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Abstract: Polychlorinated biphenyls (PCBs) are highly hazardous, persistent, and bioaccumulative
substances that pose a threat to water quality in a number of locations, including the Beiluo River
in Shaanxi Province, China. However, little is known about the contribution of PCBs to the Beiluo
River. In this study, in order to look into the impact of sources on the water of the Beiluo River,
the discovered PCB congeners in water were examined on a regional scale. The concentration of
PCBs in water across Beiluo River was in the range from 0.065 to 1.92 ng L−1, and the average
concentration was 0.37 ng L−1. The main PCB sources in the Beiluo River waterbody were found
using positive matrix factorization (PMF). Source apportionment results indicated that the PCB
pollution of the Beiluo River was mostly caused by industrial emissions, technical PCB mixtures,
and coal and wood combustion. According to current ecological risk assessment guidelines, the PCB
concentrations found in this study may have a negative impact on biological systems. Overall, the
new information about the presence of several PCBs in the water of the Beiluo River justifies the
need for urgent management actions, as well as long-term monitoring efforts, to protect ecosystems.
Future investigations of these chemicals in China may use the conclusions of this first ecological risk
level assessment on the PCB contamination in the waterbody of the Beiluo River as a guide.

Keywords: Loess Plateau; positive matrix factorization; ecological risk assessment; toxicity equivalent;
persistent organic pollutants

1. Introduction

A rise in waste and pollution emissions in the environment has been caused in recent
years by the industrialization and rapid development of the human population [1]. The
problem of water contamination has long been quite concerning to humanity [2]. Polychlo-
rinated biphenyls (PCBs), a class of pollutants, have drawn the most attention due to the
ecological risk, economic effects, and health risks they pose to people [3]. In total, PCBs
have 209 commercially generated congeners, which are regarded as hazardous, persistent
organic pollutants (POPs) for both humans and animals (PCB congeners are any single,
unique well-defined chemical compound in the PCB category) [4,5]. Therefore, they are
one of the original 12 POPs specified by the Stockholm Convention (SC) [6–8].

PCBs have been produced and utilized in large amounts all around the world since
the 1950s [9]. According to estimates, 1.3 million tons of commercial PCBs were produced
worldwide [10]. Based on a prior study, electrical waste is a significant source of PCB
emissions in some developing nations [11]. In China, about 10,000 tons of PCBs were
produced during the period from 1965 to their prohibition in 1974 [12]. As inert substances,
PCBs have excellent thermal stability and dielectric characteristics. PCBs have been exten-
sively employed in electrical insulating fluids in capacitors and transformers, as well as
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in hydraulic, heat transfer, and lubricating fluids in a variety of technological appliances,
including industrial operations, heat transfer applications, and plasticizers [13,14]. China
used PCB3 and PCB5 largely as paint additives and power capacitors for the production,
distribution, and transmission of electricity [15]. Although PCBs were not widely used or
produced in China, their effects on the environment cannot be ignored [16]. In addition,
the presence of PCB-containing products may lead to the entry of PCBs into our food
chain through various routes [17]. Due to their high octanol-to-water partition, low water
solubility, and high lipid solubility, PCBs can have a bio-accumulative effect that gets worse
with time by moving up the food chain [18].

In a previous study, PCBs were discovered to enter the ecosystem through direct
discharge, atmospheric deposition, and runoff from terrestrial sources, as well as bioaccu-
mulating in aquatic biota tissues [9]. PCBs are still present in environmental media, such
as the air, soil, water, and sediment, despite restrictions on or bans on their usage [4]. In
previous studies, some scholars also proved PCBs have detrimental effects on humans.
For example, PCBs can affect fetal growth and infant development [19]. Toxicological
studies have shown that PCBs may be associated with human liver diseases and thyroid
hormone status, which may cause some negative consequences on human growth and
development [20,21]. It can disrupt reproductive function and sociosexual behaviors via
changes neuroendocrine mechanisms [22]. According to a study conducted on animals,
PCBs can have toxicological effects on animals as well, leading to behavioral and functional
abnormalities [23]. PCBs are becoming a major concern due to their toxicological charac-
teristics and ambiguous ecological behavior. Numerous accords, including the Stockholm
convention in 2001, were signed in an effort to resolve this problem. However, PCB levels
in the environment and their ecotoxicological effects still need attention.

The Beiluo River (34◦39′55′′ N–37◦18′22′′ N, 107◦33′33′′ E–110◦10′30′′ E), the second
tributary of the Yellow River, is 680 km long and covers an area of 2.69 × 104 km2. The
Beiluo River is a prominent river in Shaanxi Province, China, which is of fundamental
importance for regional agricultural activities and water supply for industrial development
(Figure 1) [24–26]. The Beiluo River is located on the Loess Plateau, which is one of the
most concentrated regions of fossil energy in China, in which the land-use categories were
mainly forest, cropland, and grassland [27]. With a population of about 640.86 thousand in
four counties in the basin, the area contributed about CNY 24.16 billion GDP and produced
52.53 million tons of coal and 14.90 million tons of oil in 2020 [28]. However, the natural
environmental systems of Beiluo have been impacted by a long history of wastewater
drainage and a quickly growing petroleum industry [29]. Meanwhile, the Beiluo River was
influenced by a significant amount of organic matter and hazardous waste runoff, including
oil spills, endangering the region’s economic growth and public health [24]. Despite the
importance of the Beiluo River, little research has been conducted on PCB pollution in
the past. Particularly, there are little reliable data on PCB concentrations, sources, and
ecological risk assessments regarding rivers.

Therefore, in order to stop additional contamination and to protect the priceless living
resources provided by the Beiluo River, it is crucial to analyze PCB concentration and contami-
nation levels, as well as their source(s). The purposes of this study were to (1) determine PCBs
concentrations in the waterbody of the Beiluo River; (2) identify PCB sources using positive
matrix factorization (PMF) factor analysis; and (3) determine the ecological risk levels of PCBs
in the Beiluo River.
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transferred to pretreated brown glass vials and stored at −4 °C until analysis. 

2.2. Sample Pre-Treatment and Instrumental Analysis 
The water samples were strictly processed using the method described in the Chinese 
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25 mL CH2Cl2 and 5μL standard PCB solutions (tetrachlorometaxylene, PCB65, or PCB 
155). After fully mixing, CH2Cl2 was separated into a flask by separating funnel, then we 
dried samples in muffle furnace at 450 °C for 4 h. We repeated the pervious steps 3 times. 
Then, the samples were processed by rotary evaporation to 4 mL at 40 °C and chromato-
graphed by 1:2 Al2O3 and silica gel 3 times. The samples were reconcentrated by rotary 
evaporation to 1 mL before putting the samples into cell bottles. Finally, we blew samples 
to 0.2 mL using gentle nitrogen gas [31]. Gas chromatography (GC, Agilent 6890N/5975 
MSD, Agilent, Santa Clara, CA, USA) was used, which was equipped with a HP-5MS ca-
pillary column (30 m × 0.25 mm × 0.25 μm) and an electron impact (EI) ionization source 
(GC-MS/MS 7000D). The incoming carrier gas was high-purity helium with a flow rate of 
1.2 mL/min. For PCBs, initial oven temperature was 80 °C for 1 min; then we increased to 
200 °C at 15 °C/min; increased to 260 °C at 4 °C/min; and increased to 290 °C at 20 °C/min 
and held for 2 min before the temperature was immediately raised to 320 °C. The injection 

Figure 1. Study area with sampling sites marked with red triangles. Beiluo River Basin is located in
Loess Plateau in northern Shaanxi Province, the middle of China.

2. Materials and Methods
2.1. Study Area and Sampling

We used a water-collector to obtain 17 water samples over 3 days from Beiluo River,
covering the Beiluo River Basin and its main tributaries, in June 2021 (wet season) (Figure 1).
The sampling sites were set according to factors, such as uniform spatial distribution and
traffic accessibility. A glass water collector equipped with a long handle (2–3 m) was
used to collect approximately 5 L of water samples at each site, and then we immediately
transferred to pretreated brown glass vials and stored at −4 ◦C until analysis.

2.2. Sample Pre-Treatment and Instrumental Analysis

The water samples were strictly processed using the method described in the Chi-
nese national standard, Water quality-Determination of PCBs-Gas chromatography-mass
spectrometry (HJ 715–2014) for PCBs analysis [30]. Briefly, 1 L water samples were spiked
with 25 mL CH2Cl2 and 5µL standard PCB solutions (tetrachlorometaxylene, PCB65, or
PCB 155). After fully mixing, CH2Cl2 was separated into a flask by separating funnel,
then we dried samples in muffle furnace at 450 ◦C for 4 h. We repeated the pervious steps
3 times. Then, the samples were processed by rotary evaporation to 4 mL at 40 ◦C and
chromatographed by 1:2 Al2O3 and silica gel 3 times. The samples were reconcentrated
by rotary evaporation to 1 mL before putting the samples into cell bottles. Finally, we
blew samples to 0.2 mL using gentle nitrogen gas [31]. Gas chromatography (GC, Agilent
6890N/5975 MSD, Agilent, Santa Clara, CA, USA) was used, which was equipped with
a HP-5MS capillary column (30 m × 0.25 mm × 0.25 µm) and an electron impact (EI)
ionization source (GC-MS/MS 7000D). The incoming carrier gas was high-purity helium
with a flow rate of 1.2 mL/min. For PCBs, initial oven temperature was 80 ◦C for 1 min;
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then we increased to 200 ◦C at 15 ◦C/min; increased to 260 ◦C at 4 ◦C/min; and increased
to 290 ◦C at 20 ◦C/min and held for 2 min before the temperature was immediately raised
to 320 ◦C. The injection volume was 1 µL. The transmission line temperature was 280 ◦C,
the electron energy was 70 eV, and the ion source temperature was 230 ◦C. Finally, the
concentration data of PCBs at all sampling sites were obtained.

The method detection limits for different PCB congeners were from 9.25 × 10−4 to
1.24 × 10−1 ng L−1. All data were corrected for recovery and reported as percentages.
By spiking the samples with known working-standard PCB solutions and extracting and
analyzing the results in the same manner as the genuine samples, a matrix spike recovery
investigation was carried out. Prior to extraction, each sample was spiked with a labeled
recovery standard (TCMX, PCB65, or PCB 155) for identification. Tetrachlorometaxylene
(TCMX) average surrogate recoveries in all samples ranged from 33.52% to 97.55%, PCB65
average recoveries ranged from 47.24% to 108.79%, and PCB155 average recoveries ranged
from 27.91% to 113.59%. All samples had an average sample recovery of 64.40% for TCMX,
while for PCB65 it was 89.18%, and for PCB155 it was 84.45%. The recoveries of PCB65,
PCB155, and TCMX standards proved the validity of the sample treatment protocol [31].

2.3. Ecological Risk Assessment Methods

Toxic equivalents (TEQs) can be used to evaluate PCB ecological risk. The TEQs of
PCBs in the samples were calculated using toxic equivalence factors (WHO-TEFs). The total
toxic equivalent is calculated by the following equation, which is the actual concentrations
of PCBs in an environmental sample multiplied with the respective TEF [32]:

TEQ =
n

∑
i=1

Ci × TEFi (1)

where TEQ is the total toxic equivalent (ng L−1) and Ci is the detected amounts of PCBs in
the water sample (ng L−1). TEFi is the toxic equivalency factor of certain PCBs, taken from
the WHO-revised TEF value in 2005 [33].

PCBs in water samples can also be evaluated for their potential ecological risk using
the risk quotient (RQ) approach [34]. This is how the RQ value is calculated:

RQ =
MEC

PNEC
(2)

where MEC is the sample’s actual measured PCB concentration. The predicted no-effect
concentration (PNEC) for organisms is computed using the EC50 or LC50 values, and the
assessment factor set to 1000 [35,36]. The PNEC value is calculated as follows:

PNEC =
EC50 or LC50

Assessment Factor
(3)

Different levels of risk index are presented as follows: The risk is negligible when
RQ is less than 0.01, low when it is between 0.1 and 1, moderate risk when it is between
0.1 and 1, and high risk when it is greater than 1 [36,37]. Toxicity date of PCBs among
different trophic levels were obtained from the United States Environmental Protection
Agency (USEPA) ECOTOX database (USEPA 2012) to extrapolate the predicted PNEC.

2.4. PCBs Source Apportionment by Positive Matrix Factorization (PMF)

PMF is a sophisticated approach for factor analysis [38]. Source apportionment of PCBs
was performed using the positive matrix factorization receptor model (v.5.0) developed by
the United States Environmental Protection Agency (US EPA).
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The PCBs data were decomposed into a source component spectrum matrix F (k × j),
a source contribution matrix G (i × k), and a residual matrix E (i × j) by the PMF model, as
shown in the following:

Xij =
p

∑
k−1

gik fkj + eij (4)

where gik is the contribution of the kth source to the sample, fkj is the concentration of the
jth species in source k, and Xij is the concentration of the jth species detected in the ith
sample. The residual eij is related with the concentration of the jth species measured in the
ith sample.

Q is defined as an objective function, which determines the pollution source contribu-
tion spectrum g and the pollution source component spectrum f. The Uij is the uncertainty
of each observation. The equation is as follows:

Q =
n

∑
i=1

m

∑
j=1

(
eij

Uij

)2

(5)

The concentration file and the uncertainty file are the two input files needed for PMF
analysis. EPA positive matrix factorization (PMF) 5.0 Fundamentals and User Guide’s
methodology was used to calculate the concentration and uncertainty of each contaminant.
Accordingly, for the concentration, element concentrations below the method detection
limit (MDL) were replaced with “the 1/2 of the MDL”. For the uncertainty, “the 5/6 of
the MDL” was used for the values below the MDL, while the values above the MDL were
calculated as follows:

Uij =

√
(Error Fraction×Concentration)2 + (0.5×MDL)2) (6)

where Uij is the uncertainty of PCBs. The error fraction is 0.05. The Q values, scaled residues,
G-Spaceplot, physical meaningfulness, factor contribution, and diagnostics of the acquired
factor profiles and contributions were used to determine the best factor numbers [39]. After
testing three to nine factors with random seeds by running the simulation 20 times, a
three-factor solution was obtained to be the best fit for the input data set based on the Q
values and error evaluation [6].

2.5. Statistical Analyses

∑PCBs were defined as the sum of 28 PCB congeners, while Pi-PCBs (indicator PCBs)
were defined as the sum of PCB28, PCB52, PCB101, PCB118, PCB153, PCB138, and PCB180.
According to their structure, chemical makeup, and physiological consequences, PCBs can
be divided into two groups: dioxin-like and non-dioxin-like. Dioxin-like PCBs (DL-PCBs)
are a class of very harmful byproducts of some industrial processes that resemble the
prototype dioxin.

Microsoft Excel (Microsoft Inc., Redmond, WA, USA) was used for all statistical
analyses. Positive matrix factorization receptor model was applied using EPA PMF 5.0 to
identify the possible sources of PCBs. PCB concentrations below the MDL were replaced
with half of the method detection limits during data analysis. Using the Arcgis 10.2 program
(ESRI Inc., Redlands, CA, USA), the spatial distributions of the sampling sites were mapped.
Column charts were performed with OriginPro 2021 software (OriginLab Corporation,
Northampton, MA, USA).

3. Results and Discussion
3.1. PCB Concentrations and Congener Profiles

PCB concentrations in water showed huge differences at each sampling site (Figure 2a).
More detailed descriptive statistics data of each PCB concentration are listed in Table S2.
With a mean of 0.37 ng L−1, the total PCBs concentration ranged from 0.065 to 1.92 ng L−1.
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In all sampling locations, PCB-128 was the PCB with the highest concentration, followed
by PCB-209 and PCB-206. They were found to contribute 5.8% (PCB-209), 14.2% (PCB-128),
and 41.3% (PCB-128) of the total PCB concentrations (PCB-206). Throughout the study
period, there was a wide range of variation in the measured PCB concentrations. The
highest concentration of PCBs appeared at B2 (1.92 ng L−1), followed by B12 (0.95 ng L−1),
and B10 (0.67 ng L−1). For individual PCB compounds, detection frequencies were 94.12%,
94.12%, 94.12%, 94.12%, 88.24%, 88.24%, and 99% for PCB114, PCB128, PCB189, PCB206,
PCB169, and PCB195, respectively.
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Previously, the water samples of 10 tributaries of the Yellow River Basin were collected
in September 2018 by Chen et al. [40], and the mean concentration of PCBs was 0.26 ng L−1

in the Wei River. Compared with the results measured by Chen et al., higher PCBs concen-
trations (1.4 times higher than their results) were detected in this study, probably as the
water samples in this study were taken very close to specific sources, for example, industrial
areas, such as steel plants, petrochemical plants, etc. Therefore, it can be speculated that the
PCB contamination of water to a relative high degree exists in the Beiluo River. The data
on PCB concentrations in different regions are shown in Table 1. In other studies, the areas
close to industrial locations usually produced higher PCB concentration levels [41–43].
Other highly polluted regions, such as the Persian Gulf (0.97–3.10 ng L−1) [44], Houston
Ship Channel of Texas (0.49–12.49 ng L−1) [41], and Hangzhou Bay and East China Sea
(0.4–51.75 ng L−1) [36], also showed similar results. In contrast, the concentration was only
0.0093 ng L−1 in Nanjiabawa Peak in Tibet, where there are no industrial emissions [12].
According to USEPA guidelines, surface water must have a PCB concentration of less than
14 ng L−1 in order to be deemed safe for aquatic life (USEPA, 2002) [12]. Although the PCBs
in the Beiluo River have not exceeded the recommended value of the USEPA, the Beiluo
River is very close to oil exploitation sites and related industrial areas; therefore, further
investigations into PCBs and their environmental risks are required.

PCBs were also evaluated based on their homolog groups (Figure 2b). The homolog
groups of each PCB are listed in Table S3. The seven standard individual congeners (PCB 28,
52, 101, 138, 153, and 180) selected by EPA to reflect a broad spectrum of chlorination are
also included. It was evident that PCB patterns were mostly dominated by high chlorinated
(>5 Cl) PCBs such, as 6-CBs (51.2%), 10-PCBs (14.2%), and 7-PCBs (6.6%), while less
chlorinated (<5 Cl) PCBs were less prominent, such as 5-PCBs (11.3%), 4-PCBs (5.3%), and
3-PCBs (0.75%). The possible reason is that low-chlorine PCBs are easily degraded by OH
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radicals in the environment, and the rate of degradation of PCBs reduces as the content of
chlorine in the environment increases [16].

Table 1. Concentrations of PCBs in waterbodies in different regions.

Location Country or Region PCBs Range (ng L−1) Average (ng L−1) Reference

Beiluo River China 6.5 × 10−2–1.92 0.37 This study
Arctic fjords Arctic 0.4 × 10−2–0.40 - [45]

Houston Ship Channel Texas 0.49–12.49 2.47 [41]
Hangzhou Bay and

East China Sea China 0.40–51.75 - [36]

Nanjiabawa Peak Tibet - 9.3 × 10−3 [12]
Yangtze River China 0.29–2.00 1.24 [12]
Persian Gulf Middle East 0.97–3.10 - [44]

Venice Lagoon Italy 3.55 × 10−1–18.68 × 10−1 - [46]
Volturno River Southern Italy 4.1–48 - [47]

Yellow River Basin China - 2.32 × 10−1 [40]
Pearl Estuary Guangzhou 1.13–3.11 2.3 [48]
Huaihe River China 0.24–0.28 0.26 [49]

South China Sea The south of China 2.8 × 10−3–7.7 × 10−3 4.28 × 10−3 [50]
Han River and

Danjiangkou Reservoir China 0.35–5.0 - [51]

3.2. Ecological Risk Assessment

PCBs in the waterbody can have an impact on ecosystems, human health, and water
quality [52]. Thus, it is crucial to assess the possible ecological impact of PCBs in this region
because of their toxicity and bioaccumulation properties, as well as the broad ecological
value of the Beiluo River Basin [53]. Since China has not yet set environmental quality
guidelines for PCBs, we contrast our results with those suggested by other countries and/or
international organizations.

The potential ecological risks of PCBs in the Beiluo River were assessed using the two
ecological risk assessment indices, TEQ and RQ [33]. As shown in Table 2, the main driver
of TEQ is PCB126, which is the most toxic (14.48 × 10−3). The least risky PCBs were PCB
156 (17.07 × 10−7) and PCB 167(20.43 × 10−7). In the present study, the sum of WHO2005-
TEQs for the 12 DL-PCBs in water varied from 17.07 × 10−4 to 14.48 pg-TEQ/L, with
an average level of 1.5 pg-TEQ/L. A total of 83% of the WHO2005-TEQs in all sampling
sites was higher than the recommended environmental quality standard of 1 pg-TEQ/L
by Japan Government (Government of Japan, 2012) [54,55]. Furthermore, the ∑TEQ of
water samples from all sampling sites did not exceed the maximum contaminant level of 30
pg-TEQ/L set by the United States Environmental Protection Agency (USEPA, 2001) [55],
and the total concentrations standards of PCBs in all sampling sites did not exceed the
maximum contaminant level of 8 ng L−1 set by the environmental quality standards for
water in China [15]. At present, the concentration of DL-PCB does not pose a threat to
the water quality of the Beiluo River and the aquatic organisms in it. Therefore, a more
comprehensive ecological risk assessment of PCBs is required.

Table 2. The toxicity equivalents (TEQ) of 12 typical PCBS in the water of Beiluo River.

PCBs TEF 1 TEQ PCBs TEF1 TEQ

PCB-81 0.30 × 10−3 10.86 × 10−6 PCB-126 0.10 14.48 × 10−3

PCB-77 0.10 × 10−3 16.79 × 10−6 PCB-167 0.30 × 10−4 20.43 × 10−7

PCB-123 0.03 × 10−3 31.77 × 10−7 PCB-156 0.30 × 10−4 17.07 × 10−7

PCB-118 0.03 × 10−3 39.54 × 10−7 PCB-157 0.3 × 10−4 24.48 × 10−7

PCB-114 0.03 × 10−3 28.95 × 10−7 PCB-169 0.03 35.07 × 10−4

PCB-105 0.03 × 10−3 31.71 × 10−7 PCB-189 0.30 48.33 × 10−7

Note: 1 The toxic equivalency factor (TEF) of PCBs were extracted from 2005 WHO revision [33].



Water 2023, 15, 459 8 of 15

The RQ provides another method to evaluate the ecological risk posed by PCBs to
the environment. Figure 3 shows the RQ of PCBs in different sampling sites for the levels.
Most of the PCBs in the water samples were low. The PNECs values corresponding to
the concentrations of individual PCBs are presented in Table S4. In all sampling sites, the
RQs of ∑PCBs ranged from 0.11–4.16 ng L−1, with high pollution only at B2, B3, B8, B10,
and B12, and moderate risk at other sampling sites. The RQs associated with exposure
to individual PCBs were also calculated. The RQ values derived from the data revealed
the ecological risk level in all sampling sites. According to the ecological risk classification
about the risk quotient in all sampling sites, PCB18, PCB28, PCB44, PCB52, PCB66, PCB81,
PCB101, PCB105, PCB114, PCB123, PCB156, PCB157, and PCB169 showed an RQ < 0.01 at
all monitored sites, which showed negligible risk. Other PCBs existed moderate and high
risk in different sites. In particular, only PCB128 has high risk in the B2 site. This result is
consistent with a study on PCBs in Hangzhou Bay, China, indicating that only PCB 153
has high risk [35]. However, another study on the Yangtze River watershed found that
13 PCBs induced a medium or high environmental risk potential, especially in Badong,
Shanghai, and Nanjing [56]. The variation in pollution in different regions can be huge.
Nevertheless, because of the high chronic toxic value of PCBs, it is worth paying attention
to PCBs concentration and the associated environmental risks [57].
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The environmental toxicity data and assessment factor (AF) are used to calculate the
PNEC [56]. Each of the 28 PCBs has the capability of causing toxic effects to aquatic crea-
tures, including fish, crustaceans, and algae, with E(L)C50 values ranging from
1 × 10−4 mg/L to 0.25 mg/L. PCB206 was the least harmful PCB for aquatic creatures,
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while PCB8 was the most toxic. Algae in particular are the taxa that are most vulnerable
to micropollutants, and their EC50 were 0.05–0.6 mg/L for different PCB [58,59]. Algae
are a major source of food for aquatic organisms, contributing significantly to the aquatic
food chain or food, and are a healthy addition to the natural diet of humans [60]. They also
work to remove contaminants and nutrients from water. Destruction of the growth and
reproduction of algae is a huge loss to nature and human society. In addition to harming
algae, PCBs can also cause negative effects to human health. A genotoxicity analysis re-
vealed that chlorination increased DNA damage in human Caco-2 cells [59]. Therefore, the
chlorine on the benzene ring of PCBs may be the reason for their increased toxicity. PCB
poisoning is a terrifying threat to both human and environmental health.

In general, we need to pay attention to the ecological risks caused by PCBs in the
water of the Beiluo River. Although it does not directly provide drinking water, Beiluo
River water has an indirect influence on human health, social stability, and safety. Thus, it
is necessary to control PCBs pollution in the Beiluo River.

3.3. Source Apportionment of PCBs by Positive Matrix Factorization (PMF)

Using a similar method to Yuan et al. (2021) [61], 3 factors were chosen in this study
using the PMF model by exploring factor numbers from 2 to 18 for the best and most appli-
cable solutions, with a random start and a running number of 20. Three different factors
found by PMF analysis are shown in Figure 4. The first factor explains 25.63% of the total
PCBs, and PCB187, PCB156, PCB123, PCB126, PCB209, and PCB114 were mainly loaded on
this factor. PCB209 are non-Aroclor congeners that are prevalent in phthalocyanine-type
pigments and can be used to identify the use or discharge of a pigment [62]. PCB123,
PCB126, and PCB114 are mainly used as a paint additive [63]. Moreover, PCB-206, PCB-208,
and PCB-209 are produced during the manufacturing of titanium dioxide and titanium
tetrachloride [39]. As a result, Factor 1 was determined to be associated with industrial
activity in the area, representing emissions from the pigment/paint industries and/or
wastewater effluents containing paints.

Since the establishment of the national government, the Northern Shaanxi Energy
and Chemical Industry Base has formed an industrial system based on coal, oil, natural
gas, rock, and salt mining, with electric power, chemical, building materials, and other
industries as the leading industries, constructing the main engine of economic and social
development [64]. In northern Shaanxi, due to these industrial activities, the Beiluo River
has received significant amounts of toxic waste runoff and oil spills [24]. The upper and
middle portions of the river are home to numerous huge refineries and companies, making
it an important location for the exploitation of the oil–gas potential in northwest China [27].
In northern Shaanxi, coal mining started in the 1980s and significantly increased in the late
1990s [65]. The study area contributed GDP and produced a lot of coal and oil. Meanwhile,
resource exploitation has brought a series of problems, including river pollution, farmland
pollution, soil pollution, etc.

The second factor was heavily loaded with PCB138, PCB189, PCB128, PCB195, PCB167,
PCB101, and PCB118, which explained 36.33% of the total PCBs in the water sample. Highly
chlorinated biphenyls displayed high factor loadings on typical Aroclor congeners and
were heavily loaded on the second factor (53.25% of the variance). These congeners,
including Aroclor 1254, Arochlor 1260, and Kanechlor 600, are all major components
of technical PCBs mixtures [13,66]. These technical PCBs mixtures are usually used in
industrial equipment. Technical PCBs mixtures mainly contain many highly chlorinated
PCBs, a result consistent with PCBs emission inventories in China, indicating that technical
PCBs mixtures mainly come from intentional sources, especially those with a high chlorine
content [67,68]. Therefore, this factor could be attributed to technical PCBs mixtures
discharged from manufacturing.

The third factor explains 38.05% of the total PCB and was highly loaded with PCB105,
PCB77, PCB44, PCB28, PCB170, and PCB209. According to Lee et al., the main pollutants
released during the burning of coal and hardwoods include PCB-49, PCB-52, PCB-28,
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PCB-44, PCB-101, PCB-110, and PCB-118 [69]. Kim et al. also discovered that PCB77,
PCB128, PCB170, PCB189, and PCB206 are combustion marker congeners [70]. Therefore,
coal (industrial applications and residential heating) and wood combustion (residential
heating) were regarded as the main contributors for this factor. It is reported that both
wood and coal combustion contribute significantly to the spread of PCBs. Wood emissions
come from household heating, the burning of agricultural crop leftovers, and forest fires,
while coal emissions come from industrial and residential sources [71]. Sun et al. [72] and
Zhang et al. [27] verified that coal and biomass combustion were vital PAHs contributors
in the Beiluo River Basin. The above content provides certain credibility for our source
analysis of the PCBs of the Beiluo River in this study.
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The source compositions of PCBs in the Beiluo River of China were compared with
other regions. The source analysis of PCBs in the Beiluo River was similar to those of the
Bay of Bengal coast of Bangladesh and an urban lake in Shanghai [55,73], in which the
sources of PCBs were mainly due to the use of commercial PCBs, such as transformers,
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capacitors, and producing pigments. Additionally, the combustion process also contributed
to the discharge of PCBs in these areas, whereas the source compositions of PCBs in this
study were somewhat different from the seawater of the Arctic fjords [45], Jinzhou Bay
in China [74], and the Chao River in China [75]. In the areas far from industrial zones,
the sources of PCBs are usually considered as a deposition from the atmosphere. As for
the areas near to human activity and production, the sources of PCBs depend on the local
industrial characteristics. Thus, industrial features and distribution in various regions are
regarded as the main reasons for the region-specific sources of PCBs.

3.4. Implications for Control Measures

Particularly for big countries, such as China, with distinct geographic disparities
and degrees of economic development, the environmental response to regulatory efforts
to reduce persistent chemicals can be highly sluggish, substance-specific, and regionally
variable [68]. An efficient control strategy should be created and put into place as soon
as possible for this reason. This study’s findings imply that PCBs have been found at
the majority of sampling sites. Despite the low concentration values of PCBs, stronger
preventative and control methods are needed to further limit the environmental risks that
they pose. According to the PMF’s findings, policies and regulations can be put in place to
effectively mitigate the effects of controllable pollution sources. Despite the development of
emission abatement measures, more effort is required to regulate the PCBs from industrial
activities, necessitating on-site monitoring. Establishing efficient ways to lessen the toxic
contribution of PCB sources and improve the sustainability of the terrestrial ecosystem in
the study region will be made possible by the current research.

In general, it is important to constantly check on the contamination of the Beiluo River
and to promptly evaluate any potential ecological problems.

4. Conclusions

PCBs in the basin of the Beiluo River were analyzed for their characteristics, sources,
and ecological and health risks. We examined the characteristics and origins of the PCBs
using measured data from the Beiluo River Basin and historical data from other areas. The
toxic equivalent (TEQ) and risk quotient values were used to evaluate the ecological risk of
PCBs in the Beiluo River watershed (RQ). The following are the study’s findings:

1. We found 28 different PCB types, with concentrations ranging from 0.065 to 1.92 ng L−1,
in the analyzed items. Furthermore, the average was 0.37 ng L−1. The pollution was
on a moderate level when compared with other comparable lakes, bays, or water sam-
ples. PCBs were primarily high chlorinated (>5 Cl) at all sampling sites, accounting
for 82.03% of the total. Only 17.97% of PCBs are less chlorinated (5 Cl), which is a
rather small fraction;

2. According to an assessment of ecosystem risk, PCB128, PCB206, and PCB209 in the
Beiluo River Basin generally showed middle-level ecosystem risk, while PCB77, PCB126,
PCB189, and PCB195 only showed moderate pollution risk at specific sampling sites,
and PCB18, PCB28, PCB44, PCB52, PCB66, PCB81, PCB101, PCB105, PCB114, PCB123,
PCB156, and PCB157 showed no ecosystem risk at any site. At sampling point B2, only
PCB128 is high risk. Therefore, it is important to constantly analyze the pollution levels
in the Beiluo River in order to determine the ecological risk;

3. The PMF model’s source apportionment of PCBs indicates that combustion-related
sources, commercial PCB mixtures, and industrial emissions were the main sources
of PCBs in the Beiluo River, contributing 25.63%, 36.33%, and 38.05% of total PCBs,
respectively.

These findings would be helpful in guiding decision makers as they create and put
into practice emission-reduction strategies for PCB emissions and enhancing the water
quality in the Beiluo River, China. Only the content, distribution, and sources of PCBs
were taken into account and examined in this study. Since PCB levels were only evaluated
during the summer, more year-round research with larger sample numbers is required
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to completely comprehend PCB levels and the area’s ecological risk assessment. Future
research should explore the PCBs distribution in different land-use types and seasons. In
addition, the possible toxic effects of PCBs to aquatic creatures, such as fish, algae, and
plankton, are an important issue.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15030459/s1, Table S1: Error estimation summary results
in PMF model; Table S2: Statistical summary of the measured PCBs during the study (ng L−1);
Table S3: The homolog groups of detected PCBs; Table S4: The PNECs values corresponding to the
concentrations of individual PCBs (ng L−1).
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