a) and composition (b) in rivers flowing into the sea in China. The horizontal line represents the average 
value; box edges indicate the 25th and 75th percentiles. The outliers are in red and represent a value of more than 1.5 standard deviations. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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and industrial layout of the sampling sites. The coastal zone is always an 
important transition area between land and ocean, and humans influ-
ence the marine ecosystem mostly throughout this area. Particularly in 
China, economically developed cities are distributed largely in coastal 
zone and cause severe disturbance to regional ecosystems (Shi et al., 
2001; Cao and Wong, 2007; Lu et al., 2018). Considering that the water 
samples were all collected from sites with extensive anthropogenic ac-
tivities, the pollution status of PAHs from humans deserves more 
attention (Bashir et al., 2020). Spatial correlation analysis also showed 
that the spatial distribution of PAHs was agglomerative (Fig. 2b). Hot-
spots were concentrated in the Pearl River system in Guangdong Prov-
ince and the rivers in southern Liaoning Province, where the residential 
population was high, and population and industries were concentrated. 

The composition proportions of 2, 3, 4, 5, and 6 ring PAHs were in 
the ranges of 12.5%–39.1%, 22.6%–67.8%, 5.9%–20.1%, 3.0%–44.5%, 
and 1.0%–11.8%, with mean values of 23.2%, 48.8%, 13.2%, 12.4%, 
and 2.3%, respectively (Fig. 3b). The PAHs detected in river water were 

largely LMW PAHs (42.5%–85.2%). Generally, 3 ring PAHs were the 
dominant congeners of LMW PAHs and contributed 50.1%–83.6% in 
91.7% of the sampling sites, while 4 ring PAHs were the dominant 
groups of HMW PAHs and contributed 55.8%–77.9% in 61.2% of the 
sampling sites. The content of LMW PAHs (3 ring or less) was higher 
than that of HMW PAHs in most rivers (95.9%). These results are 
consistent with a previous report that LMW PAHs concentrations were 
higher than those of HMW PAHs in surface water, and three ring PAHs 
were the dominant species in water (Nagy et al., 2014; Wang et al., 
2018; Jia et al., 2021), which is largely attributable to PAHs solubility. 
The sediment in the water adsorbs HMW PAHs with low solubility (Li 
et al., 2010; Sinaei and Mashinchian, 2014; Jia et al., 2021). The above 
results indicated that in the wet season, rainfall could cause large inputs 
of HMW PAHs into the river through atmospheric deposition. 

The distribution of PAHs in China’s rivers showed no prominent 
regional characteristics. The probabilities for PAHs determined by an 
independent nonparametric test between the three regions showed no 
significant difference. The total PAHs were highest in the southern re-
gion, where the concentrations ranged from 348.9 to 1355.2 ng/L with a 
mean of 627.5 ± 224.4 ng/L. The total PAHs concentrations in the 
northern region ranged from 333.8 to 1133.4 ng/L with a mean of 579.3 
± 139.1 ng/L. The eastern region had the lowest levels, where concen-
trations ranged from 255.5 to 1180.1 ng/L with a mean of 542.3 ±
170.1 ng/L (Fig. 4a). However, it should be noted that although the 
average value of rivers in the North was lower than that in the South, the 
content of PAHs in some rivers in the North was generally higher than 
that in the South (467.8–682.3 in the North and 495.7–675.9 in the 
South). With respect to the PAHs composition (Fig. 4b), there was a 
significant difference between the North, East, and South regions in 
terms of 3 ring PAHs concentrations. There was a significant difference 
between the south, north, and east regions in the HMW PAHs, where the 
PAHs in the North were composed primarily of 4 rings (55.8%–77.9%); 
in the Eastern region, the rivers to the North of the Yangtze River were 
dominated by 4 ring compounds (64.0%–79.2%), while the rivers to the 
South of the Yangtze River were dominated by 5 Ring PAHs (61.0%– 
79.2%); in the Southern region, 5 Ring PAHs were the primary 
composition (50.8%–77.7%). There was no significant difference in the 
three coastal economic regions in terms of total PAHs. However, the 
HMW PAHs differed significantly, which was reflected primarily in the 4 
ring and 5 ring concentrations. The increase in urbanization rate leads to 
an increase in organic carbon in water and the adsorption and deposition 
of HMW PAHs, which results in the difference between the 4 ring and 5 

Table 2 
Concentrations of PAHs (ng/L) in rivers around the world.  

Region Medium Content（ng/L） Reference 

Nigeria Sasa river water 296.46–1521.16 Adekunle et al. (2020) 
India Ganges river 

water 
0.05–65.9 Sharma et al. (2018) 

Germany Elbe river water 73.37–121.28 Li et al. (2019) 
Portugal Douro river 

water 
37.8–60.3 Rocha et al. (2017) 

Japan Coastal water 13–29.5 Koudryashova et al. 
(2019) 

South Africa Diep river water Nd-72380 Awe et al. (2020) 
Colombia Cauca river 52.1–12888.2 Sarria-Villa et al. 

(2016) 
American 

Samoa 
Coastal stream 
water 

31–358 Polidoro et al. (2017) 

Texas, USA Coastal water 800–18300 Rowe et al. (2020) 
Iran Coastal water 79.48–16657.9 Akhbarizadeh et al. 

(2016) 
Italy Tiber river water 10.3–951.6 Montuori et al. (2016) 
Egypt Nile river water 235.92–10367.60 Haiba (2019) 
Kenya Ngong river 

water 
2.69–14.22 Erick et al. (2016) 

Russia Moscow River 
water 

50.6–120 Eremina et al. (2016) 

China Coastal river 
water 

255.5–1355.2 This study  

Fig. 4. The distribution characteristics of PAHs content (a) and composition (b) in the three regions. In the box plot, the orange dots represent the data distribution; 
horizontal line represents the mean value; box edges indicate the 25th and 75th percentiles. The outliers are in red and represent a value of more than 1.5 standard 
deviations. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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ring PAHs levels (Ukalska-Jaruga et al., 2019; Wu et al., 2019; Lv et al., 
2020). 

3.2. Potential sources and driving mechanism for PAHs emissions 

First by analyzing sediment features to understand if PAHs input 
along China’s coastline is a fresh or an historical input, the results 
showed that PAHs in sediments were concentrated on 84.8–198.5 ng/L 
and a mean value of 185.6 ± 185.7 ng/L, and PAHs in most rivers were 
significantly higher than those in sediments. There was no obvious 
correlation between the PAHs contents in sediments and rivers (P >
0.05). The distribution coefficient was generally small, with an average 
value of 0.34 and a median value of 0.23, indicating that the PAHs 
transported by the sediments to the river were relatively small (Otte 
et al., 2013; Zhao et al., 2021). We further identified petrogenic sources 
across all sites through diagnostic ratio analysis (Fig. 5), and found that 
the PAHs originated mainly from combustion of coal, biomass, and 
liquid fuel, and the petrogenic sources are mostly located in the eastern 
and southern regions, but the proportion was relatively small. Most 
studies have reported that the main sources of PAHs are economic 
development and energy consumption (Zhang et al., 2011; Lv et al., 
2020). Through PCA-MLR analysis of all samples (Table 3), our results 
indicated that 65.4% of PAHs emissions were attributable to the com-
bustion of coal, biomass, and fossil fuels, with 34.6% to the mixed 
combustion of coal and petroleum. The sources of PAHs were largely 
from the combustion of coal and petroleum, but the influencing mech-
anism and factors are still not well understood. Furthermore, we 

analyzed the sources in different regions and found some differences in 
the main sources between the three regions. In the northern region, 
46.8% of PAHs contributions were from the combustion of coal, 
biomass, and fossil fuels, including 28.8% from petroleum combustion, 
and 14.5% from gas, and 9.9% from vehicular emissions. In the eastern 
region, 48.1% of PAHs contributions came from the mixed combustion 
of petroleum and coal, including 41.6% from the combustion of coal, 
biomass, and fossil fuels, with 10.3% from vehicular emissions. In the 
southern region, 50.6% of PAHs contributions were from the mixed 
combustion of petroleum and coal, including 38.2% from the combus-
tion of coal, biomass, and fossil fuels, with 11.2% from vehicular 
emissions. These results are consistent with statistical data on energy 
consumption in China, which show that the total energy consumption of 
coal in the Northern region is higher than in the East and South regions; 
in contrast, the total energy consumption of oil in the North is lower than 
in the East and South. It is worth noting that PAHs emissions decreased 
when the proportion of natural gas used in the north increased. The 
popularity of electric vehicles in southern China has also reduced the 
emission of PAHs. There were some differences in PAHs sources among 
the three regions. Particularly in the North, PAHs emissions were 
reduced because of the use of gas, which was attributable primarily to 
the policy that household energy was required to change from coal to 
gas (Shen et al., 2013; Li et al., 2017; Zhu et al., 2018). For example, in 
the northern region, coal was used frequently for heating in the past, 
while clean energy heating has reduced PAHs emissions (Xu et al., 2006; 
Zhao et al., 2019; Li et al., 2021). Vehicular emissions were also an 
important source but had a negative effect on PAHs emissions in the 

Fig. 5. Plots of PAHs isomer pair ratios for source identification.  
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southern region. This is largely because in the southern region green 
travel and alternative energy vehicles are emphasized, such as electric 
vehicles (Wang et al., 2019; Dai et al., 2021), which has further reduced 
the use of oil and thus reduced PAHs emissions. 

The distribution and transportation of PAHs from water to sea that 
result from urbanization and air pollution merit increasing attention (Li 
et al., 2015a,b; Lv et al., 2020; Lu et al., 2022). The correlation co-
efficients revealed divergent results for the different ring counts of PAHs 
(Fig. 6). Climate factors were correlated significantly and negatively 
with 3–4 ring PAHs (p < 0.01), while significantly and positively with 5 
ring PAHs (p < 0.01). Temperature was also positively correlated with 6 
ring PAHs. The direct influence of urbanization factors on PAHs was 
weak, and only traditional energy and industrial sector were positively 
correlated with the 4 ring PAHs (p < 0.05). Socioeconomic factors had 
no direct correlation with PAHs but showed an indirect relation via air 
pollutants and carbon emissions, which was reflected in significant 
correlations with PAHs (p < 0.01). Moreover, air pollution and carbon 
emissions had significant positive effects on 3–4 ring PAHs (p < 0.01) 
and had significant negative effects on 2 and 5 ring PAHs. 

We further illustrated its effect on LMW and HMW PAHs by multiple 
linear analyses (Table 4). Air pollution and carbon emissions (F = 15.7, 
p < 0.001), rainfall (F = 10.6, p < 0.01), traditional energy (F = 9.4, p <
0.01), urbanization and green living (F = 6.8, p < 0.05), and tempera-
ture (F = 5.6, p < 0.05) significantly influenced LMW PAHs. At present, 
China’s urbanization and residents’ green living have significantly 
reduced LMW PAHs emissions; however, the industrial sector, which 
relies on traditional energy, promotes air pollution and carbon emis-
sions, and thus promotes the emission of LMW PAHs (the coefficient was 
2.3). Air pollution and carbon emissions (F = 39.3, p < 0.001), tem-
perature (F = 28.9, p < 0.001), rainfall (F = 24.8, p < 0.001), GDP (F =
17.3, p < 0.001), traditional energy (F = 7.6, p < 0.05), and industrial 
sector (F = 5.3, p < 0.05) all significantly affected HMW PAHs. We also 
found that temperature, rainfall, air pollution, and carbon emissions 

interacted strongly (F = 20.1, p < 0.001). Interestingly, the influencing 
mechanism of HMW was quite different from that of LMW. With the 
change away from traditional energy, the emission of LMW PAHs is 
reduced. However, the adjustment of industrial structure is unreason-
able, some new industries increase the emission of HMW PAHs. 

Correlation analysis further demonstrated that climate factors, 
particularly temperature, were significantly and negatively correlated 
with LMW PAHs but significantly and positively correlated with HMW 
PAHs. This is mainly attributable to the difference caused by the 
household energy consumption, as the people living in the cold northern 
region need heating in winter and burn primarily biomass and coal, 
which increases the emissions of LMW PAHs (Liu et al., 2009; He et al., 
2021). Furthermore, rainfall increased LMW and HMW PAHs emissions. 
This is mainly because PAHs are adsorbed on most particulate surfaces 
and deposited on the ground with rainfall, then transported to rivers 
through surface runoff, enhance the content of PAHs in the river. 
Moreover, air pollution increased LMW PAH emissions. Atmospheric 
deposition is one of the sources of PAHs in rivers and mainly delivers 
LWM PAHs, which are adsorbed readily to fine particles (Qian et al., 
2020; Zhang et al., 2017; Golomb et al., 2001). Notably, air pollution 
parameters were clustered with carbon emissions, indicating that carbon 
emissions were highly correlated with air quality. The reduction in 
carbon emissions further reduced the river’s organic matter and the 
absorption and sedimentation of the 5 ring PAHs (Sun et al., 2018; Cui 
et al., 2022). These results indicate that while PAHs emissions with 
seasonal differences, improvements in industry structure, energy con-
sumption ratio and wet deposition through rainfall in the wet season 
may have obscured any seasonal variations (Lv et al., 2020; Lu et al., 
2022; Zhang et al., 2022). Increasing urbanization is accompanied by 
increasing air pollution in humid areas, corroborating the enhanced 
deposition of HMW PAHs in highly urbanized regions. By contrast, LMW 
PAHs concentrations were higher in areas with less urbanization in arid 
areas, despite the positive effect of traditional energy consumption ratio, 

Table 3 
Sources and contributions of PAHs.  

Region Coal and biomass combustion Coal and petroleum combustion Petroleum combustion Gas Vehicular emissions 

ALL samples 65.4% 34.6%    
Northern 46.8%  28.8% 14.5% 9.9% 
Eastern 41.6% 48.1%   10.3% 
Southern 38.2% 50.6%   11.2%  

Fig. 6. Driving factors of PAHs emissions in coastal areas. (*p < 0.05, **p < 0.01).  
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providing clear evidence for the divergent distribution patterns of HMW 
and LMW PAHs concentrations. These results indicate that improving air 
quality, reducing carbon emissions, and using clean energy may be 
efficient ways to reduce emissions of LMW PAHs. The government 
should pay more attention to it, optimizing the industrial sector, 
reducing traditional energy and carbon emissions, and increasing the 
use of clean energy to reduce the PAHs emissions. 

4. Conclusions 

This study showed the sources and spatial distribution of PAHs in 
estuarine rivers along the China’s coast, and analyzed the correlations of 
PAHs with climate (temperature and rainfall) and urbanization factors. 
Our findings provide information about how diverse factors influence 
the distribution of PAHs in estuarine rivers. We found that the total 
PAHs concentrations in the sampled rivers ranged from 255.5 to 1355.2 
ng/L, and 95.9% of sampling sites had moderate PAHs pollution, and 
had risks for aquatic organisms. The spatial distribution of PAHs varied, 
and there were significant differences in the distribution of high mo-
lecular weight PAHs. The combustion of coal and petroleum was the 
primary source of PAHs, but the source compositions differed among 
regions. Climate factors significantly affected the emission of PAHs, 
which is largely related to their physical characteristics. Furthermore, 
socioeconomic factors significantly affected PAHs through air pollutants 
and carbon emissions. Nevertheless, air pollution is attributable to 
human energy emissions, which has a critical and differential effect on 
PAHs distribution and deposition. Increasing urbanization is accompa-
nied by increasing deposition of HMW PAHs in highly urbanized re-
gions. By contrast, LMW PAHs concentrations were higher in areas with 
less urbanization. The distribution of HMW PAHs could reflect the 
regional development status, with implications for prediction and risk 
assessment in relation to PAHs accumulation in other coastal areas. 
Climate has an asymmetric effect on the PAHs. Compared with the arid 
area, humid zone contributes more to the increase of HMW PAHs. This 
study provides insights into the roles of carbon emissions, air quality, 
and climate factors in the spatiotemporal distribution of PAHs in China’s 
estuarine rivers and advances our understanding of the determining 
factors in PAHs distribution patterns. 
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2018. Spatial gradients of polycyclic aromatic hydrocarbons (PAHs) in air, 
atmospheric deposition, and surface water of the Ganges River basin. Sci. Total 
Environ. 627, 1495–1504. 

Shen, G., Tao, S., Chen, Y., Zhang, Y., Wei, S., Xue, M., et al., 2013. Emission 
characteristics for polycyclic aromatic hydrocarbons from solid fuels burned in 
domestic stoves in rural China. Environ. Sci. Technol. 47, 14485–14494. 

Shen, G., Wang, W., Yang, Y., Zhu, C., Min, Y., Xue, M., et al., 2010. Emission factors and 
particulate matter size distribution of polycyclic aromatic hydrocarbons from 
residential coal combustions in rural Northern China. Atmos. Environ. 44, 
5237–5243. 

Shi, C., Hutchinson, S., Yu, L., Xu, S., 2001. Towards a sustainable coast: an integrated 
coastal zone management framework for Shanghai, People’s Republic of China. 
Ocean Coast Manag. 44, 411–427. 

Sinaei, M., Mashinchian, A., 2014. Polycyclic aromatic hydrocarbons in the coastal sea 
water, the surface sediment and Mudskipper Boleophthalmus dussumieri from 
coastal areas of the Persian Gulf: source investigation, composition pattern and 
spatial distribution. J. Environ. Health Sci. 12, 1–11. 

Song, S., Lu, Y., Wang, T., Zhang, S., Sweetman, A., Baninla, Y., Shi, Y., Liu, Z., Meng, J., 
Geng, J., 2019. Urban-rural gradients of polycyclic aromatic hydrocarbons in soils at 
a regional scale: quantification and prediction. J. Environ. Manag. 249, 109406. 

X. Li et al.                                                                                                                                                                                                                                        

http://refhub.elsevier.com/S0269-7491(22)00215-9/sref16
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref16
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref16
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref16
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref17
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref17
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref17
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref18
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref18
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref18
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref18
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref19
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref19
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref20
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref20
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref20
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref21
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref21
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref21
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref21
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref22
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref22
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref23
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref23
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref23
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref24
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref24
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref25
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref25
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref25
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref26
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref26
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref26
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref27
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref27
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref27
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref27
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref28
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref28
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref28
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref28
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref29
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref29
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref29
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref30
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref30
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref31
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref31
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref32
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref32
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref32
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref32
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref33
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref33
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref33
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref34
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref34
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref34
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref34
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref35
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref35
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref35
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref36
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref36
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref36
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref37
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref37
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref37
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref38
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref38
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref38
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref39
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref39
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref39
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref40
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref40
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref40
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref41
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref41
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref41
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref42
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref42
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref42
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref43
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref43
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref43
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref44
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref44
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref44
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref45
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref45
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref45
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref46
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref46
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref46
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref47
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref47
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref47
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref48
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref48
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref49
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref49
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref49
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref49
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref50
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref50
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref50
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref51
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref51
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref52
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref52
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref52
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref52
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref53
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref53
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref53
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref54
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref54
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref54
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref54
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref55
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref55
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref55
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref55
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref56
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref56
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref56
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref56
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref57
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref57
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref57
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref58
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref58
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref58
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref59
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref59
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref59
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref60
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref60
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref60
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref61
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref61
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref61
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref62
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref62
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref62
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref62
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref63
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref63
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref63
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref64
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref64
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref64
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref64
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref65
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref65
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref65
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref66
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref66
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref66
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref66
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref67
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref67
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref67
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref68
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref68
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref68
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref68
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref69
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref69
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref69


Environmental Pollution 301 (2022) 119001

10

Sun, J., Shen, Z., Zeng, Y., Niu, X., Wang, J., Cao, J., et al., 2018. Characterization and 
cytotoxicity of PAHs in PM2. 5 emitted from residential solid fuel burning in the 
Guanzhong Plain, China. Environ. Pollut. 241, 359–368. 

Ukalska-Jaruga, A., Smreczak, B., Klimkowicz-Pawlas, A., 2019. Soil organic matter 
composition as a factor affecting the accumulation of polycyclic aromatic 
hydrocarbons. J. Soils Sediments 19 (4), 1890–1900. 

Wang, C., Zou, X., Gao, J., Zhao, Y., Yu, W., Li, Y., et al., 2016. Pollution status of 
polycyclic aromatic hydrocarbons in surface sediments from the Yangtze River 
Estuary and its adjacent coastal zone. Chemosphere 162, 80–90. 

Wang, J., Wu, Q., Liu, J., Yang, H., Yin, M., Chen, S., et al., 2019. Vehicle emission and 
atmospheric pollution in China: problems, progress, and prospects. PeerJ 7, e6932. 

Wang, Y., Zhang, S., Cui, W., Meng, X., Tang, X., 2018. Polycyclic aromatic hydrocarbons 
and organochlorine pesticides in surface water from the Yongding River basin, 
China: seasonal distribution, source apportionment, and potential risk assessment. 
Sci. Total Environ. 618, 419–429. 

Wu, H., Sun, B., Li, J., 2019. Polycyclic aromatic hydrocarbons in sediments/soils of the 
rapidly urbanized lower reaches of the River Chaohu, China. Int. J. Environ. Res. 
Publ. Health 16 (13), 2302. 

Wu, J., Li, H., Zhang, J., Gu, Y., Zhou, X., Zhang, D., et al., 2021. Microbial diversity and 
function in response to occurrence and source apportionment of polycyclic aromatic 
hydrocarbons in combined sewer overflows. J. Clean. Prod. 279, 123723. 

Xu, S., Liu, W., Tao, S., 2006. Emission of polycyclic aromatic hydrocarbons in China. 
Environ. Sci. Technol. 40 (3), 702–708. 

Yu, H., Guo, T., Wu, Z., Lin, T., Hu, L., Guo, Z., 2021. Distribution and gas-particle 
partitioning of polycyclic aromatic hydrocarbons over the East China Sea and Yellow 
Sea in spring: role of atmospheric transport transition. Sci. Total Environ. 762, 
143071. 

Zhang, A., Zhao, S., Wang, L., Yang, X., Zhao, Q., Fan, J., et al., 2016. Polycyclic aromatic 
hydrocarbons (PAHs) in seawater and sediments from the northern Liaodong Bay, 
China. Mar. Pollut. Bull. 113, 592–599. 

Zhang, D., Wang, J., Ni, H., Zeng, H., 2017. Spatial-temporal and multi-media variations 
of polycyclic aromatic hydrocarbons in a highly urbanized river from South China. 
Sci. Total Environ. 581, 621–628. 

Zhang, K., Wang, J., Liang, B., Zeng, E., 2011. Occurrence of polycyclic aromatic 
hydrocarbons in surface sediments of a highly urbanized river system with special 
reference to energy consumption patterns. Environ. Pollut. 159, 1510–1515. 

Zhang, Y., Cheng, D., Lei, Y., Song, J., Xia, J., 2022. Spatiotemporal distribution of 
polycyclic aromatic hydrocarbons in sediments of a typical river located in the Loess 
Plateau, China: influence of human activities and land-use changes. J. Hazard Mater. 
424, 127744. 

Zhang, Y., Huang, H., Xiong, G., Duan, Y., Cai, C., Wang, X., et al., 2020. Structural 
equation modeling of PAHs in surrounding environmental media and field yellow 
carrot in vegetable bases from Northern China: in comparison with field cabbage. 
Sci. Total Environ. 717, 137261. 

Zhang, Y., Tao, S., Cao, J., Coveney, R., 2007. Emission of polycyclic aromatic 
hydrocarbons in China by county. Environ. Sci. Technol. 41, 683–687. 

Zhao, N., Zhang, Y., Li, B., Hao, J., Chen, D., Zhou, Y., Dong, R., 2019. Natural gas and 
electricity: two perspective technologies of substituting coal-burning stoves for rural 
heating and cooking in Hebei Province of China. Energy Sci. Eng. 7 (1), 120–131. 

Zhao, Z., Gong, X., Zhang, L., Jin, M., Cai, Y., Wang, X., 2021. Riverine transport and 
water-sediment exchange of polycyclic aromatic hydrocarbons (PAHs) along the 
middle-lower Yangtze River, China. J. Hazard Mater. 403, 123973. 

Zhu, X., Yun, X., Meng, W., Xu, H., Du, W., Shen, G., Cheng, H., Ma, J., Tao, S., 2018. 
Stacked use and transition trends of rural household energy in mainland China. 
Environ. Sci. Technol. 53 (1), 521–529. 

X. Li et al.                                                                                                                                                                                                                                        

http://refhub.elsevier.com/S0269-7491(22)00215-9/sref70
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref70
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref70
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref71
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref71
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref71
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref72
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref72
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref72
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref73
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref73
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref74
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref74
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref74
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref74
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref75
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref75
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref75
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref76
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref76
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref76
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref77
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref77
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref78
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref78
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref78
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref78
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref79
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref79
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref79
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref80
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref80
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref80
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref81
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref81
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref81
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref82
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref82
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref82
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref82
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref83
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref83
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref83
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref83
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref84
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref84
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref85
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref85
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref85
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref86
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref86
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref86
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref87
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref87
http://refhub.elsevier.com/S0269-7491(22)00215-9/sref87

	Effects of urbanization on the distribution of polycyclic aromatic hydrocarbons in China’s estuarine rivers
	1 Introduction
	2 Materials and methods
	2.1 Research design and sampling
	2.2 Sample extraction and pretreatment
	2.2.1 Target analytes and materials
	2.2.2 Instrumental analysis
	2.2.3 Quality assurance/quality control (QA/QC)

	2.3 Data analysis
	2.3.1 Ecological toxicity
	2.3.2 Source analysis
	2.3.3 Selection and analysis of affecting factors


	3 Results and discussion
	3.1 PAHs distribution patterns
	3.2 Potential sources and driving mechanism for PAHs emissions

	4 Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgement
	References


