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Abstract This study (i) investigated the concentration levels
of nine phthalates and bisphenol A (BPA) in sludge samples
originating from a French wastewater treatment plant
(WWTP), (ii) studied the distribution of target compounds
according to soil depth and calculated their half-lives, and
(iii) compared the contamination level of the agricultural soil
with those of soils with other land uses. The sludge contami-
nation levels varied from a few hundred nanograms per gram
dry weight (dw) for diethyl phthalate (DEP), di-iso-butyl
phthalate (DiBP), di-n-butyl phthalate (DnBP), and butyl-
benzyl phthalate (BBP) to a few micrograms per gram dw
for diethylhexyl phthalate (DEHP), di-iso-nonyl phthalate
(DiNP), and di-iso-decyl phthalate (DiDP). After sludge ap-
plication, an 8-fold increase for DEHP level and a 3-fold in-
crease for BPA level occurred in the surface horizon of the
soil. The mean distribution of phthalates according to the
depth showed a positive gradient for the lowmolecular weight
compounds and inversely, a negative gradient for the highest
ones. The half-lives in the 0–20-cm soil horizon were 64 days
for DEHP and 36 days for BPA. A predictive environmental
concentration (PEC) of 0.3 μg g−1 dw was estimated for
DEHP, while the experimental value was 0.16 μg g−1 dw, sug-
gesting degradation processes in soil and/or formation of non-
extractable residues. Comparisons of contamination levels for
soils from different origins (urban, rural, agricultural, and for-
est) showed that the urban soil remained the most contaminat-
ed one, prior to the agricultural soil after treatment.

Keywords BPA . Phthalates . Agricultural soil . Sewage
sludge

Introduction

The continuous contamination of the environment arising
from man-induced activities leads to a chronic exposure of
the biota to a number of xenobiotic molecules. Among them,
phthalates and bisphenol A (BPA), commonly used as plasti-
cizers, are believed to exert endocrine-disrupting effects.

Indeed, phthalates have numerous applications in everyday
life, such as automotivemanufacturing, coatings for floors and
walls, medical equipment, medicines, food packaging, and
cosmetics (German Federal Environment Agency 2011).
The diethylhexyl phthalate (DEHP) may reach up to 50 % in
polyvynil chloride (PVC) composition, and as it is not chem-
ically bound to the polymer, it can be easily released in the
environment during PVC production as well as end-product
use, storage, or degradation (Heudorf et al. 2007). BPA is an
essential ingredient for polycarbonate production, and con-
trary to phthalates, it is chemically bound to the polymer.
However, that polymer displays limited resistance: hydrolysis
occurs at high temperatures (over 500 °C) or under basic con-
ditions (pH over 8) (Biedermann-Brem and Grob 2009).

Phthalates and BPA are known to compete with endoge-
nous hormones through binding to their specific receptors or
damaging their synthesis and metabolism (Craig et al. 2011).
Exposure to these compounds was associated with altered
hormone levels, reproductive adverse effects (particularly
male fertility), precocious puberty, increased incidence of
chronic disease, and possible role in cancer development
(Meeker 2010).

The transfer and the fate of phthalates and of BPA are
determined by their physicochemical characteristics. Indeed,
volatility and solubility in water decrease significantly with
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increasing length of the phthalate alkyl chains. The low water
solubility and the high Kow values for high molecular weight
phthalates might lead to their strong adsorption upon organic
matter and particles (Cousins et al. 2003; Fernández et al.
2012). These compounds are frequently detected at high levels
in wastewaters from municipal and industrial sources as well
as in final sludge fromwastewater treatment plant (WWTP) in
many countries such as Austria, Canada, and Spain
(Fürhacker et al. 2000; Lee et al. 2004; Höhne and Püttmann
2008; Sanchez-Avila et al. 2009).

The land application of treated sewage sludge is the option
favored internationally for sludge management as it contrib-
utes positively to the recycling of nutrients. The current regu-
lation for agricultural application of sewage sludge in France
(Decree 97-1133) authorizes a maximum of 30 t of dry matter
per hectare every 10 years. A limit value for the DEHP con-
centration of 100 mg kg−1 in sludge for use on land was
proposed by a working committee of the European Union
(Working document on sludge, third draft, 27 April 2000).

In France, a predictive environmental concentration (PEC)
in agricultural soils after sewage sludge application, of
2.6 mg kg−1 dry weight for DEHP, was estimated from the
EUSES model (EUR 23384 EN/2 2008), but no PEC data are
available for BPA. However, the BPA behavior after addition
of biosolids to soil under laboratory conditions or land appli-
cation was investigated in Australia, showing that the use of
laboratory experiments to predict its field persistence may
greatly overestimate the degradation rate and inaccurately pre-
dict its dissipation (Langdon et al. 2011a, 2012). Thus, the
fates of phthalates and BPA in soil after sludge application
need to be monitored under field environmental conditions
because of their potential migration toward surface water
and groundwater or uptake by plants.

Our purpose was first to determine contamination levels for
phthalates and BPA, in sewage sludge from a WWTP receiv-
ing wastewaters from domestic and hospital origins. Next, we
investigated the fate of phthalates and BPAwith time and soil
depth, after the sewage sludge application upon an agricultural
soil. Last, we compared the contamination of the agricultural
amended soil with those of soils from different origins: urban,
rural, and forestry.

Material and methods

Sampling location

The agricultural plot studied (X 48° 56′ 58.57″, Y 2° 9′ 00.4″)
was located in a rural area close to Fontenay-les-Briis
(Essonne, France) (Appendix 1). The WWTP of Fontenay-
les-Briis treated wastewaters of domestic (60 %) and hospital
(40 %) origins. The plant equipped with a combined tank
(decantation and activated sludge) treated 157,000 m3 of

wastewaters per year, corresponding to 5000 equivalent in-
habitants, by biological processes and produced 32 t of sludge
in 2010. The treatment capacity was 350 kg day−1 for the
suspended matter, 300 kg day−1 for the DBO5, 75 kg day−1

for the reduced nitrogen (NK), corresponding to wastewater
flow of 1000 m3 day−1. The hydraulic retention time (HRT)
was of 0.835 day−1. The wastewater flow entering the WWTP
ranged from 270 to 532 m3 day−1 for the 2010 to 2011 period
and never exceeded the maximal treatment capabilities. The
mean annual decrease between inputs and output for biologi-
cal oxygen demand (BOD5), chemical oxygen demand
(COD), NK, total nitrogen, and phosphorus were of 84, 95,
88, 83, and 65 %, respectively.

Sludge was formed by settling processes of suspended par-
ticles, the removal efficiency for the suspended matter ranging
from 82 to 96 %. Sludge was then stored in anaerobic condi-
tions, into a silo of 83m3, then dried on sand beds (6×100 m2)
and stored under cover for up to a year before spreading on
agricultural plots near the WWTP. Sludge samplings were
carried out from the WWTP storage area and kept at −18 °C.

Soil samples were collected from the agricultural plot be-
fore spreading to determine the background contamination
level. Then, four successive sampling campaigns were con-
ducted in 2010–2011 after a single sludge application, accord-
ing to the sampling timing presented in Appendix 2. The last
campaign was realized post ploughing. Four soil horizons (0–
20, 20–40, 40–60, and 60–80 cm) were sampled with a
ground auger. The maximum depth was limited to 80 cm,
due to the presence of a surface aquifer beyond this depth.
The samples were stored at −18 °C. A mean pooled sample
was made from four samples distributed throughout the agri-
cultural plot to be more representative of the soil quality. The
agricultural work corresponded to ploughing until about
25 cm from the surface.

A second series of sampling was conducted in 2012 from
the surface horizon (0–20 cm) only, to compare agricultural
with non-agricultural soils: forest (Fontenay-les-Briis), urban
(Paris 5th and Paris 13th, 20,000 inhabitants km−2), and rural
(Doue, Seine-et-Marne, 1029 inhabitants, 50.3 inhabitants
km−2) (Appendix 1).

Chemicals and reagents

Solvents for cleaning and extraction purposes were supplied
by Merck-Chimie (Fontenay-sous-Bois, France). Superclean
LC-Florisil (6 mL/1 g) cartridges for solid-phase extraction
(SPE) cleanup were bought from Sigma-Aldrich (Saint-
Quentin Fallavier, France). Mobile phase for GC/MS, helium
and nitrogen (99.999 %), were purchased from Air-Liquide
(Paris, France). Mobile phase for LC/MS/MS was prepared in
the laboratory with methanol and ultrapure water from aMilli-
Q system.
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A standard solution of six phthalates in isooctane (dimethyl
phthalate (DMP), diethyl phthalate (DEP), di-n-butyl phthal-
ate (DnBP), butyl-benzyl phthalate (BBP), diethylhexyl
phthalate (DEHP), di-n-octyl phthalate (DnOP)) was pur-
chased from Supelco (via Sigma-Aldrich). Di-iso-butyl
phthalate (DiBP) and di-iso-nonyl phthalate (DiNP) were
added to the mixture of six standards at the final concentration
of 8 μg mL−1 in isooctane, and di-iso-decyl phthalate (DiDP)
at the final concentration of 4 μg mL−1 in isooctane. Dipentyl
phthalate (DPP) (Supelco) was used as internal standard (IS)
and benzyl benzoate (Supelco) as surrogate standard (SrS).

BPA (98 % purity assay) was obtained from Sigma-Al-
drich, and a solution of 2 μg mL−1 was prepared in methanol.
BPA D16 from Supelco was used as IS for BPA determination.

Sample extraction

Soil and sludge samples were freeze-dried for 3 days. Then,
they were homogenized and sieved (1 mm) and aliquots of 2 g
were weighted. The samples were spiked with ISs (BPA-D16

1.15 μg; DPP 4 μg in isooctane) in 40 mL centrifuge glass
tubes and then extracted with 15mL of a mixture of hexane 50
vol/acetone 50 vol in a Bransonic 2510 ultra-sonic bath
(VWR) for 20 min. Extracts were centrifuged (2 min at 900
g), and supernatants were collected. This procedure was per-
formed two times, and both extracts were combined before
concentration to 500 μL under nitrogen stream.

Laboratory blanks were realized for each series (one blank
for six samples) with 20 mL of hexane 50 vol/acetone 50 vol
in centrifuge glass tubes that followed the same procedure
steps as samples.

Fractionation and cleanup procedures

The extracts were passed through Florisil cartridges for
phthalates and BPA fractionation and for cleaning. Solvent
mixtures with increasing polarity were used: hexane 80 vol/
diethyl ether 20 vol (2×5 mL) for the phthalate fraction,
followed by methylene chloride 95 vol/methanol 5 vol (2×
5 mL) for the BPA fraction.

Phthalate fractions were concentrated under nitrogen stream
to a volume of 400μL and then transferred into vials for analysis.

BPA fractions were collected and evaporated to dryness
under a nitrogen stream. The residues were dissolved into
400 μL of the mobile phase methanol/water (40 vol/60 vol)
and filtered through centrifugal filters (0.2 μm, 500 μL—
VWR, USA).

Analytical conditions

BPAwas quantified by LC/MS/MS with an Agilent 1200 LC
device MS/MS Series G6410B equipped with an Agilent
Zorbax Eclipse XDB-C18 column (L 50 mm, Ø 4.6 mm,

porosity 1.8 μm) under a water/methanol mobile phase (Ap-
pendix 3). The source was in ESI negative mode (N2 350 °C;
gas flow 660 L/h; capillary 4000 V), and the MS parameters
are presented in Appendix 3.

Phthalates were analyzed by GC/MS with a 7890 A GC
coupled to a 5975 A MS (Agilent Technologies, Massy,
France). The specific conditions were as follows: column
ZB-7HG, 30m, 250μm ID×0.25μm film thickness; detector,
electronic impact, 70 eV; vector gas helium 1 mL min−1 (IC
quality, Air Liquide). The injector heated at 290 °C was in
split less mode and the injection volume was 1 μL. The oven
program was as follows: 50 °C for 1 min, then 30 °C/min to
280 °C, then 15 °C/min to 310 °C for 4 min. Benzyl benzoate
was used as syringe compound. MS parameters are presented
in Appendix 4.

Quantification was carried out by calculating a response fac-
tor for each compound relative to its corresponding IS and
concentrations were obtained using a linear regression analysis
of relative responses versus relative concentrations. The cali-
bration curve was linear inside the range 20 to 20,000 pg (r>
0.997) for BPA and 31 to 8,000 pg (r>0.998) for phthalates.

The limits of detection (LODs) were considered, from a
standard solution of phthalates (125 ng mL−1) and of BPA
(20 ng mL−1), as quantities with a signal/noise ratio of 3 peak
to peak (Appendix 5). The limits of quantification (LOQs)
were determined with 2 g of soil samples spiked with
1000 ng of phthalates and 100 ng of BPA (n=3). The LOQs
corresponded to concentrations of a signal/noise ratio of 9
peak to peak (Appendix 5). Recoveries from the spiked soil
matrix ranged from 55 to 160 % depending on the compound.
Sample measurements were corrected by the concomitant pro-
cedural blank values (Appendix 5).

Results were expressed as micrograms per gram dry weight
for phthalates and nanograms per gram dry weight for BPA.
Phthalates were given as individual compounds or Σ9
phthalates.

DEHP and BPA half-lives were estimated from the linear
regression of their concentrations in the 0–20 cm soil horizon
for the period from March 2011 (after sludge spreading) to
July 2011.

Results and discussion

Sludge contamination

Phthalate and BPA contents in the sewage sludge varied de-
pending on their physicochemical properties and the charac-
teristics of the wastewater contamination. BPA and phthalates
were found except DMP because of its high water solubility
(Fig. 1) and less uses as compared to phthalates of high mo-
lecular weight. DEHP, DiNP, and DiDP were strongly trapped
in the sludge related to their high log Kow. The phthalate levels
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varied from a few hundred nanograms per gram dw for DEP,
DiBP, DnBP, and BBP to a few micrograms per gram dw for
DEHP, DiNP, and DiDP, corresponding to relatively low con-
tamination levels of sludge compared to WWTP from other
countries. Indeed, in a town from UK (11,000 inhabitants),
Oliver et al. (2005) found higher DEP and DEHP levels of,
respectively, 1.6 and 30μg g−1 dw, in sludge from a combined
primary sedimentation tank and humus tank that were
thickened in a sludge settlement tank. Also, in Finland,
Marttinen et al. (2003) reported for a WWTP treating 74,
000 m3 day−1 by sedimentation combined to biological pro-
cesses, DEHP contents in the treated sludge of 163 μg g−1 dw.
The DEHP removal efficiency was of 94 %, the main removal
process being sorption to primary and secondary sludge. Last,
inWWTPs using conventional activated sludge in China, con-
centration values in final sludge ranged from 0.004 to 2 μg g−1

dw for DMP, from 0.01 to 11 μg g−1 dw for DEP, from 0.006
to 3.7 μg g−1 dw for DnBP, from 0.023 to 35 μg g−1 dw for
BBP, from 4 to 108 μg g−1 dw for DEHP, and from < LQ to
6.6 μg g−1 dw for DnOP (Cai et al. 2007).

We found very low BPA contents (<1 ng g−1 dw) in sludge,
which is related to poor particle adsorption and high biodegra-
dation of this compound in theWWTP (Tran et al. 2015). In the
same way as phthalates, BPAvalues were in the lower range of
concentrations from 0.1 to 3.2×107 ng g−1 dw encountered at
global scale (Flint et al. 2012). Langdon et al. (2011b) reported
that BPA concentrations were significantly lower in sludge
from WWTPs using predominantly aerobic treatment than an-
aerobic treatment. Mass balance experiments in a pilot plant
showed that more than 99 % of BPAwere removed by aerobic
biodegradation at steady state (Press-Kristensen et al. 2008).
BPA degradation by aerobic activated sludge could be de-
scribed by a first-order reaction equation with a constant deg-
radation rate of 0.80 h−1 at 20 °C (Zhao et al. 2008).

Agricultural soil contamination

Fate of the plasticizers over time

Mean contents of DEHP and BPA in agricultural soils are
shown on Fig. 2. Contaminant levels in soil before sludge
spreading were very low with a maximum value of
29 μg kg−1 dw for DEHP and under LOQ for BPA. The

phthalates distribution was dominated by the low molecular
weight compounds like DEP, DiBP, and DnBP (Fig. 3). Plas-
ticizer inputs to soils could occur mainly from bulk atmo-
spheric deposition and surface runoff. After spreading, the
mean phthalate profiles in soil and sludge were similar, with
a clear enrichment in high molecular weight phthalates in soil
(Figs. 2 and 3). The main compound was DEHP, with the
following sequence: DEHP > DiNP > DiDP > DiBP > DnBP.
In sludge-amended soils from Denmark, DEHP and DiNP
were the most abundant phthalates and with concentrations
similar to ours (VikelsØe et al. 2002). In agricultural soils
from the Czech Republic, higher levels of DBP and DEHP,
respectively, of 0.3 and 10.3 mg kg−1 dw were reported
(Zorníková et al. 2011).

An 8-fold increase of DEHP (from 29 to 242 µg kg−1 dw)
was found in the surface horizon of the soil after sludge
spreading. A time variation, corresponding to a 2-fold de-
crease was observed from spring to summer. Similarly, a sharp
DEHP increase (10-fold) was observed in experimental maize
crop fields from France during the period of sewage sludge
spreading (Patureau et al. 2007).

Very low BPA levels were found in all samples, ranging
from < LOQ to 79 ng kg−1 dw. A 79-fold increase of BPA
content was observed in the surface horizon after sludge
spreading (from < LOQ to 79 ng kg−1 dw). In the surface
horizon (0–10 cm) of agricultural soil collected in Spain,
higher BPA levels, ranging from 0.7 to 4.6 μg kg−1 dw, were
found (Sánchez-Brunete et al. 2009).

In September 2014, while sampling was performed after soil
tillage, we observed in the surface horizon a 55-fold increase of
BPA contents and a 3.7-fold increase of phthalate contents
(Fig. 2). In the same agricultural soil, the behavior of antibiotics
showed a similar phenomenon, i.e., the oldest amended plots
displayed the highest antibiotic levels (Dinh 2012).

The homogenization of agricultural soil by ploughing
could lead to a release of bound residues resulting in an in-
crease of plasticizer contents in the different soil horizons. The
mean content taking in account the four horizons was of
134 μg kg−1 dw after spreading against 162 μg kg−1 dw after
ploughing for DEHP. On the contrary, for BPA, the content
was higher after spreading (25.5 ng kg−1 dw) than after
ploughing (16.0 ng kg−1 dw) corresponding to a lower stabil-
ity of this compound in the agricultural soil, compared to

Fig. 1 Mean levels of phthalates
(μg kg−1 dw) and of BPA
(ng kg−1 dw) in the sewage
sludges from the WWTP of
Fontenay-les-Briis
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DEHP. A rapid dissipation of 14C-BPAwas observed in vari-
ous soils tested in laboratory experiments, suggesting that soil
microorganisms capable of transforming BPAwere ubiquitous
in the terrestrial environment (Fent et al. 2003).

The formation of bound residues, classically described for
pesticides, is usually associated with organic matter and bio-
logical activity but very few information about their remobi-
lization are available (Barriuso et al. 2008). Patureau et al.
(2007) hypothesized the formation of bound residues of
DEHP to explain its persistence in the soil. Laboratory soil
experiments conducted with 14C-BPA showed a strong affin-
ity of BPA to the soil matrix mainly by rapid formation of
bound residues (Fent et al. 2003). Thus, fragmentation and
aeration of agricultural soil by tillage could lead to release
bound residues of BPA and phthalates adsorbed to clay sheets
or bacteria as already described for pesticides (Barriuso et al.
2008). Further parameters such as soil hygrometry can play a
part during the compound release. Heavy rains during the
period previous the post tillage sampling (Appendix 2) could
contribute to BPA desorption because of its high aqueous
solubility (300 mg L−1). Adsorption of BPA is generally re-
versible, and desorption occurs quickly and is completed after
few desorption steps (Loffredo and Senesi 2002).

Distribution of the plasticizers relative to depth

The phthalate distribution into the different horizons of the
soil (Fig. 4) showed that for the high molecular weight com-
pounds, the highest contents were in the surface horizon (0–

20 cm). Similar profiles were observed for DEHP and DnBP
in low sludge-amended soil and meadow soil of Denmark
(VikelsØe et al. 2002). Phthalate compounds with high Kow

presented low mobility through the soil due to their trend to
adsorb upon particles particularly in the surface horizon
enriched in organic matter after sludge spreading. Moreover,
the log Koc of phthalates, ranging from 5.5 to 6.8, was in favor
of their trap to the organic matter. In contrast, the low molec-
ular weight phthalates (DMP, DEP, DiBP, and DnBP) were
also the most mobile and consequently, these compounds
were more abundant in depth.

BPA was also encountered in the surface horizon with a
higher level than in the depth, which might be partly explained
by its high log Koc ranging from 2.7 to 3.1 (Ivashechkin et al.
2004). Indeed, laboratory experiments upon the BPA adsorp-
tion in soils indicated a low mobility of that compound (Fent
et al. 2003).Moreover, BPAwas not detected in the soil during
the summer period (July 2011) probably related to a higher
biodegradation under warm temperatures.

The agricultural soil characteristics, determined for the 0–
30-cm horizon and the 50–80-cm horizon, showed a general
clay loam nature (Table 1). The surface horizon was charac-
terized by the highest levels of organic matter as well as or-
ganic carbon related to sludge application (Table 1). Also,
sands and coarse silts were higher in the surface horizon,
while clays displayed an inverse distribution.

Sorption processes may occur on the solid phase of soils
(Von Oepen et al. 1991) and also on the dissolved organic
matter (Spark and Swift 2002), the compound retention
resulting to adsorption mechanisms at the surface of particles
and migration processes inside aggregates (Pignatello 1999)
by diffusion through nanopores (Wauchope et al. 2002). The
structure (particle size), the nature (clay, silt), and the organic
matter content of soil influence the transfer of organic com-
pounds. VikelsØe et al. (2002) observed a maximal DEHP
retention in soils with visible clay in the upper layers. More-
over, the intensity and the nature of interactions with the or-
ganic fraction varied, depending on its composition and on the
chemical properties of the molecules. The mineral fraction in
clays also contributes to that retention (Vischetti et al. 2010).
The top horizon of agricultural soil enriched in organic matter
during sewage sludge spreading may thus have a retention
capacity greater than that of the deep horizon, the potential

Fig. 2 Variations of DEHP
(μg kg−1 dw) and BPA
(ng kg−1 dw), according to the
agricultural treatments, in four
different horizons of the enriched
soil

Fig. 3 Phthalate compound distribution (as % of the total) in the 0–20-
cm soil horizon, before and after spreading, and in the sewage sludge
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of phthalate adsorption for a soil being correlated to its organic
matter content (Rhind et al. 2013; Niu et al. 2014).

Thus, despite the fact that adsorbent materials like clays or
silts with small particle size were more abundant in the depth,
the proportion of organic matter at the soil surface appeared to
be the major factor controlling the contaminant migration
through the soil.

Plasticizer half-life estimations in the agricultural soil

ADEHP half-life of 64 days (r=0.998) from its disappearance
in the 0–20-cm soil horizon was estimated. This is consistent
with the range from 42 to 126 days provided in the literature
for 90 % degradation time of DEHP adsorbed to humus or
clay (Erhardt and Prüeß 2001). DEHP was recalcitrant in soil,
because of a poor bioavailability only 10 % degraded by
70 days at 20 °C (Cartwright et al. 2000).

A value of 36 days (r=0.88) for BPA confirmed our obser-
vation of higher biodegradability for this compound than for
phthalates. Langdon et al. (2011a) found BPA half-fives rang-
ing from 18 to 102 days in soil under laboratory conditions.
Ying and Kookana (2005) showed that although BPA degrad-
ed rapidly in the soil within 7 days under aerobic conditions,

little or no degradation was noted under anaerobic conditions,
during a study of 70 days. Moreover, BPA removal rates of
only 35 % were found during sludge anaerobic digestion (Sa-
maras et al. 2013). However, in this study, in the surface ho-
rizon corresponding to aerobic conditions, the presence of a
recalcitrant fraction due to non-reversible sorption of BPA
following the application of sludge could explain our half-
life result. Indeed, Langdon et al. (2012) estimated the forma-
tion of a recalcitrant BPA fraction of 23 % of its initial
concentration.

Plasticizers predictive environmental concentrations
in the agricultural soil

Regulation relative to the spreading of sewage sludge in
France (Decree 97-1133) authorizes a maximum application
rate of 30 t of dry matter per hectare every 10 years. From this
value, a predictive environmental concentration in the agricul-
tural soil (PEC soil) was calculated from the DEHP level
determined in the sewage sludge.

PECsoil μgg−1
� � ¼ C1*� Q1

V*� D

C1 DEHP concentration in the sewage sludge as
micrograms per gram dry weight (C1=33 μg g−1 dw)

Q1 Amount of sludge brought to the agricultural soil as
grams per square meter (Q1=300 g m−2)

V Volume of dispersion in the surface horizon (0–20 cm)
of the soil corresponding to an area of 1 m2 (V=0.02 m3)

D Density of the surface horizon soil (D=1.67×106 as g
m−3, Table 1)

Therefore, the PEC for DEHP was 0.3 μg g−1 dw. On the
other hand, the experimental value measured in the amended
soil was 0.16 μg g−1 dw, suggesting the occurrence of a sig-
nificant DEHP degradation or the formation of non-
extractable residues as related for pesticides by Barriuso
et al. (2008).

Fig. 4 Mean levels (n=4) of
phthalates (μg kg−1 dw) and of
BPA (ng kg−1 dw) at different
horizons of the enriched
agricultural soil

Table 1 Soil characteristics

Horizon

0–30 cm 50–80 cm

Density (g cm−3) 1.67 1.78

Granulometry (g kg−1)

Clays (<2 μm)
Fine silts (2/20 μm)
Coarse silts (20/50 μm)
Finesands (50/200 μm)
Coarse sands (200/2000 μm)

172
221
325
239
43

323
277
275
107
18

Volatile matter at 550 °C (g/100 g) 4.4 4.9

Organic matter (g kg−1) 18.2 6.5

Organic carbon (g kg−1) 10.5 3.8
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Our values remained lower than the PEC of 2.6 μg g−1 dw
given by the UESESmodel (European Union Risk Assessment
Report CAS No. 117-81-7) for agricultural soils amended with
sewage sludge (EUR 23384 EN/2, 2008). This PEC was esti-
mated from themodel EUSES for DEHP in agricultural soils on
the basis of the following contributions: 2.5 % by the produc-
tion, 2.5 % by industrial employment, 32 % by employment of
finished products, and 63 % by waste treatment.

Comparison between agricultural and non-agricultural soils
(urban, rural, and forestry)

We investigated four different soils characterized by
contrasted land uses: urban, agricultural, and forest
(Appendix 1).

Phthalate and BPA contents in the soils are presented in
Table 2. The urban soil displayed the highest contamination
level before the agricultural soil even after the sewage sludge
application, the sequence being as follows: urban > agricul-
tural > rural > forest. The total phthalate contents in the urban
soil (1089 ng g−1 dw) were 2.7 times higher than in the agri-
cultural one (407 ng g−1 dw), 7 times than in the rural one
(154 ng g−1 dw), and 18 times higher than in the forest one
(60 ng g−1 dw). Indeed, phthalate in soils might have several
origins, mainly local sources for urban soils as described by
Zeng et al. (2009) and sewage sludge application or agricul-
tural uses of plastic films for agricultural soils (Cai et al.
2008). The low levels encountered in rural and forest soils
can be explained by land use and remoteness of the sources.

Phthalate distribution showed that DEHP was predominant
and that DMP and DnOP were the less abundant compounds,
whatever the soil characteristics. Very few literature data for
European soils were available. In soils collected throughout
Scotland over a 3-year period, DEHP levels ranged from 25 to
1596 ng g−1 dw but with no consistent effects of soil or veg-
etation or distance from urban centers and possibly related to
atmospheric deposition and to soil organic content (Rhind
et al. 2013). An increasing gradient of phthalate levels was
shown between rural and urban soils in China, but with one to
two orders of magnitude higher than our contents (Hongjun
et al. 2013).

BPA was found at lower levels as compared to phthalates
(<10 ng g−1 dw) but with the same sequence of soil contam-
ination (rural > agricultural > rural > forest). No data were

available for BPA at global scale for comparison of contami-
nation levels between soils with different land uses because
that compound was considered as poorly persistent in the
environment.

Conclusion

An important route for plasticizer entry to terrestrial environ-
ments is via application of sewage sludge as fertilizers. This
study that deals with the simultaneous investigation of two
current plasticizers in sewage sludge and soils from different
origins in France brings new information about their behavior
in different soil horizons which depend of degradation, min-
eralization, and adsorption-bound residue formation process-
es. High discrepancies of phthalate and BPA levels, depending
on land uses and agricultural practices, were underlined.

Our field experiments indicate that the compound distribu-
tions, in the amended soil, follow the same trend as in the
sludge. The variations of contaminant levels depend on their
physicochemical properties, which control their adsorption
and their transfer toward soil depth.

Considering their contents in sludge and soil, it appears that
whatever the degradability range of the target compounds,
they might have long-term effects in soil if high amounts were
spread. The global production levels for those two types of
plasticizers are similar: about five million tons per year. How-
ever, the risk to dispersion in the environment seems to be
lower for BPA chemically bound to polymer, contrary to
DEHP.

The low levels of BPA in sludge related to its water solu-
bility and potential biodegradation in WWTP limit its transfer
into the environment. However, the question of plasticizer
transfers from amended soil toward the atmospheric compart-
ment via volatilization and toward the surface water via runoff
or the groundwater via percolation remains of current concern,
especially considering the potential release of bound residues.

In that context, the monitoring of plasticizers in sludge and
agricultural soil might participate to improvements of the reg-
ulation that recommends maximum levels of contaminants in
sludge for land application.
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Table 2 Phthalate and BPA levels (ng g−1 dw) in the horizon 0–20-cm depth for forestry, agricultural, rural, and urban soils (03/30/2011)

Soil type Site DMP DEP DiBP DnBP BBP DEHP DnOP DiNP DiDP ∑Phthalates BPA

Forest (n=1) Fontenay-les-Briis 0.02 1.44 17.3 5.2 <LOQ 27.4 <LOQ 8.2 <LOQ 60 0.08

Rural (n=1) Doue 1.0 4.7 2.6 4.0 0.39 121 3.5 3.3 13.5 154 0.31

Agricultural (n=1) Fontenay-les-Briis <LOQ 7.5 38.9 9.6 1.3 242 <LOQ 67.4 40.2 407 0.42

Urban (n=2) Paris 1.25 93 21.5 92.5 2.6 310 3.4 500 65 1089 3.4
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