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Abstract
Purpose The objective of this study was to investigate whether spent mushroom substrate (SMS) amendment was an appropriate
way to reduce di(2-ehylhexyl) phthalate (DEHP) and di-n-butyl phthalate (DnBP) contents in soil and whether SMS could reduce
DnBP accumulation in bok choy (Brassica rapa subsp. chinensis).
Materials and methods Microcosm and pot experiments were carried out to study the influence of spent Agaricus bisporus
substrate application on DnBP and DEHP dissipation in soils and plant uptake of DnBP. Variations in soil pH and enzyme
activities were determined. The concentrations of phthalate esters (PAEs) in soils, bok choy, and atmosphere were examined with
gas chromatography or gas chromatography–mass spectrometry.
Results and discussion Adding sterilized or non-sterilized SMS can increase soil pH and urease activity, and non-sterilized SMS
can promote soil laccase activity. The results show that the dissipation of DEHP is accelerated after incubation with SMS for
25 days; however, little effect can be found with continuing incubation due to low DEHP bioavailability. In this research, SMS
amendment exhibits no effect on DnBP dissipation in soils and DnBP accumulation in bok choy. It was proposed that atmo-
spheric deposition of DnBPmight be the main source of DnBP in bok choy in the study, since equivalent amounts of DnBP were
detected in the vegetables grown in soils with or without DnBP spiking.
Conclusions This study indicates that the application of SMS as an organic fertilizer is less likely to affect the fate of PAEs in
soils, and proper strategies should be conducted to reduce PAE levels in atmosphere to control PAE contamination in vegetables.
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1 Introduction

Phthalate esters (PAEs) are now ubiquitously detected in
environments and foods, such as air, water, soils, sedi-
ments, sewage sludge, fertilizers, and vegetables. They are
mainly used to increase the flexibility and durability of
plastic products, and the content of PAEs are in the range

of 10–60% in finished plastics (Gómez-Hens and Aguilar-
Caballos 2003). Since PAEs are only physically bound to
plastic polymers, these compounds can be easily released
into the environment. Long-term exposure of PAEs can
affect the human developmental and reproductive systems
(Swan 2008; Wittassek et al. 2011). Some PAEs have been
listed as priority pollutants by the US Environmental
Protection Agency (Richards and Shieh 1986), including
dimethyl phthalate (DMP), diethyl phthalate (DEP), di-n-
butyl phthalate (DnBP), butylbenzyl phthalate (BBP),
di(2-ehylhexyl) phthalate (DEHP), and di-n-octyl phthalate
(DnOP).

Over the last three decades, there have been increasing
concerns on PAE contamination in agricultural soils. The us-
age of agricultural plastic films, pesticides, fertilizers, bio-
solids, and wastewater irrigation is considered its main source,
together with atmosphere deposition (He et al. 2015; Chen
et al. 2017). The PAE contamination in soils can lead to
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reduced soil enzyme activities (Chen et al. 2013) and micro-
bial diversity (Wang et al. 2016), as well as PAE accumulation
in vegetables, which poses great threat to human health (Chen
et al. 2017). The study of Wang et al. (2015) showed that total
concentration of the six priority PAEs ranged from 0.40 to
6.20 mg kg−1 in soils and 0.51 to 7.16 mg kg−1 in vegetables,
respectively, from different plastic film greenhouses in
Nanjing, China. The concentration of DEHP in cotton fields
was reported as high as 128.7 mg kg−1 in Xinjiang, China
(Guo andWu 2011). The level of DBPwas up to 29.4mg kg−1

in greenhouse soils in Handan, China (Xu et al. 2008). Thus,
for the sake of human health and the ecosystem quality, more
efforts are needed to develop agricultural practices, which can
accelerate the dissipation of PAEs in soils and control PAE
uptaking by vegetables.

It has been reported that addition of natural organic mate-
rial (NOM) or biochar originated from agriculture residues
would affect the fate of organic pollutants in soils or soil-
plant systems (Zhang et al. 2013; Kästner and Miltner
2016). Little work has been carried out on the migration and
transformation of PAEs after organic amendment. Zhao et al.
(2016) reported that the application of 6.25%manure compost
improved the degradation of DBP in soil. He et al. (2016)
reported that biochar application at the dosage of 2% caused
a decrease of DEHP accumulation in bok choy grown in the
soil with a low organic carbon content (0.35%), but conflicted
results were obtained in another soil with a higher organic
carbon content(2.2%). The study also showed that the addition
of biochar could greatly slow down DEHP degradation in
these two soils. There are different NOM amendments, which
can be applied to soils to improve soil properties, such as
green waste compost, vermicompost, animal manure, crop
residues, sawdust, and spent mushroom substrate (SMS)
(Scotti et al. 2015). It is necessary to get more information
regarding organic amendment-associated agricultural prac-
tices that would affect the dissipation of PAEs and plant accu-
mulation. The work would be helpful in improving soil sus-
tainability and reducing the risks of contaminated vegetables.

The common organic amendment SMS is the organic res-
idue after mushroom harvest, which usually contains
decomposed straw, manure, bean dregs, and gypsum. Due to
the rapid development of the mushroom production industry
in the world, great amount of SMS is generated annually. The
annual production of SMS was > 13.2 million tons in 2010 in
China (Gao et al. 2015), making the disposal of SMS an en-
vironmental issue. Improper storage/disposal of SMS can
cause severe environmental pollution (Guo and Chorover
2006). On the other side, SMS is a valuable source, which
can supply mineral nutrients, providing organic matter, micro-
organisms, and extracellular enzymes as soil amendment
(Walsh et al. 2013). SMS application in horticulture and agri-
culture has been a common practice in many countries, and its
utilization in contaminated soils has been investigated (Jordan

et al. 2012). Previous studies have shown that SMS can facil-
itate soil microbial activities, plant growth, heavy metal im-
mobilization, and the removal of organic pollutants, including
PAHs, petroleum hydrocarbons, and pesticides (Chiu et al.
2009; Li et al. 2012; Jia et al. 2017). A recent study shows
that spent mushroom compost (at an application rate of 40 or
80 ton ha−1) can decrease the translocation of heavy metals
from plant roots to the shoots (Frutos et al. 2017). However,
little information is available concerning the effects of SMS
application on the migration and transformation of PAEs.

The overall objective of this study was to investigate PAE
dissipation behaviors in different agricultural soils and the
impacts of SMS as a soil conditioner on PAE dissipation and
plant accumulation. In this study, a popular leafy vegetable,
bok choy (Brassica rapa subsp. chinensis) was used as a tar-
get plant, which can be cultivated all over the year and can be
consumed at different stages of maturity. The contribution of
atmospheric PAE uptake in bok choy was also examined.

2 Materials and methods

2.1 Materials

Two loamy clay soils were collected from agricultural fields of
Nanjing and Changshu, Jiangsu Province, China, respectively.
After removing stones and plant debris, soils were air-dried,
ground, and sieved (< 2 mm). Fresh SMS from Agaricus
bisporus cultivation was obtained from a local mushroom
production industry, which mainly contained decomposed
wheat straw, chicken manure, and soybean dregs. The fresh
SMS was air-dried, ground, and sieved (< 2 mm). Basic prop-
erties of the two soils and SMS are shown in Table 1. Seeds of
bok choy were purchased from Mingda Seed Sales Shop,
Nanjing, China.

PAEs and the internal standard namely benzyl benzoate
(purity > 99%) were purchased from Sigma-Aldrich Co.,
USA, and they were all at the analytical grade. Acetone, n-
hexane, and methanol were obtained from Tedia Company
Inc., USA, and they were at the HPLC grade.

2.2 Experimental design

To examine the dissipation of four mostly occurred PAEs
(DEP, di-iso-butyl phthalate (DiBP), DnBP, and DEHP, as
shown in Table 2) in soils, each compound was spiked into
two agricultural soils at 100 mg kg−1 and mixed well. To
prepare the contaminated soils, 1 mL of individual PAE
(1 g L−1 dissolved in acetone) was added to 2 g soil (dry
weight (dw)). The mixture was stirred with a stainless spoon
and then placed in a fume hood for 1 h to allow solvent to
evaporate. The mixture was diluted with 8 g of original soil to
obtain a final PAE concentration of 100 mg kg−1 soil. Soil
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microcosms were prepared in 40-mL brown glass bottles con-
taining 10 g dw contaminated soil. Each treatment had three
replicates. To conduct abiotic control experiments, soils were
sterilized at 121 °C for 30min three times. All treatments were
incubated at 25 °C in the dark, and soil moisture was kept at
about 70% of water holding capacity by adding sterilized de-
ionized water every 3 days. After 42 days, soil samples were
taken, freeze-dried, and stored in paper bags at − 20 °C until
analysis.

To examine the impact of SMS on DEHP dissipation in
soils, microcosms were prepared by adding 60 g prepared
soils into 100-mL ceramic pots at an initial DEHP

concentration of 200 mg kg−1. The original soil was from
Changshu, Jiangsu Province, China. Air-dried SMS
(sterilized or non-sterilized) was added at two levels, 2 and
4% (equal to 45 and 90 ton ha−1, respectively, dw). The soil
without amendment was included as a control. The final con-
centrat ions of NH4

+-N (35.9 mg kg−1) , NO3
− -N

(12.2 mg kg−1), available P (53.9 mg kg−1), and available K
(153.1 mg kg−1) were the same in all microcosms by supple-
mentation with mineral salt solutions. Thus, the nutritional
differences among the treatments were mainly from organic
part. After incubation for 25 and 50 days at 25 °C in the dark,
soil samples from microcosms were taken; some of which

Table 2 Physicochemical properties of the four PAEs used in this study (adapted from Net et al. (2015))

Phthalate 

ester

CAS

No.

Chemical structure Molecular

weight

(g mol-1)

Water

solubility 

(mg L-1)

LogKOW LogKOA Vapor 

pressure 

(Pa) 

Henry’s 

constant 

(Pa m3 mol-1)

DEP 84-66-2 222.2 591 2.54 7.55 2.63×10-1 2.44×10-3

DiBP 84-69-5 278.4 9.9 4.27 8.54 4.73×10-3 0.133

DnBP 84-74-2 278.4 9.9 4.27 8.54 4.73×10-3 0.133

DEHP 117-81-7 390.6 2.49×10-3 7.73 10.53 2.52×10-5 3.95

KOWand KOA indicate octanol-water partition coefficient and octanol-air partition coefficient, respectively. Values of water solubility, logKOW, logKOA,
vapor pressure, and Henry’s constant are given for temperature at 25 °C

Table 1 Basic properties of soils
and spent Agaricus bisporus
substrate

Soil from Nanjing Soil from Changshu Spent Agaricus bisporus substrate

Soil type Yellow brown soil Gray fluvo-aquic soil

pH 7.95 6.45 8.52

Organic content (g kg−1) 29 30 424

Clay (%) 30.5 31.6 N.A.

Silt (%) 32.6 36.3 N.A.

Sand (%) 36.4 32.1 N.A.

NH4
+-N (mg kg−1) 1.84 12.3 603.9

NO3
−-N (mg kg−1) 12.2 2.35 4.16

Available P (mg kg−1) 4.48 10.2 1103.7

Available K (mg kg−1) 65.7 31.7 3068.5

N.A. indicates not available
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were immediately analyzed for enzyme activities and soil pH,
while the others were freeze-dried, ground, and extracted for
DEHP analysis.

To examine the influence of SMS on the bioaccumulation
of DnBP in bok choy, 820 g (dw) DnBP-premixed soil (from
Changshu, Jiangsu Province, China) was mixed thoroughly
with 2% of non-sterilized SMS in 1.5-L ceramic pots, and
the initial concentration of DnBP was 50 mg kg−1. The pots
without SMS amendment were conducted as control experi-
ments. Before cultivation, all pots were fertilized with urea,
Ca(H2PO4)2·H2O and KCl at a dose of N 0.4 g kg−1, P2O5

0.16 g kg−1, andK2O 0.24 g kg−1.After germination for 7 days,
six seedlings of bok choy were planted at equal spacing in
each pot. The pots were randomly placed on the bench in a
greenhouse, which were watered once every day. After 15 and
30 days, soils and plants were taken for analysis. Soil samples
were divided into top soil (top 1 cm), bulk soil, and rhizo-
sphere soil (the soil attached to plant roots). Plant shoots and
roots were separated, rinsed with deionized water carefully,
and dried with tissue paper before further preparation.
Freeze-dried soil and plant samples were used for subsequent
analysis.

2.3 Extraction of soil and vegetable samples

Freeze-dried soil samples (2 g) or plant samples (0.25 g)
were weighed into 20-mL glass centrifuge tubes, in which
100 μL internal standard benzyl benzoate (2 g L−1 in
hexane) (Liu et al. 2010) was added. Then, samples were
extracted for 1 h with 10 mL mixture of acetone:hexane
(1:1, v/v) at 30 °C in an ultrasonic water bath. After
centrifugation at 3000g for 5 min, the organic supernatant
was collected, and 0.2 g of anhydrous sodium sulfate was
added to remove any moisture. The extracts from soil
samples and plant samples were concentrated till 2.0 mL
with a rotary evaporator at 40 °C. To reduce the interfer-
ence of pigments, a cleanup procedure was conducted for
plant extracts: 50 mg graphitized carbon black with
6.25 mg anhydrous magnesium sulfate was added to the
concentrated plant extract; after vortexing for 2 min, the
extract was allowed to settle for 30 min at ambient tem-
perature. The extracts from plant or soil samples were
filtered through 0.22-μm syringe filters into 2-mL sample
vials.

For analyses of PAE profiles in greenhouse atmosphere, air
samples were collected with a medium-volume air sampler
(TH-150F, Tianhong, China) at 100 L min−1for 48 h for par-
ticles and at 1 L min−1 for 3 h for total air, respectively. The
particles on the glass fiber paper (absorbent for particulate
PAEs) were extracted with acetone:hexane (1:1, v/v). Glass
fiber filters are usually used for collection of airborne partic-
ulates (Sharma and Maloo 2005) and methanol has been used
as adsorbent for PAEs in air (Wang et al. 2010). The extracts

and methanol were concentrated to 2 mL before GC-MS anal-
ysis. Clean glass fiber filter paper and methanol were also
analyzed as blanks.

The concentrations of PAEs were determined with an
Agilent 7890A gas chromatography (Agilent, USA) and a
Shimadzu GC-MS QP2010 Ultra system (Shimadzu, Japan)
as described by Chen et al. (2017). In brief, helium was used
as the carrier gas at a flow rate of 1.2 mL min−1. The initial
column temperature was 70 °C, which was held for 1 min. The
temperature increased to 140 °C at a rate of 20 °C min−1, held
for 2 min, and then increased to 280 °C at a rate of
10 °C min−1, held for 5 min.

2.4 Evaluation of DEHP bioavailability in soil

The bioavailability of DEHP was evaluated by measuring
the rapidly desorbing fraction of DEHP from soil using a
modified method of Ling et al. (2009). Briefly, 1 g of
contaminated soil was mixed with 11 mL of 0.01 M
CaCl2 solution in 20-mL glass centrifuge tubes. NaN3

(0.1%, w/v) was used to inhibit microbial growth. After
shaking the tubes at 150 rpm for 36 h on a reciprocal
shaker, the mixture was centrifuged at 4000g for 15 min
and 10 mL of the supernatant was extracted with 10 mL
hexane at 200 rpm for 1 h. Then, the hexane phase was
concentrated to 1 mL and analyzed using GC-MS as de-
scribed above. Tubes without soil under the same extrac-
tion procedure were included as blank controls.

2.5 Soil characterization

To determine soil pH, 5 mL deionized water was added to 2 g
fresh soil sample, which was kept by continuous shaking for
15min and left to settle for 30min (Rousk et al. 2009). The pH
value of the supernatant was measured using a pH meter
(Orion 5-star, Thermo Scientific, USA). Soil urease activity
was measured following a modified method of Kandeler and
Gerber (1988). In brief, 1 g fresh soil was incubated with
0.5 mL of urea (80 nM) for 2 h at 37 °C in the dark. The
production of ammonium was determined on a Shimadzu
UV-Vis 2700 spectrophotometer (Shimadzu, Japan) at
690 nm, and the activity was equivalent to NH4

+-N
(μg g−1 h−1). Soil laccase activity was determined using a
modified method of Bourbonnais and Paice (1990). In brief,
3 g fresh soil was extracted at pH 7.0, 25 °C in 6 mL 0.05 M
phosphate buffer for 20 min. After centrifugation at 4500g for
10 min, 0.15 mL supernatant (enzyme extract) was taken and
added into a tube which contained 2.55 mL citrate-phosphate
buffer at pH 5.0 and 30 mM ABTS. Laccase activity was
determined with a Shimadzu UV-Vis 2700 spectrophotometer
(Shimadzu, Japan) at 420 nm.
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2.6 Statistical analysis

The results were expressed as means ± one standard devia-
tions of three replicates on a dry weight basis, except for the
data related to the roots on day 15 (roots were pooled for
analysis). Statistical analyses including the analysis of vari-
ance (ANOVA) with a multiple comparison test (Tukey’s hon-
est significant difference test at p < 0.05) were performed
using SPSS Statistics 16.0 (IBM, USA).

3 Results and discussion

3.1 Dissipation behaviors of PAEs in two agricultural
soils

The dissipation of four commonly detected PAEs in Nanjing
yellow brown soil and Changshu gray fluvo-aquic soil
displayed the same pattern, following the order of DEP >
DiBP > DnBP > DEHP (Table 3). More than 93% of DEP
and DiBP were rapidly degraded in both soils within 42 days.
The degradation of DnBP was slightly slower, being 90.4% in
the yellow brown soil and 81.8% in the gray fluvo-aquic soil.
The degradation of DEHP was much slower than the other
three chemicals, 51.8% in the yellow brown soil and 29.7%
in the gray fluvo-aquic soil. The results are in accordance with
previous studies that long-chain PAEs are more difficult to
degrade than short-chain PAEs (Wang et al. 2000; Chang
et al. 2004) and the long-chain PAE DEHP can be persistent
in soil systems (Cartwright et al. 2000). This is probably be-
cause long-chain PAEs have lower water solubility or higher
hydrophobicity (thus a lower bioavailability) than short-chain
ones. The detection of short-chain PAEs such as DEP in soils
in many surveys (Chen et al. 2017) might be a result of con-
tinuous inputting and/or adverse biodegradation conditions
due to drought or low-temperature stress.

Biodegradation was the major route for PAE dissipation in
this study. Non-biological removal of PAEs (1.6–3.9%) was
shown to be negligible in both soils except DEP. Similar

results are found in the study by Xu et al. (2008) that DnBP
and DEHP removal in sterile soils was below 3% after 30 days
of incubation at 20–30 °C. In the present study, high DEP
removal (12.3–13.3%) was observed in sterilized soil, which
might be due to higher vapor pressure of DEP (Table 2).

Although partial degradation of PAE has been reported for
pure cultures (Engelhardt and Wallnofer 1978; Chatterjee and
Dutta 2008), no accumulation of reportedmetabolites of PAEs
(such as monoester phthalate, phthalic acid, protocatechuate,
and benzoic acid) was observed in biotic experiments (data
not shown), suggesting a complete degradation of PAEs in the
two soils. Considering the metabolic versatility of soil micro-
organisms, phthalate metabolites generated might have been
utilized rapidly.

3.2 Influence of SMS on DEHP dissipation

The gray fluvo-aquic soil had slower DEHP degradation rate
when compared with the other soil, and thus, the gray fluvo-
aquic soil was used to study whether SMS application was
helpful in the removal of DEHP. After the amendment of
SMS for 50 days, urease activity increased 1.54–3.51 times
(p < 0.05) compared with that in control microcosms (Fig. 1a).
The results was consistent with the report of Jia et al.
(2017).The application of non-sterilized SMS significantly
promoted soil laccase activity but not in sterilized SMS mi-
crocosms (Fig. 1b). The results demonstrated that SMS in this
study contained considerable extracellular ligninolytic en-
zymes but sterilization processes would make these enzymes
inactive. The observation of a decline in laccase activity from
0 to 50 days suggested that soil conditions were not favorable
for maintaining the activity of laccase or the growth of
laccase-producing fungi. Soil acidity is an important factor
affecting the availability of nutrients and organic pollutants.
In this study, soil pH increased after the addition of SMS
(Fig. 1c).

The amendment of SMS could accelerate DEHP dissipa-
tion. The results showed that only 12.4% of DEHP was de-
graded in the control soil after 25-day incubation (Fig. 1d).

Table 3 The total and abiotic removal of DEP, DiBP, DnBP, and DEHP in two agricultural soils. For each soil, data with the same lowercase letters
within each column are not significantly different (p < 0.05)

Soil location PAE spiking Total removal (%) Abiotic removal (%) Abiotic removal/total removal (%)

Nanjing DEP 97.7 ± 0.4 a 13.3 ± 1.9 a 13.6 ± 2.0 a

DiBP 95.4 ± 0.2 a 3.4 ± 0.9 b 3.5 ± 1.0 b

DnBP 90.4 ± 0.7 b 3.9 ± 1.1 b 4.3 ± 1.9 b

DEHP 51.8 ± 2.0 c 2.4 ± 0.5 b 4.7 ± 1.0 b

Changshu DEP 95.5 ± 0.6 a 12.3 ± 0.9 a 12.9 ± 0.9 a

DiBP 93.8 ± 0.5 a 2.5 ± 1.3 b 2.6 ± 1.4 b

DnBP 81.8 ± 2.3 b 1.6 ± 0.8 b 1.9 ± 1.0 b

DEHP 29.7 ± 2.3 c 2.6 ± 1.0 b 8.9 ± 3.5 ab
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Significantly higher degradation (21.3–22.9%) was found in
soils amended with 4% SMS (sterilized or non-sterilized).
However, no significant difference of degradation rates be-
tween control (29.0 ± 2.1%) and treatments (31.3–35.2%)
was found after 50-day incubation. The improved DEHP re-
moval in SMS-amended soils during early times might be
related to an increase in DEHP bioavailability (as shown in
Fig. 2), as a result of altered soil pH and dissolved organic
matter (DOM) content after SMS application. Previous studies
have shown that the adsorption of PAEs to soils decreases
with increasing solution pH (Yang et al. 2013), and DOM
from organic wastes can facilitate the transport of DEHP in
soil (de Jonge et al. 2002). In addition, increased microbial
activities and modified microbial communities (due to a bio-
stimulation effect of sterilized SMS or the biostimulation/

bioaugmentation effects of non-sterilized SMS) might be the
other reasons to enhance DEHP degradation in SMS-amended
soils. For example, García-Delgado et al. (2015) reported that
sterile SMS could efficiently stimulate the growth of soil na-
tive microorganisms due to an input of organic matter while
non-sterile SMS could also introduce PAH-degrading bacteria
into soil, leading to enhanced dissipation of PAHs under both
conditions. Similarly, enhanced dichlorophen dissipation was
found in the study of Jia et al. (2017), which was attributed to
soil microbial activities promoted by SMS amendment. In the
current study, the lack of a significant difference between ster-
ilized and non-sterilized SMS microcosms reflected a main
role of biostimulation in DEHP dissipation. In the present
study, there was no correlation between DEHP degradation
and soil laccase activity. This result was in conflict with the
study of Kim et al. (2008), in which PAE degradation by fungi
was closely related to laccase activity. In other researches,
esterase was suggested to play an important role in PAE deg-
radation (Hwang et al. 2012; Ahuactzin-Pérez et al. 2016).
However, the determination of esterase activity in soil samples
is still problematic and is not included in this study.

The beneficial effect of SMS on the degradation of DEHP
weakened over time, probably because the bioavailability of
DEHP became a limiting factor for biodegradation. The de-
sorption of DEHP decreasedmarkedly after 25-day incubation
in SMS-amended soil (Fig. 2). This could be explained by a
stronger sorption of DEHP onto soil through penetrating into
micropores of soil organic matter and minerals with increasing
contact time, and by a decrease in residual amount of DEHP
due to biodegradation. Similarly, García-Delgado et al. (2015)
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found that the bioavailable fraction of fluoranthene decreased
after an incubation for 63 days and the decrease was more
obvious in SMS-amended soils than in the control soil.

3.3 Influence of SMS on the dissipation of DnBP
and plant bioaccumulation

DnBP was used to study the fate of PAE in soil-plant systems,
as in soils DnBP is thought to be easier absorbed by plant roots
than DEHP which is more recalcitrant but less water soluble
(He et al. 2015). The gray fluvo-aquic soil from Changshu
was used. DnBP concentration showed no sufficient differ-
ence among the top soil, bulk soil, and rhizosphere soil on
each sampling day. After incubation for 15 days, the concen-
tration of DnBP decreased from 52.3 to <3 mg kg−1in all soil
samples (Fig. 3a). The degradation of DnBP in this experi-
ment was faster when compared with other studies. For exam-
ple, 60–70% ofDnBPwas removed from soils after 15 days of
incubation (Xu et al. 2008). The degradation of DnBP during
the latter 15 days was quite limited, and the residual DnBP
content was 1.38–2.02 mg kg−1 by the end of incubation

(Fig. 3b). This could be due to that the remaining DnBP had
very low bioavailability or the synthesis of degradative en-
zymes was not induced at low concentrations of DnBP. The
application of SMS in soils had little effect on the dissipation
of DnBP in this experiment. This is possibly because DnBP
degradation in the soil under investigation could occur rapidly,
requiring no additional fertilizer. On the other hand, the effects
of SMS on the degradation of organic pollutants may be
pollutant-dependent; thus, no benefit on the degradation of
DnBP was observed. Marín-Benito et al. (2012) reported that
the dissipation of four fungicides in soil was differently affect-
ed by SMS amendment. Compared to the unamended soil, the
amended soil had higher, lower, and similar degradation rates
for pyrimethanil, penconazole, and metalaxyl, respectively.

Bioaccumulation of DnBP was observed in bok choy in
this study. The concentration of DnBP in the shoot (3.66–
3.69 mg kg−1) was higher than that in the root (2.20–
2.86 mg kg−1) and in soils (1.99–2.22 mg kg−1) after growing
for 15 days (Fig. 3a). The concentrations of DnBP in the
shoots growing for 30 days were lower than those growing
for 15 days (Fig. 3b), which could be a result of plant
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Table 4 Contamination levels of PAEs in the greenhouse air (only three major PAEs are presented, accounting for 90% of total PAEs)

PAEs in air gas phase (ng m−3) PAEs in dust (μg g−1)

DiBP DnBP DEHP DiBP DnBP DEHP

Greenhouse air 1038.4 ± 181.8 422.0 ± 76.5 223.0 ± 53.3 132.4 ± 12.0 36.5 ± 7.2 565.1 ± 18.5
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metabolism. Zhang et al. (2017) also observed a lower PAE
concentration in bok choy at later growth stage than earlier
growth stage. Although it was reported that biochar amend-
ment decreased PAE accumulation in bok choy (He et al.
2016), SMS application appeared to have no effect on the
uptake of DnBP by bok choy in this study. One possible rea-
son could be that SMS did not cause a significant decrease in
the bioavailable fraction of DnBP while biochar could immo-
bilize soil PAE by strong adsorption.

Figure 3a shows that high concentration of DnBP was de-
tected in the shoot (3.22–3.47 mg kg−1) and root (2.09–
2.31 mg kg−1) in the control experiment with no DnBP spiking.
The results suggested that atmospheric DnBP was the main
source of DnBP in bok choy in this study, and thus, soil condi-
tioners had less effects on plant bioaccumulation. The concen-
tration of DnBP in air was 422.0 ± 76.5 ng m−3 (Table 4), and
the total air concentration of DiBP, DnBP, and DEHP in the
greenhouse was 1683 ng m−3, which was much higher than that
in the open air near the greenhouse (< 90 ng m−3). There were
plastic pots/buckets/trays in the greenhouse, which can release
PAEs to the atmosphere (Li et al. 2016), and studies have shown
that plants can take up vapor-phase PAE (Dueck et al. 2003).

Analysis of other PAEs showed that vegetables grown in
soils with or without DnBP spiking had similar PAE profiles
and concentrations, and PAE concentrations in bok choy was
not affected by SMS amendment during a 30-day cultivation
period (Table 5). This further indicates that PAE uptake in plant
was primarily through PAEs in air. There have been reports
showing that no linear correlation exists between vegetable
and soil PAE concentrations in greenhouses (Wang et al.
2015; Chen et al. 2017), which suggest PAEs in air are impor-
tant contamination sources for PAEs in plants. In addition,
Wang et al. (2010) reported that DEHP contents in five different
vegetables were positively correlated with DEHP levels in air,
indicating that atmosphere deposition was the principal path-
way for DEHP accumulation in these vegetables. Although in
other studies PAE concentrations in vegetables have been
found to positively correlate with soil contamination levels
(Zeng et al. 2006; Cai et al. 2008), the residual concentrations
in soil were as high as 16.6mg kg−1, which weremore than five
times as those in this research. It seems that in soils with high
PAE concentrations and low dissipation rate, the contribution
from soil PAEs to plant bioaccumulation would be higher.
However, in greenhouses where plastic films and pots are wide-
ly used, PAE exposure through the atmosphere cannot be
neglected, and the efficiency of using soil conditioner to mini-
mize PAE accumulation in vegetables needs to be verified.

4 Conclusions

This study showed that the degradation of four common PAEs
in two agricultural soils was mainly through a biological

process, and DEHP could be persistent in soil. When utilized
as a soil conditioner, SMS improved soil enzyme activities
and accelerated the dissipation of DEHP within 25 days.
When soil DnBP levels were low, air deposition was the main
source of DnBP in bok choy and SMS amendment had little
effect on DBP accumulation in bok choy. The shoot tended to
accumulate more PAEs than the root, which was proposed due
to plant uptake through atmosphere. This work provided use-
ful information for controlling PAE contamination in soil and
plant.
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