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DnBP and DEHP predominant in SPM

• PAEs had increasing tendency along the
human activity gradient.

• DIBP sensitively response to PAE-related
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• DMPandDEPwere deeply affected by in-
dustrial development.

• DnBP and DEHP were positively corre-
lated with agricultural activities.
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In the largest developing country, China, plastic has become a serious environmental issue because of its overuse
and non-treatment. In fact, plasticizers, such as phthalate esters (PAEs), are more toxic than plastic, and their
global awareness is rising. To determine the response of sensitive PAE congeners to the anthropogenic activities
in a typical lake ecosystem of China, in the present study, 12 PAEs in the water and the suspended particulate
matter (SPM) phases of 46 lakes in China were measured. The concentrations of all the Σ12 PAEs in water and
SPM phases ranged from 3.647 to 65.618 μg/L and 0.175 to 10.921 μg/L, respectively. Di-n-butyl phthalate
(DnBP) was the predominant PAEs in the water phase, whereas diisobutyl phthalate (DIBP), DnBP, and bis(2-
ethylhexyl) phthalate (DEHP) were the dominating PAEs in the SPM phase. Forty-six lakes were divided into
four groups based on the anthropogenic activity intensities. The PAEs in both the water and SPM phases had in-
creasing tendency along the human activity gradient. DIBP appears to be a sensitive PAE indicator that could dis-
tinguish the lake regions with different human industrial and agricultural activities. Dimethyl phthalate (DMP)
and diethyl phthalate (DEP) are intensely affected by industrial development. DnBP and DEHP were positively
correlated with agricultural activities, including the use of films and pesticides. It is suggested to control the ad-
dition and usage of PAEs in agricultural activities and improve their removal rates in industrial wastewater to re-
duce the PAE pollution in the water bodies in the environment management of China.
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1. Introduction

Phthalate esters (PAEs) are widely used as plasticizers in building
and construction materials, agricultural materials, personal-care prod-
ucts, electronic products, food packaging, and other industrial plastic
products to improve their softness and flexibility (Gao and Wen, 2016;
Zeng et al., 2008). Generally, PAEs with low molecular weights, such as
DMP and DEP, are technically added in varnishes, lacquers, paints, and
personal care products, whereas those with high molecular weight, in-
cluding DEHP and DnOP, are technically added in flexible vinyl plastics,
medical devices, and floorings (Dong et al., 2017; Ioanna et al., 2016;
Sanna et al., 2015; Zarean et al., 2019). Because PAEs are connected by
hydrogen bonding or Van der Waals force in the polymeric matrix,
they can volatilize into the environment at all stages of the product
lifecycle (Schripp et al., 2010). Besides, the photodegradation and hy-
drolyzation rates of PAEs are very slow under natural conditions. Earlier
studies showed that the aqueous and photolysis half-life of benzyl butyl
phthalate (BBP) were both N100 days (Gledhill et al., 1980). In aquatic
ecosystems, PAEs hydrolyze at slow rates with half-lives ranging from
approximately 3 years for dimethyl phthalate (DMP) to 2000 years for
bis (2-ethylhexyl) phthalate (DEHP) (Wolfe et al., 1980). PAEs can accu-
mulate over time throughout the world in the air (X.K. Wang et al.,
2014), fresh water (Fan et al., 2008), wastewater (Salaudeen et al.,
2018), soil (Ma et al., 2015), sediments (Kim et al., 2020) and household
dust (Guo andKannan, 2011), leading to ubiquitous environmental con-
tamination. As a result, the general population is widely and continu-
ously exposed to PAEs in daily lives through multifarious potential
pathways, such as ingestion, inhalation, intravenous injection and skin
absorption (Schettler, 2006; Wittassek et al., 2011). Some of these
PAEs, such as DEHP and BBP, are probable to cause cancer (Joel et al.,
2001; Hsieh et al., 2012; Oshida et al., 2015; Zhu et al., 2019). These lipo-
philic compounds can barely dissolve in water and tend to bio-
accumulate in the lipids in organisms (Chatterjee and Karlovsky, 2010;
LaFleur and Schug, 2011). Some PAEs, including diethyl phthalate
(DEP), BBP, di-n-butyl phthalate (DnBP), and DEHP, are proposed as po-
tential environmental endocrine disruptors (EDCs) by the United States
Environmental Protection Agency (USEPA) (Chang et al., 2007). Tranfo
et al. (2012) proved that DEP, DEHP, DnBP, and BBP might affect the
human reproductive system and decrease fertility (Tranfo et al., 2012).
Kim et al. (2019) demonstrated that PAEs, such as BBP, DnBP, and
DEHP, had genotoxic effects on HaCaT cells (a human keratinocyte cell
line) and could cause cell death (Kim et al., 2019). Therefore, the
USEPA listed DMP, DEP, BBP, DnBP, DEHP, and di-n-octyl phthalate
(DnOP) as priority pollutants (Keith and Telliard, 1979). China also listed
DEP, DnBP, andDEHP in thedrinkingwater quality standards (CHNMOH
and SAC, 2006).

A lake ecosystem provides important ecological services and plays a
significant role in the social and economic development of watersheds.
In addition, lakes frequently serve as the ultimate sinks of various con-
taminants (Liu et al., 2014). Various studies have shown that the lakes
in China face serious PAE contamination, causing environmental disas-
ters (He et al., 2013; Liu et al., 2014). In Lake Chaohu, PAEs have affected
the sustainable development of fisheries and the drinking water safety
(Kang et al., 2016). In Lake Taihu, DEHP has posed a threat to the life
of its aquatic species (X.Y. Gao et al., 2019). In lakes, PAEs flow via sev-
eral pathways, such as surface runoff (Clara et al., 2010), atmospheric
deposition (Teil et al., 2006), infiltration of landfill (Zheng et al., 2007),
and sewage (Jiang et al., 2018) fromplastic productswith PAE additives.
However, as “the factory of the world,” China has become the largest
producer and consumer of PAEs globally (Sun et al., 2013; J. Wang
et al., 2014). According to the China Plastics Industry Yearbook (CPPIA,
2015), in 2014, 73.878 million tons of plastic products consumed N2
million tons of plasticizers per year, and PAEs were added to 90% of
the polyvinyl chloride (PVC) materials among the plastic products
(Guo and Kannan, 2011). The massive use of plastic products and the
unreasonable disposal of plastic waste might cause a continuous
increase in the concentrations of PAEs in lake ecosystems (Chen et al.,
2012; Zhang et al., 2015). Besides industrial activities (Zhang et al.,
2012), agricultural activities, such as extensive application of plastic
films, may be a major contributing factor to PAE pollution in farmland
soil and its neighboring water bodies (C. Li et al., 2016; K.K. Li et al.,
2016). Thus far, some studies have explored the relationship between
human activities and PAE pollution in water, soil, atmosphere, and sed-
iment (He et al., 2019; Hu et al., 2017; Ma et al., 2015). In the Taishan
area, at night, the concentrations of DnBP andDEHP in atmospheric par-
ticles were found to significantly reduce owing to the decrease in
human activities (Zhen et al., 2019). The high PAE content in the ripar-
ian soil in the Three Gorges Reservoir areamight be related to the signif-
icant human activities and high sewage discharge (He et al., 2018). The
upper reaches of the Yangtze River Delta, which are far away from in-
dustrial wastewater and sewage discharges, have the least PAE pollu-
tion (Chen et al., 2019). However, a nationwide investigation of the
impacts of human activities on the PAEs in the lake ecosystems in
China isn't yet to be conducted.

Several studies have summarized the national pollution of PAEs in
the water bodies in China based on the literature from 2002 to 2018
(Chen et al., 2012; Gao et al., 2018; Zhang et al., 2015). However,
there remain some deficiencies in the current nationwide studies,
such as non-uniformity in the time and method and simplicity of the
horizontal comparability. Furthermore, a quantitative identification of
the impact of key anthropogenic activities on the PAEs in nationwide
lakes has not been carefully conducted. To fill in these knowledge
gaps, determine which PAEs have positive responses to human activi-
ties, and identify the dominating human activities affecting lake ecosys-
tems, this studymeasured the residual level of PAEs in thewater and the
suspended particulate matter (SPM) from 46 typical lakes in China.
Moreover, it analyzed their pollution characteristics, examined the
PAE pollution in areas with different intensities of anthropogenic activ-
ities, and quantitatively presents the influence of different anthropo-
genic activity intensities on PAEs. The present study also provides the
scientific basis for the prevention of PAE pollution, the formulation of
relevant laws, regulations, and other environmental management
needs.

2. Materials and methods

2.1. Reagents and materials

Methanol (pesticide grade, PG), n-hexane (high-performance liq-
uid chromatography grade (HEX, HPLCG)), dichloromethane (DCM,
HPLCG), and acetone (ACE, PG) were purchased from Thermo Fisher
Scientific, Waltham, Massachusetts, USA. A solid-phase extraction
(SPE) device and C18 SPE cartridges (ENVI-18, 6 mL, 500 mg) were
purchased from ANPEL Laboratory Technologies, Shanghai, China.
Granular anhydrous sodium sulfate, silica gel, aluminum oxide
(Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), and glass
fiber membranes wrapped with aluminum foil were heated at
650 °C and 450 °C, respectively, in a furnace for 6 h and then stored
in a sealed desiccator until used. All the glassware was cleaned in
an ultrasonic cleaner (KQ-500B, Kunshan Ultrasonic Instrument,
Kunshan, China) and heated at 450 °C for 6 h.

Standard mixtures of PAEs, including DMP, DEP, diisobutyl
phthalate (DIBP), DnBP, bis(2-ethoxyethyl) phthalate (DEEP),
BBP, di(2-butoxyethyl) phthalate (DBEP), DEHP, dipentyl phthalate
(DPP), di-n-octyl phthalate (DnOP), dibenzyl phthalate (DBZP),
and dinonyl phthalate (DNP), were focused in this study. They
were prepared by diluting the stock standard with n-hexane. One
hundred micrograms per milliliter each of the surrogate standard
(SS) (3,4,5,6,d4-DnBP) and internal standards (ISs) (3,4,5,6,d4-
DEP and 3,4,5,6,d4-DnOP) were acquired from Accustandard Inc.,
New Haven, Connecticut, USA. The physical and chemical proper-
ties of the 12 PAEs are listed in Table S1.
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2.2. Sampling and preprocessing

Water samples from 46 Chinese typical lakes were collected in the
summer (from July to October) in 2014, because some lakes in north
China freeze in winter. In comparison, others may present a significant
decrease in thewater volume or even dry up because of the seasonal in-
fluence. This will affect the sample collection activities and the repre-
sentativeness of the samples. For each lake, 4–12 sampling sites were
set according to lake area, lakewater amount, surrounding construction,
and difficulty in the sampling activities, and each samplewas typically a
mixture of equal volumes of water samples collected from four sam-
pling sites at a distance from the lake center to the nearby shore. The
whole country was divided into six lake regions: Middle-lower Yangtze
Plain (MYP), Northeast Plain (NP), Huang-Huai-Hai Plain (HP), Meng-
Xin Plateau (MP), Tibetan Plateau (TP), and Yun-Gui Plateau (YP)
(Fig. S1). The details of each sampling site are presented in Table S2.

We collectedwater samples based on the lake depth. For the shallow
lakes with depths of b6 m, the surface water was collected; for the lake
with depths of N6m, we used the integratingwater sampler (IWS) from
Hydro. Bios, Germany for fixed-point collection. Further, for the lakes
whose depths exceeded the range of the IWS, we employed a sampler
to collect water samples at depths of 40–60 m. After mixing the water
samples from thenearest four sampling sites, to reduce the occasionality
of sample collection, 1-L aliquot of each sample was filtered through a
0.7-μm glass fiber filter using a filtration device.

The pretreatment of the water and the SPM followed themethodol-
ogy of our previous studies (He et al., 2013; He et al., 2019).Water sam-
ples were passed through the activated SPE column after adjusting the
pH to 2 by the addition of concentrated sulfuric acid. 18 mL of the
HEX: DCM (1:1) mixture (3 repetitions) was used to elute the target
compounds and the eluatewasdehydrated by passing through ananhy-
drous sodium sulfate column and then concentrated into approximately
1 mL by rotary evaporation. 5 mL of HEX was added for solvent ex-
change, and the solution was again concentrated into approximately
1 mL. 200 ng of IS was added before transferring the solution to a
2 mL GC vial. SPM samples were extracted with DCM for 48 h in the
Soxhlet extractor. The extracts were concentrated into approximately
1 mL at 30 °C by a rotary evaporator. 10 mL of HEX was added for sol-
vent exchange. The solutionwas again concentrated into approximately
1 mL and then transferred to an anhydrous sodium sulfate-silica-
alumina chromatography column for cleanup. Then PAEs were eluted
by 60 mL of a HEX: ACE (8:2) mixture and the eluate was concentrated
into approximately 1mL by rotary evaporation. The following processes
of solvent exchange, concentration and bottling were all the same with
those for water samples.

The extracted samples were analyzed using an Agilent 6890 gas
chromatograph equipped with an HP-5 MS column (30 m × 0.25 mm
internal diameter and 0.25 μm film thickness) and an Agilent 5973
mass spectrometer (gas chromatography–mass spectrometry, GC–MS)
(Agilent Technologies, Avondale, PA, USA). The analysis method
followed that of our previous study (He et al., 2013). In brief, the flow
rate of the carrier helium gas was 1 mL/min, and the inlet temperature
was 280 °C. The oven temperature was increased at a rate of 8 °Cmin−1

from 60 °C to 300 °C after heating at 60 °C for 2 min, and finally main-
tained for 15min. The ion source temperaturewas246 °C, and the quad-
rupole temperature was 150 °C. Quantitation was performed using the
internal calibration method.

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

Two to three parallel samples were set for each sampling site, and
one procedural blank was set for every 12 samples. The R-squared
values of the linear calibration curves of each compound were all larger
than 0.99. Besides, from the beginning of the pretreatment, the SS was
added to half of the samples, tomonitor the entire process. The recover-
ies of the 12 PAEs were from 67.7% to 102.1%. The method recoveries
and the instrumental detection limits (IDLs) for each PAE are listed in
Table S3.

2.4. Statistical and evaluation methods

The Shapiro–Wilk test was employed to test whether the present
PAEs were normally distributed. The significance level was set as p =
0.05. The results exhibited that N50% of the data did not conform to a
normal distribution or lognormal distribution; therefore, the median
value and the range were used to describe the contents of the selected
PAEs in the lake water and SPM. Principal component analysis (PCA)
was used to analyze the anthropogenic activity factors and cluster
areas with different development levels. The Kruskal–Wallis test was
conducted to evaluate the clustering effect of the lake sites. Spearman's
rank correlation, regression analysis, and redundancy analysis (RDA)
were performed to study the correlation between anthropogenic activ-
ities and the PAE pollution. RDAwas conducted by Canoco 4.5, and other
statistical analyses were performed using SPSS 20.0 software.

3. Results and discussion

3.1. The occurrences of PAEs and their spatial variations in typical lakes in
China

The occurrences of the 12 PAEs in the water phases of the 46 lakes
and in the SPM phases of 41 lakes is summarized in Table 1. All the 12
PAEs are detected in the 6 lake regions, indicating the prevalence of
PAE plasticizer contamination. The total concentrations of the twelve
PAEs (Σ12 PAEs) in the water phase range from 3.647 to 65.618 μg/L
with a median value of 9.971 μg/L, similar to the values in a national
summarization study (Chen et al., 2012). In that study, 53 literatures
on the concentrations PAEs in environmental media in China published
from January 2000 to October 2010, were summarized. Moreover, the
total PAEs concentrations of DMP, DEP, DnBP, DIBP, BBP, DEHP, and
DnOP) in the surface water varied from 0.04 to 138.10 μg/L, with a
geometric mean (GM) of 5.96 μg/L (Chen et al., 2012). Besides, the
concentrations of the Σ12PAEs in the SPM phase range from 0.175 to
10.921 μg/L (5.238 to 1191.024 μg/g) with a median value of
1.219 μg/L, similar to the values in Beijing lakes (138.7 to 2052.4 μg/g)
(Zheng et al., 2014). Lake Dongping in the Shandong province is the
most severely polluted (Fig. 1), where the concentration of the PAEs
reaches 66.688 μg/L in the water phase. Lake Dongping is located in a
typical agricultural area with an underdeveloped economy, and the cul-
tivated land resources in the reservoir area are seriously insufficient.
Thus, the wasteland was opened up for cultivation, and farmlands
around it were built without restraint, which aggravated soil erosion
of the agricultural land (Liu et al., 2016). Concurrently, extensive agri-
cultural developmentmay involve inappropriatemanagement of plastic
wastes, such as agricultural films, which are typically buried, inciner-
ated, or discarded directly in the environment (Geyer et al., 2017).
This directly or indirectly causes high PAE pollution in the surrounding
areas, including the lake ecosystem.

Forwater phases, all the PAEs are detected in thewater phases of the
six lake regions, amongwhich DMP, DEP, DIBP, DnBP, DEEP, DEHP, DPP,
and DnOP in each lake region have detection frequencies (DFs) of 100%.
Eleven PAEs are detected in the SPM phases of all the six lake regions,
among which DMP, DEP, DIBP, DnBP, BBP, DEHP, and DnOP have DFs
of 100%. However, DPP is not detected in the TP. Summarizing, DMP,
DEP, DIBP, DnBP, and DEHP might be commonly used plasticizer addi-
tives in the areas near the typical lakes in China as indicated by their fre-
quent detection in both thewater and SPM phases of its 46 typical lakes
(X.Y. Gao et al., 2019).

The concentrations of theΣ12PAEs in thewater phases in theMYP,HP,
NP, and YP are generally higher than those in theMP and TP, with the ex-
ception of a few lakes, including Lake Xihu (XH), Lake Lianhuan (LHH),
and Reservoir Gangnan (GNSK). In comparison, the concentrations in



Table 1
The occurrence of PAEs in water and SPM phases in typical lakes of China (μg/L).

PAEs Water SPM

Range Median D.F. % Range Median D.F. %

DMP 0.105–4.936 0.410 100.00 0.007–0.878 0.064 100.00
DEP 0.066–1.154 0.165 100.00 0.001–0.073 0.009 100.00
DIBP 0.936–8.509 1.794 100.00 0.053–3.243 0.380 100.00
DnBP 1.788–56.043 6.420 100.00 0.032–4.639 0.318 100.00
DEEP 0.024–0.343 0.084 100.00 N.D.-0.06 0.004 89.29
BBP N.D.-0.402 0.006 82.54 1.75 × 10−4–0.011 0.001 100.00
DBEP N.D.-0.015 0.002 69.84 N.D.-0.006 3.98 × 10−4 80.36
DEHP 0.063–0.945 0.214 100.00 0.024–6.167 0.138 100.00
DPP 0.001–0.033 0.009 100.00 N.D.-0.002 8.15 × 10−6 10.71
DnOP 0.002–0.022 0.004 100.00 0.001–0.028 0.004 100.00
DBZP N.D.-0.086 0.023 98.41 N.D.-0.067 0.019 94.64
DNP N.D.-0.012 0.001 57.14 N.D.-0.006 0.001 83.93
Σ6PAEs 2.494–56.934 7.973 100.00 0.101–8.636 0.735 100.00
Σ12PAEs 3.647–65.618 9.971 100.00 0.175–10.921 1.219 100.00

Notes: N.D.- not detected.
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the particulate phases in the MYP, HP, NP, and MP are higher than those
in the YP and TP. These partly present the universal use of plastic prod-
ucts in the YP, HP, and NP.

The correlation analysis of the dominative PAE congeners, including
six priority PAEs and DIBP, was provided in Table S4. DMP, DEP, and
BBP; DIBP and DnBP; and DEHP and DnOP are positively correlated
(p b 0.01). These correlations for the three groups of PAEs might be at-
tributed to their similar sources (Dong et al., 2017; Zarean et al., 2019).
DIBP has been proposed as a substitute for DnBP (Johns et al., 2015), and
consequently, they are frequently detected simultaneously in the envi-
ronment (Yost et al., 2019; Zota et al., 2014) and in human bodies
(Ioanna et al., 2020; Zhang et al., 2020).

3.2. Compositions of PAEs and its spatial variation in typical lakes in China

Based on the compositions of the PAEs in the typical lakes in China
(Fig. 1), the USEPA-priority PAEs contributed 55.6% to 95.0% of the
Σ12PAEs in the water phase and 49.2% to 93.6% in the SPM phase, indi-
cating that they were the major PAE congeners. The dominating PAE
in the water phases of the six lake regions was DnBP (1.788 to
56.043 μg/L), accounting for 28.22% to 91.29% of the total PAEs, except
for in GNSK, LH, and Lake Weishan (WSH). Its median proportion was
64.30%, which was similar to the DnBP proportion of the Yangtze
River (59.5%) and the lakes in Guangzhou (53.0%–81.2%) (Fan et al.,
2008; Zeng et al., 2008). In fact, in a previous study, a traditional
water treatment process could not effectively remove the DnBP present
in a source water (Wang et al., 2007), as indicated by the insignificant
difference between the PAE concentrations in the source water and
the treated water (p = 0.17) (Chen et al., 2012). In another investiga-
tion, the estimated percentage of DnBP in drinking water, which
accounted for the daily intake, was estimated to be 2.76% (Ding et al.,
2019), indicating that the drinking water from lakes, even if treated,
could cause certain health risks. The median level of DnBP in our
study (6.420 μg/L) was higher than the stipulated level (3 μg/L) accord-
ing to the environmental quality standards of China for surface water
(CHNEPA, 2002), which demonstrated that comparatively more atten-
tion should be paid to DnBP. DEP and DEHP are also listed in the stan-
dards of China for drinking water quality (NHC and SAC, 2006), while
their median levels (DEP: 0.165 μg/L, DEHP: 0.214 μg/L) were both
lower than the reference levels (DEP: 300 μg/L, DEHP: 8 μg/L).

The compositions of the PAEs in the SPM phases were different from
those in the water phases. In the SPM phases, besides DIBP and DnBP,
DEHP was another non-negligible congener in four lake regions (the
HP, TP, YP, and MYP). The contributions of the above three PAEs was
67.86%–98.43%. In the MYP, DEHP even surpassed DIBP and DnBP as
the dominating PAE congener. Because DEHP is hydrophobic with a
Log Kow value of 7.5 (Table S1), it tends to absorb in or adsorb on the
organic matter in the SPM (He et al., 2019). Furthermore, the DEHP in
themicroplastics attached to/in the SPMare difficult to be eluted bynat-
ural water. It has been demonstrated that DEHP and DnBP are the most
widely used in plastics industry (Di Lorenzo et al., 2018; M.L. Gao et al.,
2019; He et al., 2014; Latorre et al., 2012; Liu et al., 2010; Net et al., 2015;
Rocha et al., 2017). DEHPhas been found inmost plastic or polymerma-
terials, such as PVC and building materials (Latorre et al., 2012; Rocha
et al., 2017), and demonstrated to be oneof the threepredominant com-
pounds in microplastics, among organophosphorus esters (OPEs) and
PAEs (Zhang et al., 2018). In comparison, DnBP and its substitute DIBP
(Johns et al., 2015) are widely used in agricultural films (He et al.,
2014), food containers, products for children, cosmetics, insect repel-
lents, and other consumer goods (Di Lorenzo et al., 2018; Net et al.,
2015). Despite these PAEs being largely used, there still remain some
problems, such as non-standard disposal of plastic products (Ma et al.,
2015), so that DnBP, DIBP, and DEHP have become the three most PAE
pollutants in water (Vethaak et al., 2005; Xie et al., 2007; Zeng et al.,
2009). The MYP has a high intensity of anthropogenic activities, and
its plastics industry is also well developed (CPPIA, 2015). Enormous
plastic waste has entered thewater bodies in theMYP owing to the dis-
orderly discharge of plastics and has caused serious microplastic pollu-
tion (Fu and Wang, 2019). This might cause the SPM phase to contain
more plastic materials derived from plastic products, such as PVC. And
the PVC was typically produced with additives of PAEs such as DEHP.

3.3. PAE variations with gradient of anthropogenic activity intensities

Population growth, urbanization, and industrial and agricultural de-
velopment lead to an increase in the production and use of PAEs, thus
aggravating PAE contamination (Gao et al., 2018; Sun et al., 2013). Sew-
age treatment plantsmay be important sources of PAE contamination in
water bodies (Gao et al., 2014). A previous study suggested that agricul-
ture and industry might have equal impacts on the PAE pollution in
water bodies (He et al., 2019). Therefore, to investigate the effects of
the intensities of different activities of industrial and agricultural devel-
opment on the PAE pollution in lake waters, their variations with the
gradient of the anthropogenic activity intensities were identified. First,
a combination of PCA and cluster analysis was conducted to classify
the county-level cities in 16 Chinese provinces where the 46 lakes
were located. Factors, such as resident population, cultivated land pro-
portion, GDP, output value of primary, secondary and tertiary industries,
and wastewater discharge of these county-level cities, were screened
from Chinese statistical yearbooks. These included China Statistical
Yearbook 2015 (county-level) (Zhang, 2015) and provincial statistical
yearbooks (Ge, 2015; Liu, 2015; Xia and Fan, 2015).

The PCA results in Tables S5–S6 and Fig. S2 exhibit that the PCA can
extract major information (76.8%) from the selected factors, except



Fig. 1.Composition and spatial variations of the PAEs present in thewater phase and suspendedparticulatematter (SPM)phase in typical lakes of China (MYP:Middle-lowerYangtze Plain,
NP: Northeast Plain, HP: Huang-Huai-Hai Plain, MP: Meng-xin Plateau, TP: Tibetan Plateau, YP: Yun-gui Plateau).
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partial information loss of the cultivated land proportion and the indus-
trial wastewater discharge. Two principal components were extracted
to explain the characteristics of the industrial and agricultural activity
intensities in these cities. Principal component F1 represented the con-
tribution of the industry, which was associated with the GDP, total
waste water discharge, and output value of the secondary industry.
Principal component F2 represented the contribution of agriculture,
which was associated with the output value of the primary industry
and the cultivated land proportion (Table S7). Hierarchical clustering
was conducted by the cosine method based on the scores of F1 and F2
for the 46 lakes, and the cluster analysis (CA) results are displayed in
Fig. 2. The 46 lake sites were divided into four regions: A1–A4, with F1
ranging from 0.001 to 0.993, −0.734 to −0.068, 0.066 to 4.547, and
−1.285 to −0.42, respectively, and the median values being 0.391,
−0.356, 0.569, and −0.880, respectively. Relative to the A2 and A4
regions, the industrial development was more vigorous in A1 and A3.
F2 ranged from 0.308 to 1.966, 0.087 to 1.14, −2.348 to 0.047, and
−1.117 to −0.155, respectively. The median values were 1.022, 0.417,
−0.571, and−0.392, respectively, indicating that the agricultural activ-
ities in the A1 and A2 regionswere relatively strong. In addition, the dif-
ferences in the industrial and agricultural activities can be seen from the
specific anthropogenic activity factors in the four regions (Table S8).
Moreover, the Kruskal–Wallis test demonstrated that therewere signif-
icant differences between the four regions based on the ten factors and
the score data of the two principal components (p b 0.05) (Table S9).
Consequently, it can be concluded that the four regions corresponded
to the A1 region with relatively strong industrial and agricultural activ-
ities (12 lakes), A2 region with strong agricultural activities and weak
industrial activities (10 lakes), A3 regionwith strong industrial activities
and weak agricultural activities (12 lakes), and A4 region with weak



Fig. 2. Cluster analysis of the 46 typical lakes and the regional characteristics and lake distributions of A1 (12 lakes), A2 (10 lakes), A3 (12 lakes), and A4 (15 lakes) regions (Primary/
Industrial Industry: 0.1 billion, Industrial Wastewater: 104 ton).
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industrial or agricultural activities (15 lakes), respectively. The A1 and
A3 regions mainly included the lakes in the HP, and the MYP and the
NP, where agriculture is relatively developed, were mostly classified
into the A2 region. The A4 regions mainly included the lakes in the
MP, TP, and YP, where neither industrial nor agricultural activities are
strong.

The statistical analysis of the 12 PAEs in thewater and SPMphases in
the four regions (Table 2) demonstrated that they had a decreasing ten-
dencywith thehumanactivity gradient in the order of A1NA2NA3NA4.
It can be inferred that the pollution of the PAEs in the lake waters was
related to the anthropogenic activity intensities, including the develop-
ment of industry and agriculture, among which agricultural pollution
had a larger impact on the PAE residue in thewater bodies. One possible
Table 2
The statistical analysis of PAEs in water and SPM phases in 4 regions with various anthro-
pogenic activity intensities (μg/L).

Region Water SPM

Range Median Range Median

A1 4.240–65.618 14.728 0.587–6.958 1.756
A2 4.207–44.836 13.391 0.319–10.777 1.513
A3 3.647–58.840 9.225 0.383–2.248 1.031
A4 4.711–14.401 8.684 0.382–10.921 0.975
reasonwas that the sewage treatment plantsmight have a high removal
rate of PAEs in wastewater. Du et al. (2018) found that the apparent re-
moval rates of PAEmonoesters MMP, MEP, MiBP, MnBP, andMEHHP in
the sewage treatment plants in 27 Chinese cities were higher than 80%,
which to some extent reduced the possibility of these PAEs polluting the
environment through wastewater discharge (Du et al., 2018). Interest-
ingly, DIBP was the only PAE congener that varied among the four re-
gions significantly (p = 0.023 b 0.05) (Fig. 3). Its concentration in the
A2 region having strong agricultural activities andweak industrial activ-
ities was significantly higher than that in the A3 region havingweak ag-
ricultural activities and strong industrial activities (p = 0.003 b 0.01).
This indicated that agricultural activities might be major sources of
DIBP. In comparison, there were no significant differences in the con-
centrations of the other PAEs in the water. DIBP appeared to be a sensi-
tive PAE indicator, which could distinguish the lake regions with
different human industrial and agricultural activities. The biodegrada-
tion rate of the DIBP added to freshwater swamps is reported to be
lower than 30% after 56 days (Madsen et al., 1995), and the half-life of
DIBP in seawater is reported as 29 days under microbial conditions
(Paluselli et al., 2019). However, there are few studies on the environ-
mental behaviors of DIBP, including its partitioning, bioaccumulation,
chemical degradation, at present. We deduced that as the substitute
for DnBP at present and maybe in the future, DIBP has a slow degrada-
tion rate or low bioavailability in fresh water lakes (Yost et al., 2019;



Fig. 3. Presence of the 12 PAEs in the four regions with different anthropogenic activity intensities (A1, A2, A3 and A4 are four regions).
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Zota et al., 2014). Therefore, it can exist in water for a long time and ac-
cumulate over time. Still, comparatively more studies should be con-
ducted to verify its sensitivity response to PAE-related human activities.

3.4. Impacts of anthropogenic activity intensities on PAEs in lake waters

The rapid development of the industry and agriculture and the high
intensity of the anthropogenic activities in the two lake regions of the
HP and MYP have led to serious environmental contamination. To spe-
cifically explore the impacts of anthropogenic activities on the PAE pol-
lution (including in the water and SPM phases) in Chinese lake waters,
correlation analysis, regression analysis, and RDA (the lengths of gradi-
ents of the first axis of detrended correspondence analysis (DCA) was
0.978 b 3) were conducted to analyze the relationship between the an-
thropogenic activity intensities and the PAEs, including DMP, DEP, BBP,
DnBP, DEHP, DnOP, and DIBP (Tables 3 and S10–S11 and Figs. 4–5). The
correlation analysis and RDA showed that the development of the in-
dustry and agriculture have slightly different impacts on the concentra-
tions of the different types of the PAEs (Table 3, Fig. 4). Specifically, for
DMP, the development of the primary and secondary industries and
Table 3
Correlations analysis between 7 major PAEs and factors of anthropogenic activities.

Integrated factors Agricultural factors

Regional GDP per
capita

Primary
industry

Cultivated land
proportion

Cultivated land per
capita

DMP 0.138 0.332⁎ 0.161 0.001
DEP 0.069 0.211 0.109 −0.079
DIBP −0.287 0.116 0.173 0.405⁎⁎

DnBP −0.287 0.071 0.200 0.100
BBP 0.201 0.255 0.061 0.162
DEHP −0.128 0.11 0.136 0.018
DnOP 0.123 0.123 0.064 0.198

⁎⁎ The correlation was significant when the confidence (bilateral) was 0.01.
⁎ The correlation was significant when the confidence (bilateral) was 0.05.
the industrial wastewater discharge exhibit significant positive correla-
tions with it (p b 0.05), amongwhich the two industrial factors contrib-
uted more significantly in the regression analytic model. According to
the RDA, the minimum angle between DMP and the industrial waste-
water discharge indicates that the latter has a more important and
strong correlation with the DMP pollution.

Similarly, DEP is positively correlatedwith the industrialwastewater
discharge. The mean apparent removal rates of the DMP monoester,
MMP, and the DEP monoester, MEP, in the sewage treatment plants
are above 80%, which are lower than those of DIBP, DnBP, and DEHP.
Moreover, this cause DMP and DEP to have stronger correlations with
the industrial wastewater discharge (Du et al., 2018). Therefore, it was
suggested that we should try to refine the treatment methods to im-
prove the removal efficiencies of DMP and DEP and their monoesters
in the sewage treatment plants and to reduce their discharge in the
environment.

For DIBP, there is a significant positive correlation between its con-
centration and the cultivated land per capita (p b 0.05). In addition, ag-
ricultural factors, such as the film mulching area, cultivated land
proportion, and application of fertilizers and pesticides, also exhibit
Industry-related factors

Film mulching
area

Pesticide
consumption

Fertilizer
consumption

Second
industry

Industrial
wastewater

0.068 0.203 0.204 0.342⁎ 0.328⁎

0.055 0.099 0.119 0.24 0.266
0.287 0.111 0.17 −0.278 −0.237
0.104 0.103 0.104 −0.165 −0.131
0.163 0.168 0.158 0.264 0.275
−0.147 0.204 0.141 0.027 0.013
0.021 0.077 0.118 −0.13 −0.183



Fig. 4. Redundancy analyses of the correlation between the concentrations of seven PAEs and the anthropogenic activities.
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positive correlations. As demonstrated, DIBP is one of the two PAE sub-
stances with the highest content in the agricultural plastic films in Bei-
jing (C. Li et al., 2016). It has been found that its detection frequency in
the soil covered with plastic films in Shandong is 100%, and its concen-
tration is second only to DnBP and DEHP (K.K. Li et al., 2016), indicating
the widespread use of DIBP in agricultural films.

Anothermajor PAE pollutant, DnBP, is correlatedwith the cultivated
land proportion and the application of pesticides, and there is also a
slight positive correlation between DEHP and the pesticides. Wen
et al. (2018) demonstrated that there is a significant positive correlation
between the PAE pollution, including that of DnBP, in the water bodies
of the Songhua river basin and the agricultural–urban land use (Wen
et al., 2018). In addition, some PAEs, such as DIBP, DnBP, and DEHP
are also added to somepesticides (Bartsch et al., 2019). Pesticides, fertil-
izers, agricultural films, and other substances containing PAEs are
widely used in agricultural activities (Hu et al., 2017; K.K. Li et al.,
2016), where they are absorbed and stored in soil (Wezel et al., 2000).
They eventually flow into the water system by surface runoff, causing
certain pollution to the water environment (Clara et al., 2010). There-
fore, using PAE plasticizers in agricultural activities reasonably and ef-
fectively might be a feasible solution to reduce the PAE level in water.

Interestingly, both DIBP and DnBP have negative correlations with
the regional GDP per capita; however, these correlations were not sig-
nificant. Until now, China and other countries have issued some restric-
tions on the production and use of various plasticizers, including DIBP
and DnBP, to minimize the risks to the environment and the human
health (CHNSAMR, 2009; EU, 2012). There is strict regulation for DnBP
in contrast toDiBPwhich has resulted in higher bodyburden of the pop-
ulation to DiBP relatively to DnBP (Ioanna et al., 2020; Zhang et al.,
2020). The GDP per capita represents the comprehensive development
level of a region: the higher the regional comprehensive development
level, the more strict the control of the additives. This suggests that
the governments and enterprises in a region with a high development
level would be strict with the addition and use of DIBP and DnBP plasti-
cizers. However, BBP and DnOP are positively correlated with the GDP
per capita, which might be influenced by the overall intensity of the
human activities.

The estimation by the regression model demonstrated that DMP,
DIBP, and DnBP are relatively better, approaching the measured values,
than the other PAEs (Fig. 5). The predicted values of DMP in the lakes of
A1 and A4 are generally lower than those of themeasured values; how-
ever, there were less differences between the predicted and measured
values in the lakes of A2 and A3. The predicted values of DnBP varied
greatly from region to region: most lakes in A2 and A4 had the high
side, whereas the lakes in the A3 area are generally on the low side;
however, the predicted values in the lakes of A1 had no significant pat-
tern. Further, the predicted values of DIBP in the four regions are nearly
lower than the measured values. This suggests that except some major
industrial and agricultural factors with significant impacts, more influ-
ential factors of anthropogenic activities could be collected and filtered
to achieve better regression results. Conclusively, it is necessary to con-
trol the addition and use of PAEs in agricultural activities and improve
their removal rates to reduce the PAE pollution in water bodies.

4. Conclusion

The concentrations of the Σ12PAEs in the water phases in the MYP,
HP, NP, andYP are generally higher than those in theMP and TP. In com-
parison, the concentration in the particulate phase in the MYP, HP, NP,
andMPwas required in those in theYP and TP, indicating theprevalence



Fig. 5.Measured values and the predicted values by the regression models for DMP, DEP, DIBP, DnBP, BBP, DEHP, and DnOP in water (μg/L).
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of the PAE plasticizer contamination. Except for a small amount of lakes
(GNSK, LH, andWSH), the PAE congener with the highest content in the
water phase was DnBP, accounting for 28.22% to 91.29% of the total PAE
occurrence. The median level of the DnBP (6.420 μg/L) was higher than
the stipulated level (3 μg/L) in the environmental quality standards of
China for surface water, indicating its high environmental risk. DIBP,
DnBP, and DEHP are the dominating PAEs in the SPM phase, because
of their high residuals in the organic matter or themicro-plastic derived
from waste plastics. The PAEs in both the water and the SPM phases
have an increasing tendency along the human activity gradient in the
order of A1 N A2 N A3 N A4. In detail, DIBP appeared to be a sensitive
PAE indicator, which can distinguish the lakes regions with different
human industrial and agricultural activities. The DMP and DEP, are
deeply affected by the industrial development. DnBP and DEHP are pos-
itively correlated with agricultural activities, including the use of films
and pesticides. It is necessary to control the addition and use of PAEs
in agricultural activities and improve the removal rates of the PAEs in in-
dustrial wastewater to reduce the PAEs pollution in water bodies.
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