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ABSTRACT

Application of sewage sludge to agricultural land may
be beneficial because it can improve the physical, chemical
and biological properties of soils but it may also introduce
organic pollutants in soils which could have adverse ef-
fects on wildlife and human health if these compounds
enter food chain. The present study aims at evaluating the
potential transfer of phthalates from biosolids to tomato
plants (Lycopersicon esculentum) in a greenhouse experi-
ment. Four phthalates were studied simultaneously: di-
methylphthalate, diethylphthalate, dibutylphthalate and
di(ethyl)hexylphthalate. Two types of experiments were
carried out: aquiculture (hydroponic conditions) and soil
culture. Aquiculture experiments involved (1) addition of
phthalates as pure substances to the plant growth solution
and (2) addition of filtrate from wastewater treatment plant
biosolids to the plant growth solution. Soil experiments
were carried out testing biosolid from three different origins
and treatments (dried biosolids from municipal wastewater
treatment plant, biosolids from municipal wastewater
treatment plant composted with green wastes and dehydrated
biosolids from industrial wastewater treatment plant) with
application rate at 30 t.ha™'. Phthalates were quantified
by high resolution gas chromatography coupled with a
low resolution mass spectrometer in single ion monitoring
mode into roots, sap, leaves and fruits. The results clearly
show a difference in behaviour of phthalates according to
the part of the plant and kind of experiment. Two transfer
pathways were identified: (1) uptake by roots and translo-
cation (2) foliar uptake of vapour from surrounding air.
The concentration of phthalates varied from non quantifiable
to 174 mg kg dry matter in roots, from non quantifiable to
24 mg.kg 'dry matter in leaves and from non quantifiable to
6.5 mg.kg'ldry matter in fruits. Di(ethyl)hexylphthalate
concentration in tomato plant was positively correlated
with levels in the biosolids. Compared to the control,
application of biosolids resulted in increases concentration
of phthalate in plant. However, transfer percentage of
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di(ethyl)hexylphtalate in fruits were less than 1% even in
an experiment designed to maximize transfer.

KEYWORDS: Endocrine disrupting chemicals, Transfer, Plant,
Sewage sludge, Di(ethy)hexylphthalate

1 INTRODUCTION

Application of sewage sludge to agricultural land may
be beneficial because it can improve the physical, chemical
and biological properties of soils which may enhance crop
growth [1]. Indeed, sludge application enables to recycle
nutrients and to restituate organic matter to soils in order
to prevent over-exploitation of agriculture. In addition the
use of sludge as a fertilizer would decrease the amounts of
chemical fertilizers needed in agriculture and supply mi-
cro-nutrients which are not commonly restored in routine
agricultural practice. While it encourages the use of sew-
age sludge, the EU Directive 86/278/EEC regulates its use
to prevent harm to the environment. Limit values for con-
centrations of organic compounds in sludge were suggested
in the third draft of the “Working paper on sludge” [2].

Each year, millions of tons of phthalates esters are
produced in the world for the manufacture of a wide vari-
ety of common consumer goods. Their increasing pres-
ence in the environment has prompted several countries to
investigate population exposure. Phthalates are esters of
phthalic acid. Although a large number of phthalates exist,
only a few are commonly used and will be considered for
this study (Table 1). Due to human activities, they are pre-
sent in the environment in quite large quantities, since they
are a group of chemicals which has been used for about
the last 50 years as plasticisers agents, mainly to make
polyvinyl chloride supple and flexible [3]. They are also
commonly used as antifoaming agent in paper production,
as an emulsifier for cosmetics, in perfumes and pesticides.
In view of this widespread use, phthalates have been the
subject of intensive research concerning effects on health
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and the environment. These substances give great cause
for concern because they bio-accumulate (accumulate in
living tissues and in the food chain) and they are poten-
tially toxic. The latter can be short-term effects (allergies,
asthma, etc.) or longer term (nervous and endocrine dis-
rupter effects, development and fertility disrupter effects
carcinogenic effects) [4].

Europe, by actively pursuing a policy favouring waste-
water collection and treatment, has ensured the production
of clean water but also increased the biosolids production.
Nowadays, 40% of biosolids are recycled biologically via
land application. Phthalates are found regularly in munic-
ipal wastewater and, because of lipophilic properties, they
concentrate in sewage sludge [5]. Land application limit
value of 100 mg.kg" dry matter for di(2-ethylhexyl)phthalate
(DEHP) was envisaged by European legislation [2]. They
would appear to be different potential sources for phthalates
in biosolids: compounds produced and/or used industrially
and abnormally present in effluents, or compounds from
plastics in manufactured goods released back into
wastewater, or phthalates atmospheric deposition on urban
surface released by precipitation and domestic use of prod-
ucts containing phthalates. Phthalate levels in sludge
residues varied according to wastewater treatment plant
and compounds due to their different physico-chemical
properties [6]. A review by Alcock et al. [7] stated DEHP
were detected in almost all samples of sewage sludge ana-
lysed and that DEHP readily accumulates in suspended
particulate material. DEHP is present in quite high concen-
trations in biosolids (between 4 and 170 mgkg" dry mat-
ter) [8, 9]. Sludge treatments as aerobic composting pro-
cess, anaerobic process [10] and thermic process [11] have
shown to reduce phthalates concentrations in sludge.
Anaerobic processes were more controversial as some
authors did not see any degradation [12, 13]. Soil micro-
organisms breakdown phthalates under aerobic conditions
or the chemicals are removed by volatilisation, so they
have a half-live of 50 days.

Most of publications report fate, mobility and degra-
dation of phthalates in soil [14] or in sludge amended soil
[15]. Toxic effects of phthalates on crop and vegetable
growth had also been studied [16]. Only a minority of the
reports deal with plant uptake: carrots [17, 18], lettuce [19],
barley [20, 21], radish [22]. In order to increase the
knowledge on this topic, this work was carried out to evalu-
ate potential transfer into plants of phthalates. We used such
an approach successfully in the case of laurylalkylbenzene
sulfonates [23] and polychlorinated biphenyls [24]. This
experiment was carried out by separately (1) adding
phthalates pure substances to growth nutrient solution, (2)
adding biosolids filtrate to growth nutrient solution and (3)
adding three types of biosolids to agricultural soil. Tomato
plants (Lycopersicum esculentum cv) were grown in aqui-
culture (1, 2) to provide optimal transfer conditions [25]
and in soil culture (3) to provide real experimental results,
in plant containers inside a temperature and humidity
regulated greenhouse.

G

2 MATERIALS AND METHODS

2.1. Materials
2.1.1 Plant

The experiment was conducted on tomato plants (Ly-
copersicon esculentum cv.), Rondello variety (de Ruiter
seeds). This particular variety is a hybrid often used for
experiments because of its high rate of germination (99%)
and genetic homogeneity.

2.1.2 Containers

The containers used were 10 liters galvanised buckets
to avoid problems associated with polyvinyl chloride
whose plastifying agents are phthalates.

2.1.3 Aquiculture

Tomato plants were grown hydroponically on aerated,
non-circulating nutrient solution. This was prepared using
pure salts and deionised water: macronutrients concentra-
tions (7 mmol.L"' of K, 5 mmol.L"! of Ca*", 1.5 mmol.L"
of Mg**, 15 mmol.L™" of NO5", 2 mmol.L™" of H,PO,,
1,5 mmol.L" of SO42') and micronutrients concentrations
(15 mg.L"" of Fe, 0.49 mg.L" of Mn, 0.06 mg.L" of Cu,
0.11 mg.L" of Zn, 0.26 mg.L™" of B, 0.01 mg.L™" of Mo).
Macronutrients amounts were calculated according to the
mineral needs of the plants for the duration of the experi-
ment. The nutrient solution was replaced twice a week. Its
conductivity was 2 mS.cm™ and the pH varied from 5.2
for fresh solution to 6.5 for spent solution.

2.1.4 Soil culture

Tomato plants were cultivated on an argilo-calcareous
soil coming from an experimental station about five kilo-
metres in the South of Toulouse (GPS Latitude 43.536°
Longitude 1.498°) (Haute-Garonne, France). Soil was col-
lected in the 0-25 cm layer of the field what corresponds
to the plough layer. The soil was air-dried and sieved at
5 mm diameter to separate the fine earth which will be of
use exclusively for the filling of the pot. 10 kg of soil was
put in containers. The soil density was 1.5 and the soil pH
was 7.6. The water capacity in pot of the soil is around
24%. Pots were watered in 2/3 of the capacity in pot to
allow the oxygenation of roots. No phthalate contamina-
tion of the soil was noticed: concentrations were less than
limit of quantification (10 ug.kg™" dry matter).

2.1.5 By-products materials

Phthaltes in pure form were introduced for the pure
substance experiment: dimethylphthalate (DMP), dieth-
ylphthalate (DEP), dibutylphthalate (DBP) and di-2-
ethylhexyl phthalate (DEHP) from Cluzeau Info Labo
(France) (Table 1).

Biosolid A was obtained from a municipal
wastewater treatment plant equipped with a separated
sewer system. It was derived from an aeration tank and
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dewatered by centrifugation prior to a thermal drying
process. The
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TABLE 1 - Physico-chemical properties and formulae of the four phthalates studied

Molecular Solubility Octanol-water Vapour
L weight (mg.L"  at| coefficient (log | pressure
Name Abbreviation (g.mol™) 25°C) Kow at 25°C) (mm Hg)
COOCH,
Dimethylphthalate DMP 194.2 4000 1,56 2.0107 C{
COOCH,
COOG,H,;
Diethylphthalate DEP 2222 1100 2,48 1.010° ©i
COOC,H;
COOG,H,
Dibutylphthalate DBP 278.4 1 472 2.7 10° C{
COOC,H,
COOC4H,,
Di-(2-ethylhexyl) DEHP 390.6 03 511 1.0 107
phthalate
COOCgH,,

sample was collected in granular form (93% dry matter)
after the drier and consisted in 10 sampling of 500 g ho-
mogenised and mixed according to the norm NF EN 12579
[26]. Biosolid B was sludge compost obtained from a com-
posting facility processing 54% of biosolids A mixed with
23% of crushed green waste and 23% of riddling refusal in
mass. The sampling of compost was accomplished follow-
ing norm NF EN 12579 [26]. The acquired compost an-
swers the French norm NF U 44-095 [27]. Biosolids C was
obtained from a municipal and industrial wastewater treat-
ment plant equipped with a semi-separative sewer system.
It was derived from dewatering system prior to an anaero-
bic digestion and centrifugation. The sample was collected
in “pateuse” form (30% dry matter) after centrifugation and
consists in 10 sampling of 500 g homogenised and mixed
according to the norm NF EN 12579 [26].

2.2 Experimental set-up

48 plants were used in the experiment and Table 2
shows the plant containers that were set up. A total of
16 plants were used in the aquiculture experiment with
pure substances: (1) 8 control plants were grown in a
nutrient solution (2) 8 plants were grown in the nutrient
solution with addition of phthalates. For the aquiculture
experiment with biosolids filtrate 16 plants were used: (1)
8 controls (2) 8 growing in the biosolids A filtrate. Exper-
imentation was also carried out in soil culture with biosol-
ids A, B and C with 48 plants: (1) 24 controls (2) 24
growing in the biosolids-soil mixture. The pots were ar-
ranged randomly on the bench.

According to the French ministerial order of 8 January
1998, the maximum quantity authorised for land application
of biosolids is 30 tonnes dry matter per ha per 10 years. For
this experiment, in order to obtain clear-cut results, this
quantity was applied in a single dose to the plant containers.
Concerning the pure substance experiment, the dose intro-
duced into the container’s initial solution was thus 84 mg of
each individual phthalate which corresponds to the maxi-
mum authorized. For the filtrate experiment, 105 g of
ground-up biosolids A granules were mixed into 1 L of
demineralised water. This mixture was stirred for 24 hours
in a 6 L glass beaker placed on a horizontal, rotary mechan-
ical stirrer, and then filtered on a screening column down to
32 pum in order to recover the biosolids filtrate. Phthaltes
levels in the biosolids filtrate were determined: DEP < 40
ng.L”', DMP < 40 ugL"', DBP < 40 pg.L", DEHP=2680
ug.L'l. Not all the trace or-ganic compounds present in the
biosolids were found in the filtrate. However, the fractions
that were present in the filtrate were also those which were
most available for transfer into the plant. In the soil experi-
ment, 110 g dry matter of biosolids was mixed with 10 kg of
soil. Phthalates level in soil was lower than the limit of
quantification. Levels in biosolids A were determined: DEP
<10 pg.keg” DM, DMP < 10 pgkg' DM, DBP < 10 pg kg
' DM, DEHP = 116 mgkg' DM. Levels in biosolids B
were determined: DEP < 10 pgkg' DM, DMP < 10
ngkg' DM, DBP < 10 pgkg' DM, DEHP = 6.5
mg.kg™' DM. Levels in biosolids C were determined: DEP
<10 pgkg' DM, DMP < 10 pg.kg"' DM, DBP < 10
ng.keg” DM, DEHP = 132 mg.kg" DM.
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TABLE 2 - Summary to show the various containers set up.

Dose Mass of DEHP in pots (mg) Number of pots
Pure substance experiment
Controls : tomato plant + nutrient solution - 0 8
Tomato plant + nutrient solution + phthalates equivalent to 30 t DM/ha 84 8
Biosolids A filtrate experiment
Controls : tomato plant + nutrient solution - 0 8
Tomato plant + nutrient solution + biosolids A filtrate equivalent to 30 t DM/ha 22 8
Biosolids A experiment
Controls : tomato plant + soil - 0 8
Tomato plant + soil + biosolids A 30 t DM/ha 1.16 8
Biosolids B experiment
Controls : tomato plant + soil - 0 8
Tomato plant + soil + biosolids B 30 t DM/ha 0.65 8
Biosolids C experiment
Controls : tomato plant + soil - 0 8
Tomato plant + soil + biosolids C 30 t DM/ha 1.32 8

2.3. Cultivation technique

About 20 tomato seeds were germinated on pieces of
polystyrene, covered with thick absorbent paper dipping
into a plastic tray such that the seeds are in contact with
the water in the tray bottom. The tray is then placed in a
dark germination cupboard for 3 days. The germinating
seeds in the tray are then put into a phytotron for 2 days.
This is an enclosure lit by sodium lamps where there are
controlled conditions of light, humidity and temperature:
14 hours light per 24 hours, 50% humidity in the air and a
temperature of 24 + 1°C by day and 18 = 1°C by night.
The plants then follow their development in a greenhouse
where conditions are controlled as a function of the exter-
nal temperature and light. Blinds, ventilation and lighting
ensure optimum conditions (average temperature 24°C,
14 hours light).

2.3.1 Aquiculture

The 10 cm long seedlings are transferred into troughs
containing 20 L of nutrient solution. They are wrapped in
cotton wool and inserted into special holes in the trough
covers, with just the root dipping into the solution. A bub-
bler is put into the solution to oxygenate it, with an on/off
cycle of 6 minutes and 12 minutes respectively. Once the
plants have attained a height of 30 cm, they are transplanted
individually into the galvanized containers holding 8 L of
nutrient solution, each oxygenated with an individual
bubbler. This solution is topped up with demineralised
water to compensate for losses through transpiration and
evaporation. Once the solution conductivity was fall be-
low half that of its original value, it is renewed. The pure
substances or biosolids filtrate were introduced into these
containers after 50 and 90 days growth respectively. Ten
days after the introduction of the pure substances or the
biosolids filtrates, the plants were sampled in order to
study the fruits, the leaves and the roots.

2.3.2 Soil culture

A first step consists in incubation period in order to
mimic the biosolids land application before winter. Soil-

biosolid mixtures were added with water in order to ob-
tain 2/3 of water holding capacity during 17 days. Then,
the 10 cm long seedlings are transferred into special holes
in soil-biosolid mixtures. Transparent plastic films were
placed during 15 days on each container in order to main-
tain tomato seedling with water saturated atmosphere.
Fruits, leaves and roots were collected at 90 days after
sowing.

2.4 Analytical procedure

All samples were carefully washed and put in alumin-
ium foil trays into a freezer at —25°C until analyses. The
analytical method is explained briefly in this paper and
more details on the method development and optimisation
can be found in Sablayrolles et al. [28].

The solid/liquid extraction was carried out with a
Soxtec System HT2 (Tecator, France). About 2 g of ly-
ophilised sample was extracted with 100 mL of n-hexane
(Suprasolv, VWR Merck) for 45 minutes (30 minutes in
boiling mode and 15 minutes in rinsing mode). The internal
extraction standard, benzylbenzoate (1 mL at 5000 mg/L in
n-hexane) (Cluzeau, France), was added to extraction car-
tridge just before extraction. Then, a rotary evaporator
(Rotavapor, Biichi) and 30°C temperature controlled bath
is used to concentrate the solvent down to 10 mL. Con-
centration of the n-hexane extract to 1 mL before purifica-
tion is by a stream of nitrogen. Purification step was car-
ried out with a 6 g florisil SPE cartridge (Supelco, France)
rinsed with 10 mL of n-hexane. The 1 mL n-hexane ex-
tract is placed at the top of the cartridge, and a first elu-
tion with a 1-2 drops/second flow rate is carried out with
8 mL of n-hexane. This fraction is collected and put aside.
A second elution with 5 mL of n-hexane/acetone (90/10,
v/v) allows 100% of phthaltes compounds to be recov-
ered. This fraction is concentrated down to 1 mL under
nitrogen. A high resolution gas phase chromatograph cou-
pled to a low resolution mass spectrometer (HRGC-LRMS)
(Finnigan Trace 2000 Series) on electron impact mode with
a quadruple type analyzer was used. The chromatograph
is fitted with a Restek RTX-5MS capillary column (5%
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diphenyl ; 95%dimethylpolysiloxane ; 30 m x 0.25 mm x
0.25 pm). A helium Alpha 2 (Air Liquide) gas vector is
used, flow rate 1.2 mL/min. A 1 pL sample is injected
into the split/splitless inlet in splitless mode (splitless for
1 minute, split flow: 50mL/min) at 280°C. The tempera-
ture of the HRGC-LRMS interface is 250°C and at the
end, the oven temperature program chosen started at 50°C
for 1 minute, followed by an increase of 20°C/min to
310°C which is maintained for 6 minutes. The full scan
electron impact data is obtained as follows: solvent delay
5 minutes, electron impact energy 70 eV, source tempera-
ture 200°C, emission current 150uA, scan rate 4scan/s,
detector voltage 350V. Deuterated 3,4,5,6 d4 di-ethyl-
hexylphthalate (DEHP-dy) is used as the internal standard
and is added to the extract (10 pL at 5 pg/mL in n-hexane)
just prior to the analysis. Single lon Monitoring (SIM) detec-
tion was performed (m/z: 149, 153, 167, 279, 283).

The method was validated according to the AFNOR
regulation XP T 90-210 [29]. The calibration range covers
concentrations from 1-10 pg.mL™ for low concentrations
and from 20-300 pg.mL™" for higher concentrations. The
repeatability of the analysis procedure was good: 0.2% for
DMP, 3.5% for DEP, 2.4% for DBP and 0.9% for DEHP.
The reproducibility of the overall extraction - purification
- analysis procedure was 11% for DMP, 18% for DEP,
8% for DBP and 4% for DEHP. Recovery yield was up to
85% for each compound. The limits of quantification for
the phthalates studied were 10 pgkg’ dry matter in soil
and biosolids, and 40 g.L"' in biosolid filtrate. A blank
extract was analysed after each batch of 10 samples in
order to verify the absence of any contamination which
could lead to quantification errors. Phthalates concentra-
tions in the blank extract were always less than limit of
quantification.

FEB

2.5. Statistical analysis

The results are expressed on a dry weight basis. Vari-
ance analysis of data and a Newman-Keuls multiple range
tests at 0.05 probability level was performed (Statistical
Software, Sigma Stat 2.00). The same letter in a column
means that there is no significant difference at a probabil-
ity equal to 0.05. On the other hand, a different letter means
that there is a significant difference between control and
treatments.

3 RESULTS AND DISCUSSION

4.1. Biomass production

Dry plant matter production was presented in Table 3.
It can be seen that there is a difference between the aver-
age mass of the tomato plants in the pure substance exper-
iments and those in the biosolids ones. This can be ex-
plained by the plant’s stage of development. Sampling for
the pure substance experiments was undertaken when the
3" cluster of flowers had developed (after 60 days)
whereas for the biosolids experiments sampling has been
possible at the 5" cluster stage (100 days). Moreover, a
difference in biomass production can be observed be-
tween aquiculture (pure substance and filtrate experiment)
and soil cultures. Indeed, the use of nutrient solution al-
lows a better production. In order to compare, a ratio
between the treatments biomass production (g dry mat-
ter/pot) and the controls (g dry matter/pot) was calculated.
The ratio between the average mass of the control plants
and the average masses produced after introduction of the
pure substances is quite the same and significantly equal
to one. And the same is true for the biosolids experiments.
We used pure substances, filtrate and three types of bio-

TABLE 3 - Biomass production (g dry matter / plant) and mass production ratio (no unit) in each experiment.

Roots Leaves Fruits
Aquiculture - Pure substance experiment (sampling at the 3™ cluster of flowers)
Control 1320+ 1.34a 2688 +143a 3.77+£0.70 a
Treatment 9.02+1.59a 27.80+3.46a 4.80+0.60a
Ratio 0.7 1.0 1.6

Aquiculture - Biosolids A filtrate experiment (sampling at the 5" cluster of flowers)

Control 19.10 £3.00 b 58.72+7.19b 77.80 £19.39b
Treatment 31.33+2.36b 59.41 +8.10b 72.00 + 6.37 b
Ratio 1.5 0.9 0.9

Soil culture - Biosolid A experiment (sampling at the 5 cluster of flowers)

Control 6.96 = 0.00 ¢ 96.24 +0.05 ¢ 22.32+0.50c¢
Treatment 524 +044c 88.60 £ 9.38 ¢ 20.73+1.20 ¢
Ratio 0.7 0.9 0.9

Soil culture - Biosolid B experiment (sampling at the 5" cluster of flowers)

Control 522+0.23d 84.36 +7.27 de 18.89 £3.13d
Treatment 4.56 +0.58d 60.38 +2.96d 21.06 +0.75d
Ratio 0.9 0.7 1.1

Soil culture - Biosolid C experiment (sampling at the 5™ cluster of flowers)

Control 572+037e¢ 88.44 =+ 7.08 de 18.86 + 4.48 ¢
Treatment 393x041e 74.46 = 6.84 de 18.66 +3.98 ¢
Ratio 0.7 0.8 1.0
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TABLE 4 - Phthalate levels in tomato plants in the experiment with pure substances, with sludge filtrate and with biosolids. Mean level in
ng.kg' dry matter after harvest. Standard deviation corresponds to 10% (corresponding to cultivation and analytical steps).

Roots Leaves Fruits

Control Treatment Control Treatment Control Treatment
Aquiculture - Pure substances experiment
DMP <l0a <10 a 42b 50b <10 a <l0a
DEP <10 a <10 a 2680 ¢ 3279d <10 a <l0a
DBP 99e 995 f 30b 50b <l0a <l0a
DEHP 150 g 173238 h 1051 269 j <10 a <l0a
Aquiculture - Sludge filtrate experiment
DMP <10a <10a <10a <10a <10a <l10a
DEP <10a <10a <10a <10a <10a <10a
DBP <10 a <10 a <10a <l0a <10 a <l0a
DEHP 100 b 1350 ¢ 98 b 234d <l0a 10a
Soil culture - Biosolids A experiment
DMP <10 a <10 a <10a <l0a <10 a <l0a
DEP <10 a <10 a <10a <l0a <l0a <l0a
DBP <10a <10a <10a <10a <10a <10a
DEHP 90 b 272 ¢ 1643 d 3888 ¢ 3931 e 5578 £
Soil culture - Biosolids B experiment
DMP <10a <10a <10a <10a <10a <10a
DEP <10a <10a <10a <10a <10a <10a
DBP <10a <10a <10a <10a <10a <10a
DEHP 90 b 488 ¢ 1643 d 10867 e 931 f 1854 g
Soil culture - Biosolids C experiment
DMP <10a <10a <10a <l10a <10a <10a
DEP <10 a <10 a <10a <l0a <10a <l0a
DBP <10a <10a <10a <10a <10a <10a
DEHP 90 b 503 ¢ 1643 d 23334 ¢ 3931 f 6513 g

solids at doses of up to 30 t.ha”, which is 10 times higher
than the average sludge application rate in France. It is
thus interesting to note that no negative effects on the
growth of the plant were apparent.

4.2 Transfer of phthalates into tomato plants
4.2.1 Accumulation of phthalates in tomato plants

Table 4 presents the average levels of phthalates
found in the roots, leaves and fruits of tomato plants in
the control and treatment experiments. Substantial varia-
tion in the values was observed, ranging from non quanti-
fiable (<LOQ) to 174 mg.kg'ldry matter in roots, from
non quantifiable (SLOQ) to 24 mg kg 'dry matter in leaves
and from non quantifiable (<LOQ) to 6.5 mg.kg ' dry matter
in fruits. Concentrations were comparable with those ob-
served in tomato [28], in leaves of barley grown in soils
amended with sludge [20] and in vegetables in the Nether-
lands [30].

The aquiculture experiments with pure substances in
the nutrient solution correspond to the maximising condi-
tions for transfer into the plant. It appears to be practically
no transfer of DMP, DEP, DBP and DEHP in tomato
fruits (levels under limit of quantification). However, all
compounds were detected in the leaves. DMP and DBP
levels in the leaves were around 50 pgkg” dry matter,
whereas DEHP levels was around 270 pgkg™’ dry matter
and DEP level 3300 pgkg' dry matter. An analysis of
sap sampled had not shown presence of phthalates in sap
(level < LOQ, 10 pg.L™"). Moreover, a contamination of
leaves from the control experiment was observed. Thus,
leaves contamination could be explained by a loss of DEP

and DEHP from nutrient solution through volatilisation
(vapour pressure of DEP = 1.0 10~ mm Hg and DEHP =
1.0 107 mm Hg) [31] or presence of other sources [32].
DBP and DEHP were found in large quantities in the roots
(around 1 and 175 mgkg” dry matter) that are in contact
with the nutrient solution with added pure substances. A
significant difference between control and treatment was
shown. This result is in convenience with physico-chemical
properties of these compounds whose Kow are higher than
4.5. In the same way, Gron et al. [17] found the greatest
concentrations of phthalates in the roots of their plants
(3850 += 212 pg of DEHP per kg of carrot peel).

For aquiculture experiment with the filtrate, levels of
DMP, DEP and DBP were below the quantification limits
for all parts of the plant. This observation can be explained
by the fact that the initial concentrations of these com-
pounds in the filtrate were already very low. The DEHP,
on the other hand, was found in roots (1.3 mgkg™") and
leaves (0.2 mg.kg™"). There is a significant difference
between treatments and controls. An analysis of sap sampled
had shown presence of DEHP in sap. Thus, a DEHP
translocation from roots to leaves seems to be a possible
pathway. Several studies have also demonstrated a transfer
from roots to plant [16, 19, 21]. As observed in the pure
substance experiment, concentrations in roots were larger
than leaves concentrations. Indeed, according to chemody-
namic study of Russell and McDuffie [33], DEHP is
strongly adsorbed on organic matter and is relatively
immobile.

As expected levels of DMP, DEP and DBP in the soil
culture experiments with biosolids were lower than the
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limit of quantification in all parts of the plant, as it was
in biosolids. DEHP was present in roots (around 0.3 to
0.5 mg.kg" dry matter), leaves (around 4 to 24 mg.kg”
dry matter) and fruits (around 2 to 7 mg.kg" dry matter).
A significant difference between control and treatment
was observed. Moreover, DEHP has been detected in sap
at the end of the experiment. Moreover, it seems that
DEHP levels in plant were dependant with DEHP levels in
biosolids: biosolids B experiment < biosolids A experiment

mass of DEHP in a tomato compartment (pug)

Fresenius Environmental Bulletin
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< biosolids C experiment. This result is consistent with
the work of Scheunert et al. [34]. Moreover, 74 till 94%
of DEHP transferred were found preferentially in leaves.
Leaves uptake of DEHP from sludge-amended soils is
usually dominated by vegetative uptake of contaminated
vapour from the surrounding air [17].

Distribution percentages of DEHP in tomato com-
partment were calculated according to equation (1).

Distribution (%) =

x 100 (1)

mass of DEHP into the 3 tomato compartments (pg)

With:

Mass of DEHP in a compartment (pg) = DEHP concentration in the compartment (ug.kg™ DM) x mass of the com-

partment (kg DM)

100%

80%

60% +—

% distribution

40% 1+

20% —

W Fruits

@Leaves

O Roots
0% T T T T

Pure substances Sludge filtrate
experiment experiment

Biosolids A
experiment

Biosolids B
experiment

Biosolids C
experiment

FIGURE 1 - DEHP distribution in roots, leaves and fruits of tomatoes as a function of the experiment type.

Distribution profiles in the different compartment, pre-
sented in Figure 1, clearly show a difference in the behav-
iour of DEHP. When introduced in the pure form, 99.5% of
DEHP is present in the roots. However, in the biosolids
form, it can be traced in all plant compartments. This dif-
ference could probably be explained by the presence of
surfactant compounds in the biosolids, favouring the uptake
of the DEHP by the plant roots. Measurements of lau-
rylalkylbenzene sulfonates (LAS), anionic surfactants, were
per-formed and were respectively 4400 mg.kg” DM in bio-
solids A, 1620 mgkg" DM in biosoliods B, 13700 mgkg™"
DM in biosolids C. These values are in the order of magni-
tude for LAS found in sludge (3 — 15 gkg ). It seems that
the greater the amount of is important, the greater the
transfer taking place. This behaviour has been light up by
Gunther and Pestemer [35] in pot experiments with car-

rots: pesticides were more easily available to plants when
LAS was added.
4.2.2 Transfer percentages and bioconcentration factors of
phthalates

Bioconcentration factor was expressed as the ratio of
DEHP level in fruits on a dry weigh basis to the initial
soil concentration (Table 5). Bioconcentration factors of
DEHP in the fruits, leaves and roots ranged from 0.0007
to 1.67. Concerning biosolids-soil cultures, bioconcentra-
tion factors of DEHP in the roots were lower than those in
the shoots in the same treatment, which may be partly
attributed to the uptake of DEHP by the roots and then to
be translocated to the shoots. It should be pointed out that
the bioconcentration factors are equivalent to the present
ones for radish [22].

Transfer percentages of DEHP into tomato compart-
ments were calculated according to Equations (2-4). In
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term of health risk assessment, it is interesting to see that
less than 1% of DEHP initially introduced was transferred
into tomato fruits, whatever the type of experimentation.
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TABLE 5 - Percentage of transfer (R) and bioconcentration factors (BCF) of DEHP in tomato fruits
Roots Leaves Fruits

BCF (-) R (%) BCF (-) R (%) BCF (-) R (%)
Aquiculture - Pure substances experiment
DEHP 0.02 1.86 0 0.01 0 0
Aquiculture - Sludge filtrate experiment
DEHP 0.006 2.38 0.0007 0.54 0.0003 0.03
Soil culture - Biosolids A experiment
DEHP 0.002 0.01 0.03 2.97 0.05 1.00
Soil culture - Biosolids B experiment
DEHP 0.07 0.34 1.67 10.1 0.28 0.60
Soil culture - Biosolids C experiment
DEHP 0.003 0.01 0.16 12.1 0.04 0.85

This observation is consistent with Aranda et al. [18] and
Yin et al. [36] that revels that DEHP uptake in comesti-
bles parts of plants was very low. It can therefore be con-
cluded that sewage sludge application and sludge compost
application at 30 t.ha" in the short-term is unlikely to pose
significant environmental risk.

m penpi = (Cpenpis X M) + (Cperpip X M) 2

m pgppe = (MpEHpt - MpEHPC ) (3
m

Rpeme = — DEHF x 100 “4)
Mpgypi

With:

m peppi - mass of DEHP in pots at the beginning of the
experiment (pg)

m pegpr: Mass of DEHP in tomato fruits at the end of the
experiment (nLg)

CpEnpis - 1nitial concentration of DEHP in soil (pg.kg'1

DM)
Cbpenpib  1nitial concentration of DEHP in biosolids
(ngkg' DM)

my: mass of soil (kg DM) equal to 10 kg DM

my, : mass of biosolids (kg DM) equal to 0.1 kg DM
Mpgyp; - Mass of DEHP in tomato fruits in treatments at
the end of the experiment (pg)

Mpgppe . Mass of DEHP in tomato fruits in controls at the
end of the experiment (pg)

Rpgnp : Percentage of transfer of DEHP in fruits (%)

4 CONCLUSION

This paper deals with a study of phthalate potential
uptake in tomato plants (Lycopersicon esculentum) in green-
house conditions, with the aim of biosolids agronomic recy-
cling. Phthalate bioavailability (DMP, DEP, DBP, DEHP)
was studied in aquiculture using two types of experiments:
(1) pure substances experiment and (2) sewage sludge
filtrate experiment. Soil experiments were also carried out
testing three types of biosolids. Transfer of phthalates was
followed into roots, leaves and fruits of the tomato plant.
No significant difference in growth was observed between

the tomato plants among experimentations. These results
show that as far as phthalate transfer is concerned, DEHP
should be prioritized. For the experiments using pure sub-
stances, the roots absorb greater amounts of DEHP (99,5%)
and block their transfer to the above ground parts of the
plant (0.5% in leaves and 0% in fruits). In the soil with
biosolids experiments, DEHP was found and traced in all
parts of the plant. The concentrations of DEHP in tomato
plant were positively correlated with DEHP levels in the
biosolids and rate application. Two transfer pathways were
identified: (1) soil-to-root and subsequent root-to-shoot
translocation (2) foliar uptake of vapour from surrounding
air. Transfer percentages in tomato fruits (ranging from
0.03 to 1%) were low even in pot experiment that is
known to exaggerate the bioavailability of contaminants
compared to field conditions.
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