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Abstract: Waste/reclaimed irrigation water has been promoted due to water shortages in arid
and semi-arid areas. However, this process may be one of the sources of phthalate esters (PAEs)
in agricultural soils, and the potential risks of PAEs for soil ecosystems and human health have
attracted considerable attention. A two-year (from October 2014 to October 2016) field experiment
was conducted to assess the contamination risk of PAEs from reclaimed irrigation water in winter
wheat (Triticum aestivum L.) and summer maize (Zea mays L.) fields on the North China Plain.
Three types of irrigation water quality were arranged for each variety, including reclaimed water,
groundwater, and a mixture of reclaimed water and groundwater (1:1, v/v). The results indicate that
the concentrations of the 6 PAEs in topsoil ranged from 2.79 to 5.34 mg/kg at the time of crop harvest.
There was no significant effect of reclaimed irrigation water on the concentrations of PAEs in the
soil. Di-n-butyl phthalate (DnBP) and di (2-ethylhexyl) phthalate (DEHP) were the most abundant
contaminants in all soil samples, accounting for 43.2%~68.7% and 27.1%~48.6%, respectively, of the
6 PAEs. The levels of dimethyl phthalate (DMP) and DnBP in all soil samples exceeded the allowable
soil concentrations, but the levels were far below the recommended soil cleanup objectives. The grain
yields of winter wheat and summer maize ranged from 4.35 to 7.1 t/ha and 1.03 to 6.46 t/ha,
respectively. There were no significant effects of reclaimed water on the growth characteristics and
grain yield of winter wheat (p > 0.05); however, the effect of reclaimed irrigation water on summer
maize was influenced by climate. The concentrations of the 6 PAEs in wheat grain and maize grain
ranged from 1.03 to 4.05 mg/kg and from 0.37 to 3.29 mg/kg, respectively. For the same variety,
there was no significant difference in the concentrations of the 6 PAEs in cereal grains among different
treatments (p > 0.05). DEHP and DnBP were the most abundant components in most crop samples,
accounting for 31.6%~77.9% and 21.1%~64.7%, respectively, of the 6 PAEs. The concentrations of the
PAEs, DnBP and DEHP in cereal grains were lower than those in the reference doses. The BCFs of
the 6 PAEs and of each PAE in cereal grains were 0.43~1.25 and 0.33~35.75, respectively. The BCFs
of butyl benzyl phthalate (BBP) were the highest (1.41~35.75), followed by DMP and DEHP. There
were almost no significant differences in the BCFs of each PAE among the three treatments. The total
carcinogenic risks of PAEs were 2.82 × 10−5 for adults and 1.81 × 10−5 for children. The total
non-carcinogenic risks of PAEs were 3.37 × 10−1 for adults and 7.98 × 10−1 for children. DHEP was
the dominant contributor to both risks, and the intake of cereals was the main exposure pathway
for the two risks. In conclusion, there were no significant effects of reclaimed irrigation water on
the concentrations of PAEs in soil and cereal grains compared with groundwater irrigation, and the
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human health risks were within the acceptable range. Long-term studies are needed to evaluate the
long-term effects of reclaimed irrigation water on the contamination risk posed by PAEs.

Keywords: phthalate esters; soil; winter wheat; summer maize; reclaimed water

1. Introduction

Phthalate esters (PAEs), usually called phthalic acid esters, are a group of organic compounds
made by humans. PAEs are widely used in cosmetics, printing inks, personal care products,
building materials, plasticizers, and lubricants. Di(2-ethylhexyl) phthalate (DEHP), di-n-octyl phthalate
(DnOP), and butyl benzyl phthalate (BBP), high-molecular-weight phthalate compounds, are often
used in the production of polyvinylchloride (PVC) plastic [1]; additionally, diethyl phthalate (DEP),
dimethyl phthalate (DMP), and di-n-butyl phthalate (DnBP), which are low-molecular-weight
phthalate compounds, are often used in cosmetics, varnishes, and coatings [2]. PAEs can be released
into the environment directly or indirectly during the production and use of the products in which
they are present, or they can be released after product disposal [3]. PAEs are suspected to be
endocrine-disrupting chemicals and exhibit carcinogenic effects [4]. The United States Environmental
Protection Agency has classified DMP, DEP, DEHP, DnBP, BBP and DnOP as priority environmental
pollutants [5].

Soil is an important environmental medium for the accumulation and migration of PAEs.
Moreover, PAEs can exist in the soil for a long time and can pass to crops and enter into food
chains, posing a risk to environmental and human health [6]. The main sources of PAEs in agricultural
soil-plant systems are plastic films (e.g., greenhouse films, mulching film), wastewater irrigation,
sewage sludge, and atmospheric (wet and dry) deposition [7–10].

Many researchers have investigated the concentrations of PAEs in soils and crops sampled
from different land-use types in urban, and industrialized areas, suburban areas, rural areas and
villages. They found that the levels of PAEs in the soils of an electronics manufacturing area,
urban soils, and suburban soils ranged from 8.63 to 171.64 mg/kg [11], 0.002 to 3.14 mg/kg (mean
value of 1.14 mg/kg) [12], and 0.05 to 10.4 mg/kg (mean value of 0.32 mg/kg) [13], respectively.
The highest concentrations of PAEs in the electronics manufacturing area were found in roadside
soils followed by residential areas, farmland and non-cultivated areas. The higher concentrations in
roadside soils might be due to contaminated runoff from vehicles and piping (e.g., electrical poles
and lampposts), as well as the infrastructure around the electronics factory [11]. The highest values of
PAEs in suburban areas were found in vegetable soil, followed by wasteland, farmland, and orchard
soils [13]. Škrbić et al. (2016) [14] reported that the contents of PAEs in urban soil and street dust
in Novi Sad ranged from 0.0002 to 4.82 mg/kg, and the two most dominant PAEs in the soil were
DEHP (67%~96% of PAEs) and DnBP (2%~25% of PAEs). Sun et al. (2016a) [15] reported that the
concentrations of PAEs in agricultural soils and vegetables from eastern China ranged from 0.11 to
5.56 mg/kg and 0.06 to 2.39 mg/kg, respectively. The levels of PAEs in soils might be a result of human
activities, including industrial, commercial, municipal, and agricultural activities [11,12]. Generally,
the concentrations of PAEs in soils of industrialized areas were the highest, followed by urban soil,
and the lowest levels were found in suburban soil or rural/village soil. Tran et al. (2015) [16] also
reported that the contents of PAEs in urban soils were the highest, followed by agricultural soil,
rural soil, and forest soil in the area around Paris.

Some researchers have investigated the concentrations of PAEs in different types of planting
patterns and management modes. The concentrations of PAEs in soil and vegetables under plastic
film were 0.15~18.8 mg/kg and 0.51~7.16 mg/kg, respectively; the concentrations of PAEs in soil
and vegetables in greenhouses ranged from 0.14 to 4.9 mg/kg and 0.15 to 6.94 mg/kg, respectively;
the concentrations of PAEs in soils collected from film mulching fields and greenhouse fields were
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higher than those from fields where no film was used; the concentrations of PAEs in soil and radish
that were amended with sludge were higher than those without sludge; and DEHP and DnBP were
often the most abundant compounds [10,17–24].

Irrigation with wastewater and reclaimed water has been promoted in arid and semi-arid areas
due to water shortages [25,26]. Nutrient elements in the water may promote crop growth [27]; however,
there may be other substances, such as PAEs [7], that pose environmental risks. Zeng et al. (2008) [7]
found that PAEs in soil increased after a long period of wastewater irrigation. Tan et al. (2016) [26]
reported that significantly higher concentrations of PAEs were detected in agricultural soil that was
irrigated with wastewater than in those irrigated with groundwater; furthermore, more PAEs were
detected in cereal grains as the amount of wastewater irrigation increased. However, to our knowledge,
the effect of reclaimed irrigation water on PAEs in soils and cereal grains has not been widely studied.
Therefore, a two-year field experiment on a winter wheat (Triticum aestivum L.)/summer maize
(Zea mays L.) rotation cropping system was conducted on the North China Plain (NCP) to (1) investigate
the concentrations and compositions of PAEs in soils and cereal grains under irrigation treatments
with different water quality; (2) analyze the PAE contamination levels of soils and cereal grains; and (3)
determine the transfer ability of PAEs in the soil—plant system.

2. Materials and Methods

2.1. Site Description and Experimental Design

The experiment was carried out from October 2014 to October 2016 at the Yong Ledian
Experimental Base for Water-Saving Irrigation Research, the Beijing Water Science and Technology
Institute, Beijing, China (39◦20′ N; 114◦20′ E; 12 m above sea level) (Figure 1). During the last 50 years,
the mean annual temperature was 11.0 ◦C~12.0 ◦C, the mean annual precipitation was 565 mm,
and more than 70% of the precipitation occurred from June to August. The soil texture is predominantly
silty loam soil (<0.002 mm, 7.0%; 0.002–0.05 mm, 54.7%; 0.05–2 mm, 38.3%). The groundwater table
was monitored in an observation well located at the experimental base, it was approximately 8.0 m
below the ground surface during the experimental year.
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Figure 1. The localization and scheme of the experiment.

In the experiment, crops of winter wheat (Triticum aestivum L.) and summer maize (Zea mays L.)
were planted in measure-pits. Each measure-pit was 3 m × 2 m, and there was a compound
geomembrane (with a depth of 1 m) on each side of the measure-pit to eliminate the effects from the
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side flow of water. The backfill was the same for all measure-pits; thus, the initial soil conditions were
the same for all measure-pits. The winter wheat (Triticum aestivum L.) varieties were Jimai, Zhongmai,
Shimai, Nongda, and Shifu (though Lunxuan was planted instead of Jimai in 2016). Winter wheat
was generally planted in early October and harvested in mid-June of the following year. The summer
maize (Zea mays L.) varieties were Jiyuan, Jingdan, Xinyu, Tianyumi, and Nianyumi. Summer maize
was sown in late June after the winter wheat harvest and harvested in late September.

Three irrigation treatments were arranged for each variety, including irrigation with reclaimed
water, groundwater, and a mixture of reclaimed water and groundwater (1:1, v/v), and these treatments
were referred to as the R, G, and M treatments, respectively. Each treatment was replicated three
times, and there were 45 plots in total. The 45 plots were laid out in a randomized complete block
design. The reclaimed water was the secondary effluent from the Gaobeidian Sewage Treatment Plant,
and the groundwater was collected from a local well. The concentrations of PAEs in the reclaimed
water and groundwater were 2.63~3.43 µg/L and 2.01~2.03 µg/L, respectively. The reason for the
similar concentrations of PAEs in the groundwater may be that the effluent of the Huangcun and
Xiaohongmen Sewage Treatment Plant was discharged into ditches near our study area, and some of
the effluent in the ditches may have gradually moved into the groundwater. The irrigation schedule
(i.e., date and depth) was the same as that for the local field, and the date and depth for each irrigation
event are shown in Table 1. Irrigation water was applied to each plot by using a plastic hose, and some
components of the irrigation water are shown in Table 2.

In each crop growing season, the field managements were the same for each measure pit, except for
the irrigation water quality. Urea (46.7% N) was applied at winter wheat planting and at the returning
green stage, and the application rate was 416 kg/ha (194 kg/ha N) each time. For summer maize,
urea was applied at the planting and jointing stage, and the application rates were 416 kg/ha (194 kg/ha
N) and 300 kg/ha (140 kg/ha N), respectively. No other agrochemicals (such as other fertilizers,
insecticides, fungicides, and herbicides) and no organic manures were applied at the experimental site.
Weeds were removed by hand. Tillage was performed before winter wheat planting, and maize was
planted by hand without tilling the soil.

Table 1. The irrigation depth at each time point.

Crops Date Depth (mm)

Winter wheat

16 October 2014 75
14 November 2014 130

7 April 2015 130
8 May 2015 100

Summer maize

22 June 2015 50
6 July 2015 130

17 August 2015 130
12 September 2015 100

Winter wheat

7 October 2015 100
28 October 2015 116

7 November 2015 160
14 April 2016 100
5 May 2016 100
1 June 2016 116

Summer maize
26 June 2016 130

4 September 2016 130
26 September 2016 130
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Table 2. The quality of reclaimed water and groundwater.

Components Reclaimed Water Groundwater

Suspended substance (mg/L) 31~40 2~23
Cyanide (mg/L) <0.009 <0.002

Anionic surface active agents (mg/L) <0.05 <0.004
COD (mg/L) 56~75 15.6
BOD5 (mg/L) 6.8~8.5 <2.0

Chloride (mg/L) 115~191 0.16~1.1
Total salt (mg/L) 820~830 25~96

pH 7.2~7.7 7.6~8.3
Ca2+ (mg/L) 40~48 <0.07
Na+ (mg/L) 25~30 <0.12

Mg2+ (mg/L) 18~23 <0.04
As (mg/L) <0.0002 <2.45 × 10−6

Cd (mg/L) <0.0005 <4.0 × 10−6

Cr (mg/L) <0.004 <12.5 × 10−6

Cu (mg/L) <0.01 <3.4 × 10−6

Hg (mg/L) <0.00002 <0.07 × 10−6

Pb (mg/L) <0.005 <1.36 × 10−6

Se (mg/L) <0.0003 <0.59 × 10−6

Zn (mg/L) 0.01~0.03 <8.56 × 10−6

PAEs (µg/L) 2.63~3.43 2.01~2.03

2.2. Sampling and Measurements

2.2.1. Sampling

For each treatment, topsoil (0~20 cm) samples were collected from three locations (one location
for each replicate) using soil augers at the time of winter wheat and summer maize harvest, and all soil
samples were freeze-dried. At the time of crop (winter wheat and summer maize) harvest, cereal grain
samples were selected within each experimental field and dried in a vacuum drying oven at 65 ◦C for
12 h. Both the crop and the soil samples were ground and sieved through a stainless steel 75-mesh
(0.5 mm) sieve. The collected samples were analyzed for the concentrations of PAEs, including DMP,
DEP, DEHP, DnBP, DnOP, and BBP. To avoid contamination, no plastic equipment was used during
sampling and processing.

2.2.2. Chemicals and Reagents

A standard mixture of 6 PAEs consisting of DMP, DEP, DEHP, DnBP, DnOP, and BBP (each at a
concentration of 2000 mg/L) was supplied by Beijing Bailingwei Technologies Co. Ltd. (Beijing, China),
and internal standard triphenyl phosphate and an isotope surrogate standard of di-n-butyl phthalate-d4
(DEP-D4) were purchased from the Sigma-Aldrich company (Shanghai, China). The internal standard
was acquired initially as a solid with 99% purity. All of the solutions were used within 6 months.
All solvents (e.g., dichloromethane, methanol, acetone, n-hexane) were of HPLC grade.

2.2.3. Sample Extraction, Fractionation, and Instrumental Analysis

A 10 g soil sample was spiked with the surrogate standard DnBP-D4 (0.1 mg/kg) and extracted
with 220 mL acetone and methyl alcohol (1:1, v/v) in a Soxhlet extractor for 12 h. A 5 g grain sample
was spiked with a surrogate standard (0.1 mg/kg) and extracted with 220 mL n-hexane in a Soxhlet
extractor for 12 h. The extract solution was dehydrated and concentrated, flowed through anhydrous
sodium sulfate (50 g), and then concentrated to 0.8–1.5 mL by the gentle use of nitrogen gas blowing
(50 ◦C) and rotary evaporators (50 ◦C). Finally, the extract solution was transferred to a brown sample
bottle with a volume of 1.5 mL through a 0.22 µm membrane filter, and the final solution was adjusted
to 0.5~1.0 mL, and then kept in a refrigerator until instrumental analysis [23,28].
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The analysis of PAEs in the extracts was determined using an Agilent 7890A gas chromatograph
(GC) coupled with a 5975C mass spectrometer (MS) (Agilent Technologies, Avondale, PA, USA),
operating on electron impact and selective ion monitoring mode (SIM). Chromatographic separation
was achieved using a DB-5 MS capillary column (30 m × 0.25 mm × 0.25 µm). The extract was
injected in splitless mode with an injector temperature of 280 ◦C. The initial GC oven temperature was
maintained at 40 ◦C for 2 min, then increased to 290 ◦C at a rate of 5 ◦C/min, and kept at this level for
4 min.

2.2.4. Quality Assurance and Quality Control

Quality controls were implemented to ensure the accurate quantification of the target analyses.
A procedural blank, a spiked blank, a sample duplicate, and a solvent blank were processed after
every 15 samples. The surrogate standards were added to all samples to monitor matrix effects.
The instruments were calibrated daily with calibration standards. No target compounds were detected
in the solvent blank. The surrogate recoveries ranged from 80% to 120%, and the recoveries of the
6 PAEs in the spiked blank samples ranged from 70% to 120% (relative standard deviations were less
than 10.5%, n = 6). The limits of detection (LODs) were 0.032~0.191 µg/kg.

2.2.5. Cereal Yields

The cereal grain yield for each treatment was determined by collecting grain from the whole
measure pit, and drying it under natural sunshine conditions until the moisture content of grain
reached approximately 12%.

2.3. Calculations

(1) Bioaccumulation factor

The bioaccumulation factors of the PAEs were calculated for each treatment according to the
following equation [29].

BCF = Cplant/Csoil (1)

where BCF is the bioaccumulation factor, Cplant is the PAE concentration in the plant in mg/kg (dry
weight), and Csoil is the PAE concentration in the soil in mg/kg.

The data were statistically analyzed using the IBM SPSS Statistics software package (version
20.0, IBM Corp., Armonk, NY, USA) and Microsoft Excel 2010. For the standard analysis of variance
(ANOVA), the attributes from different treatments (mean value of each treatment) were compared
using the least significant difference (LSD) at the 5% level to determine significant differences among
treatments. If the concentration of a compound was lower than the LOD value, a value of zero was
assigned for the calculations of means and sums, and a value equal to half the LOD value was assigned
for statistical analysis.

(2) Health risk assessment

The non-carcinogenic and carcinogenic risks of the PAEs to humans were calculated using the
methods recommended by the USEPA. DEP, BBP, DEHP, DMP, DnBP, and DnOP were regarded as
non-carcinogenic compounds with respect to human health, while BBP and DEHP were regarded
as carcinogenic compounds. The non-carcinogenic risks and carcinogenic risks were presented as
the hazard index (HI) and risk, respectively. The local residents are considered to be exposed to
non-carcinogenic risks when HI > 1; carcinogenic risks are considered very low, low, moderate, high,
and very high when risk is below 10−6, 10−6~10−4, 10−4~10−3, 10−3~10−1, and >10−1, respectively.
The exposure pathways for these compounds include soil ingestion, inhalation and dermal contact,
intake of agricultural products. The HI and risk were calculated using the following equations [30–32].

HI = ADD/RfD (2)
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Risk = ADD × SF (3)

RfDdermal = RfDo × ABSgi (4)

SFdermal = SFo/ABSgi (5)

SFinhale = IURinhale × BWa/IR3a (6)

ADDintake = (C1 × IR1 × EF × ED)/(BW × AT) (7)

ADDingest = (C2 × IR2 × CF × EF × ED)/(BW × AT) (8)

ADDdermal = (C2 × CF × SA × AF × ABS × EF × ED)/(BW × AT) (9)

ADDinhale = (C2 × (1/PEF) × EF × ED × IR3)/(BW × AT) (10)

where HI is the non-carcinogenic risks; ADD is the average daily dose in mg/kg/day (ADDintake,
ADDingest, ADDdermal, and ADDinhale represent the crops intake, soil ingestion, dermal contact,
and inhalation, respectively); RfD is the daily maximum permissible level of contaminants in
mg/kg/day (RfDdermal and RfDo represent the dermal contact and intake and ingestion, respectively);
risk is the carcinogenic risks; SF is the slope factor of the carcinogenin (mg/kg/day)−1 (SFdermal, SFo,
and SFinhale represent the dermal contact, intake and ingestion, and inhalation, respectively); ABSgi is
the fraction of pollutant absorbed in the gastrointestinal tract; IURinhale is the inhalation unit risk; BWa

is the adult body weight in kg; IR3a is the daily respiratory rate for adult in m3/day; C1 and C2 are the
target concentrations of PAE in crops and soils, respectively, in mg/kg; IR1, IR2, and IR3 are the daily
intake rate of crops, soil, and respiratory rate in kg/day or m3/day, respectively; EF is the exposure
frequency in days/year; ED is the exposure duration in years; BW is the body weight in kg; AT is the
lifetime exposure in days; CF is the conversion factor in kg/mg; SA is the soil surface area in cm2/day;
AF is the soil adherence factor in mg/cm2; ABS is the fraction of contaminant absorbed dermally from
the soil (unitless); and PEF is the particulate emission factor in m3/kg. The values of the parameters
are listed in Table 3.

Table 3. Parameters of health risk assessment.

Parameters Reference Value Parameters Reference Value

IR1
0.30 or 0.15 (wheat, adults or children),

ABS 0.10.03 or 0.02 (maize, adults or children)
IR2 100 (adults), 200 (children) PEF 1.36 × 109

IR3 20 (adults), 8 (children) ABSgi 1.0
EF 350 RfDo (BBP) 0.2
ED 24 (adults), 6 (children) RfDo (DEHP) 0.02
BW 70 (adults), 15 (children) RfDo (DnBP) 0.1

AT
70 × 365 (carcinogenic),

RfDo (DEP) 0.8ED × 365 (noncarcinogenic)
CF 1 × 10−6 SFo (BBP) 0.001 9
AF 0.07 (adults), 0.2 (children) SFo (DEHP) 0.014
SA 5700 (adults), 2800 (children) IURinhale(DEHP) 0.0024

3. Results and Discussion

3.1. Concentrations of the 6 PAEs and Each Individual PAE in the Soil

Figure 2 shows the total concentrations of the 6 PAEs in the topsoil at the time of cereal crop
harvest. The concentrations of the 6 PAEs in the topsoil ranged from 4.87 mg/kg to 5.34 mg/kg,
2.79 mg/kg to 3.78 mg/kg, and 3.62 mg/kg to 4.18 mg/kg at the winter wheat (2015), summer maize
(2015) and winter wheat (2016) harvests, respectively. The concentrations of the 6 PAEs in the topsoil
at the winter wheat harvest were higher than those at the summer maize harvest, which may be due to
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the relatively higher deposition of PAEs during the winter wheat season [33,34]. At each crop harvest,
there were no significant differences in the total concentrations of PAEs among the three treatments
(p > 0.05), indicating there was no significant effect of reclaimed irrigation water on the concentrations
of PAEs in the soil.
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Figure 2. Concentrations of the 6 PAEs in the soil at crop harvest in 2015 and 2016. Note: Different letters
on the top of the histogram indicate significant differences among the three treatments for each crop
season (p < 0.05).

Table 4 shows the concentrations of the 6 PAEs in the soil in this study and those published in other
studies conducted at home and abroad. Compared with the other results at home, the concentrations
of PAEs in the soil in this study were higher than those in the agricultural soil collected from Tianjin,
Mainland, Northeast China, Yangtze River Delta and those collected from soil with plastic film or
greenhouses in Nanjing [10,13,22,23,28,35]; however, the values from the current study were lower than
those reported for Xiangyang and Shandong Peninsula [12,19]. Compared with results from studies
conducted abroad, the levels of PAEs in this study were higher than the levels found in agricultural
soils from Danish, American, The Netherlands, Czech Republic and Parisian studies, as well as urban
soil from Serbia [14,16,18,21,36,37]. In summary, in comparison with the results obtained from other
places both within and outside the country, the concentrations of PAEs concentration in the soils in
this study were relatively high.



Water 2018, 10, 999 9 of 20

Table 4. The comparison of the concentrations of PAEs in the present study with those of other studies.

Source of
Research
Results

Study Areas Kinds of PAEs
PAEs (mg/kg)

References
Range Mean Value

Results at home

This study 6 2.79~5.34 4.04 The present
study

suburban agricultural soil
in Tianjin 6 0.05~10.4 0.67 [13]

Vegetable soils with plastic
film in Nanjing 6 0.15~9.68 1.70 [23]

Agricultural soil in Mailand 15 0.075~6.37 1.09 [35]
Agricultural soil in

Northeast China 15 1.37~4.9 2.83 [10]

Soil in greenhouse in
Nanjing 6 0.40~6.20 2.23 [22]

Farmland in industrialized
area in Xiangyang 6 9.91~171.6 30.9 [11]

Agricultural soils from
Yangtze River Delta 15 0.17~9.37 0.78 [28]

Agricultural soil with plastic
film mulching in Shandong

Peninsula
16 1.37~18.8 6.47 [19]

Results at
abroad

Agriculture soils in Danish 7 0.024~3.27 0.60 [21]
Agricultural soils in

America 6 0.04~0.58 0.26 [18]

Agricultural soils in
The Netherlands

0.037(DEHP +
DnBP) [37]

Agricultural soils in Paris,
Czech Republic 2 0.24~2.8 (DEHP

+ DnBP)
0.86 (DEHP +

DnBP) [36]

Agricultural soils in Paris 9 0.407 0.407 [16]
City soil in serbia 6 0.19~1.44 0.83 [14]

Table 5 shows the PAE compounds in the soil samples. The concentrations of DnOP in all soil
samples in this study were below the LODs, and the other 5 PAE compounds in the soil samples
were all detected and are shown in Table 5. DnBP and DEHP were the most abundant contaminants
in all soil samples with concentrations of 2.01 mg/kg~3.61 mg/kg and 0.64 mg/kg~2.39 mg/kg,
respectively, which account for 43.2%~68.7% and 27.1%~48.6% of the 6 PAEs, respectively; DMP was
next, accounting for 1.5%~6.8% of the 6 PAEs. The ratios of the sum of DEP and BBP to the 6 PAEs
were less than 1.5%.

Table 5. Concentrations of each individual PAE in the soil at crop harvest in 2015 and 2016 Unit: mg/kg.

Time Treatments DMP DEP DnBP BBP DEHP

Wheat harvest (2015)
R 0.28 a 0.06 a 2.15 a 0.003 a 2.39 a
M 0.15 a 0.03 a 3.28 a 0.001 a 1.88 a
G 0.16 a 0.04 a 3.61 a 0.001 a 1.26 a

Maize harvest (2015)
R 0.09 a 0.02 a 2.60 a 0.006 a 1.06 a
M 0.09 a 0.02 a 2.15 a 0.009 a 0.80 a
G 0.10 a 0.03 a 2.01 a 0.008 a 0.64 a

Wheat harvest (2016)
R 0.06 a 0.01 a 2.53 a 0.001 a 1.01 a
M 0.05 a 0.01 a 3.09 a 0.001 a 1.02 a
G 0.05 a 0.01 a 2.32 a 0.001 a 1.26 a

Soil allowable concentration in USA (mg/kg) 0.02 0.071 0.081 1.215 4.35

Soil cleanup objective (mg/kg) 2.0 7.1 8.1 50 50

Note: Values within a column followed by the same letter are not significantly different at the significance level of
0.05 among the three treatments for each crop season.
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The compositions of PAEs in the soils in this study were similar to those reported in other
regions [11,13,16,38], where DnBP or DEHP was also the dominant compound. The reasons may be
that DEHP and DnBP have a relatively high molecular mass and low solubility in water, and they
are frequently rate-limiting for volatilization, biodegradation, and subsurface transport; therefore,
these compounds can easily accumulate at high levels in soils. DEP and BBP with low molecular weight
have lower soil adsorption coefficients and are relatively soluble in water; thus, these compounds have
low levels of soil residuals [39,40].

Compared with the soil cleanup objectives and the guidance established by the New York State
Department of Environmental Conservation [41,42], the concentrations of DEP, BBP, and DEHP were all
below the corresponding recommended allowable concentrations, while the levels of DMP and DnBP
in all soil samples exceeded the allowable soil concentrations. The maximum values of DMP and DnBP
were 14-fold and 44-fold higher than the allowable soil concentrations, respectively, indicating that the
soil was polluted by PAEs. Similar results were reported for Guangzhou and Shandong by Zeng et al.
(2009) [38] and Li et al. (2016a) [19], who found that the concentrations of DMP and DnBP in most soil
samples exceeded the allowable concentrations. However, in all soil samples, each individual PAE
was far below the recommended soil cleanup objectives, indicating that no remediation measures were
required for PAEs in this study. Further attention is still needed regarding their potential effects in
the future.

3.2. Growth Characteristics of Cereal Crops

Figure 3 shows the height and leaf area of winter wheat and summer maize at harvest. The height
and leaf area of a single winter wheat plant ranged from 44.8 cm to 73.8 cm and 24.9 cm2 to 60.0 cm2,
respectively. There were no significant differences in both the height and the leaf area of winter wheat
among the three treatments for each variety in the two years (except for Shifu in 2016) (p > 0.05).
This result indicated that there was almost no significant effect of reclaimed water on the growth
characteristics of winter wheat.

The height and leaf area of a single plant of summer maize ranged from 102 cm to 180 cm and
2366 cm2 to 4133 cm2, respectively. The height of summer maize in the R treatment was significantly
higher than that in the G treatment for each variety (except for Tianyumi in 2015 and Xinyu and
Tianyumi in 2016) (p < 0.05). The leaf area in the R treatment was significantly higher than that in
the G treatment for Jingdan and Nianyumi (p < 0.05) in 2015, while there was almost no significant
difference in leaf area among the three treatments for each variety (except for Nianyumi) in 2016
(p > 0.05). The relatively higher leaf area in the R treatment for Jingdan and Nianyumi in 2015 was due
to the relatively higher number of leaves on individual plants (the mean numbers of leaves were 9.1
and 7.3 in the R and G treatments for Jingdan, respectively; the mean numbers of leaves were 9.5 and
6.3 in the R and G treatments for Nianyumi, respectively). The effects of reclaimed irrigation water on
the growth characteristics of summer maize may be affected by climate.
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Figure 3. Height and leaf area of winter wheat and summer maize in 2015 and 2016, height of winter
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of summer maize in 2015 (d); height of winter wheat in 2016 (e); leaf area of winter wheat in 2016 (f);
height of summer maize in 2016 (g); leaf area of summer maize in 2016 (h). Note: Different letters on
the top of the histogram indicate significant differences among the three treatments for each variety
(p < 0.05).
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3.3. Cereal Grain Yields

Figure 4 shows the grain yields of cereal in 2015 and 2016. The grain yields of winter wheat ranged
from 4.35 to 7.1 t/ha, and the values were similar to the results of Li et al. (2016c) [43], who found that
the grain yields of winter wheat ranged from 5.73 to 7.04 t/ha with an effective water and N supply in
2009–2011. There were no significant differences in the wheat grain yields among the five varieties
(p > 0.05), and there were also no significant differences in the wheat yields among the three treatments
for each variety (p > 0.05), indicating there was no significant effect of reclaimed irrigation water on
wheat grain yields. The similar grain yields among the three treatments for each variety may be due
to the similar growth state (e.g., height and leaf area, Figure 3) and similar 1000-grain weight (the
1000-grain weight of winter wheat ranged from 33.91 g to 42.85 g in 2015 and from 32.91 g to 40.26 g in
2016, and there were no significant differences in the 1000-grain weight among the three treatments
for each variety). The lower wheat grain yield in 2016 may be due to the relatively higher effective
accumulated temperature in the winter wheat season in 2016 (2474 ◦C in 2015, 2527 ◦C in 2016) [44].
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Figure 4. Grain yields of winter wheat and summer maize in 2015 and 2016, grain yields of winter
wheat in 2015 (a); grain yields of summer maize in 2015 (b); grain yields of winter wheat in 2016 (c);
grain yields of summer maize in 2016 (d). The grain yield of summer maize ranged from 1.03 to
6.46 t/ha. The values in 2015 were lower than the results reported by Qiu et al. (2012) [45] and
Liang et al. (2013) [46], who found that the grain yields of summer maize were 5.2~9.0 t/ha with
efficient water and N supplies. The main reasons for these results may be the different climate and
varieties. The grain yields in the R treatment were significantly higher than those in the G treatment for
each variety in 2015 (p < 0.05, except for Tianyumi), and there were no significant differences among
the three treatments for each variety in 2016 (p > 0.05, except for Nianyumi). The relatively higher grain
yields in the R treatment compared with those in the G treatment in 2015 may be due to a better growth
state in the R treatment (e.g., height and leaf area, Figure 3), and the similar grain yields among the
three treatments for each variety in 2016 may be due to a similar growth state (Figure 3). The reasons
for the higher maize grain yield and the small effect of reclaimed water on grain yield in 2016 may
be due to the relatively higher precipitation in the summer maize season in 2016 (300 mm in 2015,
510 mm in 2016), indicating that the effects of reclaimed irrigation water on summer maize yields were
influenced by climate. Note: Different letters on the top of the histogram indicate significant differences
among the three treatments for each variety (p < 0.05).
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3.4. Concentrations of 6 PAEs and Each PAE in Cereal Grains

Figure 5 shows the 6 PAE concentrations in the cereal grains in 2015 and 2016. The total
concentrations of the 6 PAEs in winter wheat grain and summer maize grain ranged from 1.03 mg/kg
to 4.05 mg/kg and 0.37 mg/kg to 3.29 mg/kg, respectively. The total concentrations of PAEs in Jimai
were higher than those in the other four wheat varieties, and there were no differences among the
other four varieties. The total concentrations of PAEs in Jiyuan were significantly higher than those in
the other four maize varieties, and there were no differences among the other four varieties.
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Figure 5. Concentrations of the 6 PAEs in cereal grains in 2015 and 2016, concentrations of the 6 PAEs
in winter wheat grain in 2015 (a); concentrations of the 6 PAEs in summer maize grain in 2015 (b);
concentrations of the 6 PAEs in winter wheat and summer maize grain in 2016 (c). Note: Different
letters on the top of the histogram indicate significant differences among the three treatments for each
variety (p < 0.05).

For the same variety, there was no significant difference for the 6 PAE concentrations in cereal
grains among the different treatments in the two years (p > 0.05), indicating there was no significant
effect of reclaimed irrigation water on the concentrations of PAEs in cereal grains. The concentrations
of PAEs in the present study were similar to those reported by Mo et al. (2009) [28], Wang et al.
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(2015) [22] and Li et al. (2016b) [20], who found that the concentrations of the 6 PAEs in vegetables
ranged from 0.073 mg/kg to 11.2 mg/kg, with a mean value of 1.12 mg/kg~3.2 mg/kg; additionally,
the values were lower than the concentrations of PAEs in winter wheat grain (8.0 ± 2.6 mg/kg) and
summer maize grain (11.0 ± 5.1 mg/kg) that was irrigated with wastewater [26].

Table 6 shows the ratios of each individual PAE to the total PAEs for cereal grains (the
concentrations of DnOP in all crop samples were below the LODs). As Table 6 shows, for both
wheat grains and maize grains, DEHP was the most abundant component in most crops samples,
accounting for 37.3%~70.7% and 31.6%~77.9% of the 6 PAEs, respectively; the second dominant
component was DnBP, which varied from 20.8% to 47.1% and 21.1% to 64.7%, respectively; these were
followed by DMP, which had a relative contribution in the range of 3.4% to 9.5% and0.4% to 7.6%,
respectively. The sum of DEHP and DnBP accounted for more than 85% of the 6 PAE concentrations.
The contributions of DEP or BBP were typically less than 5%. The compositions were similar to those
reported in other regions [10,15,20,22,28], where DEHP and DnBP were also the dominant compounds
in crops, accounting for 25.7%~67.1% and 20.0%~46.9%, respectively. The reasons for these results
were that DEHP and DnBP have low water solubility and thus, are readily absorbed to soil; therefore,
these compounds typically have relatively higher accumulation rates in crops. Furthermore, the high
water solubility and biodegradation of DEP and BBP contributes to the relatively lower accumulation
in crops.

Table 6. The ratio of each individual PAE to the total 6 PAEs for cereal grains in 2015 and 2016 Unit: %.

Crops Varieties Treatments DMP DEP DnBP BBP DEHP

Winter wheat grain (2015)

Jimai
R 4.6 2.0 33.7 0.3 59.4
M 4.1 1.7 36.7 0.4 57.2
G 5.9 3.7 37.9 0.7 51.8

Zhongmai
R 6.0 3.4 28.2 0.6 61.8
M 4.7 3.3 30.6 0.5 60.9
G 5.7 3.4 34.5 0.5 55.8

Shimai
R 5.8 3.7 36.9 0.2 53.3
M 5.3 3.7 32.3 0.4 58.2
G 5.4 4.2 36.7 0.3 53.4

Nongda
R 4.5 2.8 39.9 0.3 52.5
M 5.2 3.1 42.3 0.2 49.2
G 5.0 3.1 41.7 0.2 49.9

Shifu
R 7.4 4.2 46.5 0.2 41.7
M 7.1 8.0 47.1 0.5 37.3
G 7.8 5.9 46.1 0.2 40.0

Summer maize grain (2015)

Jiyuan
R 2.2 1.3 64.7 0.2 31.6
M 3.0 1.2 56.4 0.4 39.1
G 1.7 1.1 44.0 0.6 52.6

Jingdan
R 2.3 1.3 43.1 0.3 53.0
M 2.7 1.1 39.9 0.2 56.1
G 2.3 1.5 40.5 0.3 55.5

Xinyu
R 3.4 2.0 47.0 0.4 47.2
M 2.3 1.4 38.1 0.3 57.9
G 1.4 1.0 31.0 0.2 66.2

Tianyumi
R 5.7 3.5 39.9 0.4 50.5
M 4.3 2.9 43.6 0.7 48.5
G 7.6 4.5 44.3 0.0 43.5

Nianyumi
R 5.7 2.8 48.7 0.0 42.9
M 5.0 2.8 44.3 0.2 47.7
G 7.4 4.3 29.3 0.0 58.9

Winter wheat grain (2016)

Lunxuan
R 3.8 1.4 31.3 0.7 62.8
M 3.4 1.2 29.6 0.6 65.2
G 3.6 1.1 29.0 0.5 65.8

Shifu
R 9.5 2.4 25.7 0.9 61.5
M 6.1 1.7 20.8 0.6 70.7
G 7.6 2.1 30.7 0.9 58.6

Summer maize grain (2016) Jingdan
R 1.0 1.0 39.7 0.4 57.9
M 0.4 0.4 21.1 0.1 77.9
G 0.6 0.7 33.5 0.1 65.0
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The tolerable daily intake (TDI) values for the PAEs, DnBP and DEHP (imposed by the European
Food Safety Authority (EFSA)) were 0.3, 0.01, and 0.05 mg/kg, respectively [47–49]. Assuming that
the daily intake of wheat or maize for adults (weight, 70 kg) is 0.10 kg, the maximum PAEs, DnBP and
DEHP reference doses for wheat or maize were 210, 7, and 35 mg/kg, respectively. The concentrations
of PAEs, DnBP and DEHP in wheat and maize grains in this study were lower than the reference doses,
indicating there was a lower health risk.

3.5. Bioaccumulation Factors of Each PAE

Table 7 shows the BCFs of winter wheat and summer maize. The bioaccumulation factors (BCFs)
are expressed as the ratio of the PAE concentration in crops to the PAE concentration in soils (dry
weight). The BCFs of the 6 PAEs in wheat grains and maize grains were 0.43~0.84 and 1.0~1.25,
respectively. Sun et al. (2016a) [15] reported that the BCFs of the total PAEs for cabbage were in
the range of 0.29~1.23, which were similar to our results. The BCFs of each PAE in wheat grain and
maize grain were 0.33~35.75 and 0.47~2.9, respectively. Similar results were observed in the studies by
Wang et al. (2015) [22] and Li et al. (2016b) [20]. They found that the BCFs of each PAE were in the
range of 0.74~8.0 and 0.11~23.0, respectively. Overall, the BCFs of BBP were the highest (1.41~35.75),
followed by DMP and DEHP, and then DEP and DnBP. A similar result was reported by Mo et al.
(2009) [28], who also found that the BCFs of BBP (0.33~12.5) in vegetables were higher than those of
DEHP and DnBP. There were almost no significant differences in the BCFs of each PAE among the
three treatments, indicating there were no significant effects of reclaimed irrigation water on the BCFs
of cereal grains.

Table 7. The bioaccumulation factors of each PAE in the soil-cereal grain system in 2015 and 2016.

Crops Treatments DMP DEP DnBP BBP DEHP PAEs

Wheat (2015)
R 0.80 1.48 0.89 6.79 1.42 0.84
M 1.04 0.58 0.80 15.45 1.43 0.84
G 1.02 2.38 0.91 35.75 1.18 0.78

Maize (2015)
R 0.79 1.78 1.03 2.90 1.16 1.00
M 0.92 1.51 0.94 1.41 1.90 1.04
G 0.47 1.17 1.01 2.77 2.21 1.25

Wheat (2016)
R 1.29 2.25 0.42 13.46 1.55 0.65
M 0.98 1.87 0.33 18.29 1.63 0.43
G 1.13 2.10 0.43 12.23 1.30 0.47

3.6. Risk Assessment

Table 8 shows the results of the risk assessment, and the mean values of all crops or soils were
used for the risk assessment. The total carcinogenic risk of PAEs was 2.82 × 10−5 for adults and
1.81 × 10−5 for children, both of which were within the low-risk category (10−6~10−4); moreover,
the total non-carcinogenic risk of PAEs was 3.37 × 10−1 for adults and 7.98 × 10−1 for children, both of
which were lower than the recommended allowable level (HQ < 1). Overall, the human health risks
from the analyzed PAEs in crops and soils were within an acceptable range.

The non-carcinogenic risks of the PAEs followed the sequence DEHP > DnBP > DEP > BBP,
and the carcinogenic risk of DEHP was higher than that of BBP. DEHP contributed 87.22%~87.30%
and 99.90%~99.91% to the total non-carcinogenic risks and carcinogenic risks, respectively; the higher
contribution of DEHP was due to the relatively higher concentrations (Tables 5 and 6) and relatively
lower RfD (Table 3). A similar result was reported by Sun et al., who stated that DHEP was the
dominant contributor to the carcinogenic risks and non-carcinogenic risks of PAEs in Shanghai and
Jiangsu [15]. The carcinogenic risk of DEHP was 1.81 × 10−5 for children and 2.82 × 10−5 for adults in
this study, and the values were consistent with the study in Beijing by Li et al., in which the carcinogenic
risk of DEHP ranged from 2.4 × 10−6 to 7.6 × 10−5 (Li et al., 2016) [20].
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Table 8. Carcinogenic health risk and non-carcinogenic health hazard index of PAEs.

Groups
Exposure
Pathway

Carcinogenic Risk Noncarcinogenic Risks

BBP DEHP Amount of
Risk/a−1

Contribution
of Pathway/% DnBP BBP DEHP DEP Amount of

Risk/a−1
Contribution
of Pathway/%

Adult

dermal contact 1.57 × 10−12 3.51 × 10−9 3.52 × 10−9 0.01 1.44 × 10−5 1.20 × 10−8 3.66 × 10−5 2.37 × 10−8 5.10 × 10−5 0.02
intake-wheat 2.68 × 10−8 2.70 × 10−5 2.70 × 10−5 95.76 3.96 × 10−2 2.05 × 10−4 2.81 × 10−1 4.62 × 10−4 3.22 × 10−1 95.55
intake-maize 1.07 × 10−9 1.18 × 10−6 1.18 × 10−6 4.20 2.44 × 10−3 8.22 × 10−6 1.23 × 10−2 1.03 × 10−5 1.48 × 10−2 4.39

ingestion 3.93 × 10−12 8.81 × 10−9 8.81 × 10−9 0.03 3.61 × 10−5 3.01 × 10−8 9.17 × 10−5 5.94 × 10−8 1.28 × 10−4 0.04
inhalation 0.00 7.77 × 10−13 7.77 × 10−13 0.00 0.00 0.00 0.00 0.00 0.00 0.00
sum/a−1 2.78 × 10−8 2.82 × 10−5 2.82 × 10−5 100.00 4.21 × 10−2 2.14 × 10−4 2.94 × 10−1 4.73 × 10−4 3.37 × 10−1 100.00

contribution of
individual/% 0.10 99.90 12.5 0.06 87.3 0.14

Child

dermal contact 2.57 × 10−12 5.75 × 10−9 5.76 × 10−9 0.03 9.43 × 10−5 7.88 × 10−8 2.40 × 10−4 1.55 × 10−7 3.34 × 10−4 0.04
intake-wheat 1.56 × 10−8 1.58 × 10−5 1.58 × 10−5 87.13 9.23 × 10−2 4.79 × 10−4 6.56 × 10−1 1.08 × 10−3 7.50 × 10−1 94.04
intake-maize 8.33 × 10−10 2.30 × 10−6 2.30 × 10−6 12.72 7.59 × 10−3 2.56 × 10−5 3.84 × 10−2 3.20 × 10−5 4.60 × 10−2 5.77

ingestion 9.16 × 10−12 2.05 × 10−8 2.06 × 10−8 0.12 3.37 × 10−4 2.81 × 10−7 8.56 × 10−4 5.55 × 10−7 1.19 × 10−3 0.15
inhalation 0.00 3.63 × 10−13 3.63 × 10−13 0.00 0.00 0.00 0.00 0.00 0.00 0.00
sum/a−1 1.65 × 10−8 1.81 × 10−5 1.81 × 10−5 100.00 1.00 × 10−1 5.05 × 10−4 6.96 × 10−1 1.11 × 10−3 7.98 × 10−1 100.00

contribution of
individual/% 0.09 99.91 12.58 0.06 87.22 0.14
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The intake of cereals was the main exposure pathway for both non-carcinogenic risks (which
contributed 99.81%~99.95% to the total risk) and carcinogenic risks (which contributed 99.85%~99.96%
to the total risk), followed by soil ingestion and dermal contact. Soil inhalation contributed the least
to the total risk. This is consistent with the report by Sun et al. (2016a) [15], in which the intake of
agricultural products was the primary exposure pathway and contributed to over 90% of the total risks.

4. Conclusions

A two-year field experiment was conducted in winter wheat and summer maize fields on the
North China Plain to study the effect of different water quality on the contamination risk posed by
PAEs. The main conclusions are as follows.

There were no significant effects of reclaimed irrigation water on the concentrations of PAEs
in soils and cereal grains compared with groundwater irrigation. The concentrations of PAEs in
the soils in this study were relatively high compared with the results obtained from other locations.
DnBP and DEHP were the most abundant contaminants in all soil samples and most crop samples.
Each individual PAE in all soil samples was far below the recommended soil cleanup objectives,
indicating that no remediation measures were required in this study area. The concentrations of the
PAEs, DnBP and DEHP in cereal grains were lower than those of the reference doses.

There was no significant effect of reclaimed irrigation water on the growth characteristics and
grain yields of winter wheat (p > 0.05), while the effect of reclaimed irrigation water on summer maize
was influenced by climate. The BCFs of BBP were the highest (1.41~35.75), followed by DMP and
DEHP. There were no significant effects of reclaimed irrigation water on the BCFs of cereal grains.

The total carcinogenic risk and non-carcinogenic risk of PAEs for adults and children were
within the acceptable ranges. DHEP was the dominant contributor to the two risks. The intake of
cereals was the main exposure pathway for both risks, followed by soil ingestion and dermal contact.
Soil inhalation contributed the least to the total risk.

In this study, there were no significant effects of reclaimed irrigation water on the contamination
risk of PAEs compared with groundwater irrigation. The results of this study are based on a two-year
experiment, and the PAEs will be in the soil for several years. Therefore, further long-term studies
are required to evaluate the long-term effects of reclaimed irrigation water on the contamination risk
posed by PAEs.
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