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Ultrafine particulate matters enriched with metals are emitted into the atmosphere by industrial activ-
ities and can impact terrestrial and aquatic ecosystems. Thus, this study investigated the environmental
effects of process particles from a lead-recycling facility after atmospheric deposition on soils and poten-
tial run-off to surface waters. The toxicity of lead-enriched PM for ecosystems was investigated on lettuce
and bacteria by (i) germination tests, growth assays, lead transfer to plant tissues determination and (ii)
Microtox analysis.

The influence of ageing and soil properties on metal transfer and ecotoxicity was studied using three
different soils and comparing various aged, spiked or historically long-term polluted soils. Finally, lead
availability was assessed by 0.01 M CaCl2 soil extraction.

The results showed that process PM have a toxic effect on lettuce seedling growth and on Vibrio fischeri
metabolism. Soil–PM interactions significantly influence PM ecotoxicity and bioavailability; the effect is
complex and depends on the duration of ageing. Solubilisation or stabilisation processes with metal spe-
ciation changes could be involved. Finally, Microtox and phytotoxicity tests are sensitive and comple-
mentary tools for studying process PM ecotoxicity.
1. Introduction

During the last decade, the proportion of fine and ultrafine par-
ticulate matter enriched with metals and metalloids (PM) has in-
creased in the troposphere with the development of recycling
activities (Nair et al., 2010) and the use of more effective filters
in facilities (Zhang et al., 2005). Thus, sectors of the metal industry,
such as secondary smelters that recycle batteries, release fine lead-
enriched particles into the atmosphere (Batonneau et al., 2004;
Uzu et al., 2009). As reported by Cecchi et al. (2008), the different
stages of the recycling process (crushing, fusion, reduction and
refining) in these facilities generate undesirable by-products en-
riched with metals and metalloids. These elements have been for
the most part classified as Substances of Very High Concern (SVHC)
in the European REACH law (Regulation EC 1907/2006 of the Euro-
pean Parliament and of the Council of 18 December 2006). Since
then, studies have been devoted to the health implications of PM
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exposure (Brook et al., 2002; Nel et al., 2006; Sammut, 2007;
Polichetti et al., 2009; Perrone et al., 2010).

These fine and ultrafine particles, including nanoparticles, can
be transported over long distances in the troposphere (Fernández
Espinosa et al., 2002), and due to a high surface/volume ratio
(inducing numerous reactive sites), PM could present a greater im-
pact on the biosphere than coarse particles, including atmospheric
(Ohmsen, 2001; Batonneau et al., 2004; Nel et al., 2006) and soil
contamination (Donisa et al., 2000; Ma et al., 2010a,b). Moreover,
carried from the air as fine particles, metals could be easily released
in soil solution, then transferred to the surface or sub-surface
waters by erosion and run-off. PM transfer from the atmosphere
and/or soil to plants (Lin and Xing, 2008; Uzu et al., 2009, 2010),
phytotoxicity (Lin and Xing, 2007; Vila et al., 2007), ecotoxicity
for microbial communities (Doshi et al., 2008; Strigul et al., 2009)
and the impact on the aquatic environment (Moore, 2006; Barrena
et al., 2009; Strigul et al., 2009) have recently been considered.

However, most of available studies deal with synthetic manufac-
tured specific species (metal, oxide or sulphate fine particles) such
as TiO2 (Warheit et al., 2007), Ag, Fe3O4 and Au (Barrena et al.,
2009), Al2O3 (Yang and Watts, 2005), as well as Zn and ZnO (Lin
and Xing, 2007). The recent literature has poorly reported works
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using process PM. Moreover, the impact of PM on the terrestrial
ecosystem could also depend on soil characteristics (texture, pH,
organic matter, etc.) and interactions between soil and particulate
matter (complexation, fixation, dissolution, mobility, bio-
accessibility, etc.) as reported by Richards et al. (2000). Neverthe-
less, in many experimental set-ups, the effect of PM on plant
development was tested using hydroponic assays with a nutritive
solution or wet paper on petri dishes (Lin and Xing, 2007, 2008;
Stampoulis et al., 2009; Ma et al., 2010a,b) instead of polluted soils
as the substrate for plant growth. These laboratory experiments of-
ten involve the use of chemicals such as solvents for PM dispersion
in nutritive solutions. In addition, according to Jalali and Khanlari
(2008) or Zapusek and Lestan (2009), pollution age could modify
the impact of PM.

So, the objective of this work was to study the influence of soil–
PM interactions and ageing on PM bioavailability and ecotoxicity.
Germination tests, growth assays, lead phytoavailability (measured
in plant tissues and assessed by CaCl2 extraction) and Microtox
analysis were performed in relation to soil types and ageing condi-
tions: (i) PM-spiked soils, (ii) PM-spiked soils aged for 3 months and
(iii) long-term historically polluted soil.
2. Materials and methods

2.1. Particulate matter

2.1.1. Particle sampling from the smelter
Process particles were collected from a secondary lead smelter

at the Chemical Metal Treatment Company (STCM) which cur-
rently recycles batteries. The facility is located in the urban area
of Toulouse, in the southwest of France (43�3801200N, 01�2503400E).
As described by Uzu et al. (2009), three different sources of parti-
cles have been identified in the smelter. Our study focused on
the channelled emissions of particles from the rotary furnaces at
1200 �C because these PM are the finest and are potentially re-
leased into the atmosphere where they can become toxic to the
environment. Particles were collected in polyethylene bags, trans-
ferred in sealed opaque containers and stored at 4 �C until all
experiments.
2.1.2. Particle characteristics
The size distribution of the particles was determined by laser

granulometric analyses using a Malvern Mastersizer S, which per-
mitted particle size measurements in the range of 0.05–900 lm.
Dust samples were dispersed in alcohol to avoid potential hydro-
phobic agglomeration and sonicated for 10 min (Sammut, 2007).

Particles from the channelled emissions of rotary furnaces could
be segregated into three size ranges. Expressed as volume frac-
tions, the majority of PM (89%) were in the 1–100 lm range, 7%
were inferior to 1 lm (sub-micronic and nanoparticles) and 4%
were superior to 100 lm (Uzu et al., in press).

For the present experiments, industrial particles were not size-
segregated in order to retain the real conditions of smelter atmo-
spheric emissions. Heated digestion of the particulate matter was
performed with standard acid (HNO3, HCl, HF, Suprapur, Merck)
in a PTFE vessel and filtration (Millex syringe 0.22 lm) was per-
formed as described by Uzu et al. (2009, in press). Elemental total
contents were then determined in furnace emissions on an ICP-OES
IRIS Intrepid II XXDL. Major elements found in the samples were,
by mass: Pb (27%), O (15%) and S (7.5%) with no significant differ-
ences according to particle size. Several other secondary metals: Cd
(2.5%), Zn (0.5%), Fe (0.1–0.4%) and Sb (0.1%) were also present
(Uzu et al., in press). The remaining elements to complete 100%
were for the most part chloride, sodium, carbon and other metals
such as Al, As, Cu and Ni recorded as traces. According to Uzu
et al. (2009, in press), particles are mainly composed of metallic
sulphides, sulphates, oxides and perchlorates; lead speciation
was, in decreasing order of abundance: PbS, PbSO4, PbO�PbSO4,
a-PbO and Pb0.

2.2. Soil spiking and ageing processes

For this experiment, three different soils (annotated soil-1, soil-2
and soil-3) were sampled in the peri-urban zone of Toulouse: soil-1,
43�35057.2400N, 1�23041.1500E; soil-2, 43�31050.9400N, 1�30019.6200E
and soil-3, 43�31036.5400N, 1�30028.4800E. They were air dried and
sieved through a 2 mm stainless steel sieve. Acidic digestion and IC-
P_OES analyses were performed to confirm the absence of trace
metallic element contamination. These soils were chosen in view
of determining the influence of their characteristics (pH, cation ex-
change capacity, organic matter, etc.) on the toxicity of industrial
micro and sub-micronic particles after deposition. Table 1 summa-
rises the soil properties.

Soils were amended with metallic particles from the smelter
emissions with up to three different concentrations of lead:
[Pb] = 825 ± 15 mg kg�1 (C1); [Pb] = 1650 ± 20 mg kg�1 (C2) and
2475 ± 20 mg kg�1 (C3). These corresponds respectively to 1.5, 3
and 4.5 g of PM added to 500 g of soil (Uzu et al., 2009). Agitation
was performed overnight. Extra boxes containing soils without
PM addition were prepared as controls. After spiking and before
all the experiments, soils were kept in the dark at 4 �C.

The ageing effect was investigated throughout the comparison
between both spiked and historic long-term pollution soils, and by
a comparison of soils with various ageing times. Actually, a soil
historically polluted by battery recycling emissions ([Pb] =
1650 ± 20 mg kg�1) for 30 years (called soil-4) was also used. Its
properties (CEC, granulometry, pH of soil solution) were summa-
rised in Table 1 and had in common at least one characteristic of
the other soils. Soil-4 was a grass-covered topsoil (0–30 cm) from
a meadow, collected just in the front of a lead-recycling plant, al-
ready described by Cecchi (2008). C2 concentration was chosen as
comparable to that of long-term polluted soil-4. For some boxes,
with the C2 concentration, ageing was performed in the greenhouse
for 3 months: the day/night temperature regime was 23 �C/19 �C
and the relative humidity was maintained at 70% by weighing the
boxes and adding distilled water daily (Lu et al., 2009). According
to Lock and Janssen (2002), this process was preferred to the accel-
erated ageing effect made in the laboratory (seasonal simulation)
described by Udovic and Lestan (2009) in view of retaining more
realistic conditions of particle deposition.

2.3. Seed germination and growth assays

The germination tests and growth assays were performed to
investigate PM phytotoxicity (Wang et al., 2001; Ma et al.,
2010a,b). Commercial seeds of lettuce (cultivar ‘‘Batavia Blonde
dorée’’) were chosen for phytotoxicity tests because lettuce is con-
sidered as the most consumed vegetable in the group of leafy veg-
etables (Křístková et al., 2008). It is almost exclusively used as a
fresh vegetable in salads, but some forms are also cooked (Rubatzky
and Yamaguchi, 1997; Lebeda et al., 2007). Lettuce is produced
commercially in many countries worldwide and is also widely
grown as a vegetable in home gardens (Rubatzky and Yamaguchi,
1997). Moreover, this plant is commonly used in recent studies
on soil contamination by metals (Alexander et al., 2006; Lin and
Xing, 2007; Khan et al., 2008; Uzu et al., 2009).

The germination test was carried out with lettuce seeds that
were first immersed in a 10% sodium hypochloride solution for
10 min to ensure surface sterility (according to Lin and Xing,
2007). Then, spiked and control soils, 200 g dry weight equivalent,
were placed in plastic pots (Kreysa and Wiesner, 1995; Gong et al.,
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Table 1
Properties of the four different soils used for ecotoxicity experiments.

Granulometry (%) pH

Clay Thin silt Rough silt Thin sand Rough sand Organic matter
(g kg�1)

Organic carbon
(g kg�1)

Cation exchange
capacity CEC
(cmol (+) kg�1)

Limestone
CaCO3
(g kg�1)

Soil-1 13.3 24.8 23.5 22.5 15.9 6.5 44.7 26 12.3 0
Soil-2 22.8 15.8 10.7 15.8 34.9 6.41 10.1 5.86 10.1 <1
Soil-3 19.5 15.4 23.6 23.8 17.7 8.39 12.5 7.2 8.88 98
Soil-4 23.9 27.3 28.1 9.8 10.9 7.9 8.7 3.8 15.85 2
2001). Each pot was 8 cm (top) in diameter and 7 cm in height with
some drain holes on the bottom. Germination was assessed using
three replicates of each kind of soil (spiked, aged, control) and con-
centration in the PM condition. The bioassay was performed in a
growth chamber at 23–18 �C as the day–night temperatures. Ger-
mination was determined by visual seedling emergence (Gong
et al., 2001) and recorded after 8 d in exposed seeds and controls
(Vila et al., 2007). Protuberance of radicals was also taken as the
initiation of germination (Chaudhuri, 2002).

After germination recording, only three seedlings of the most
uniform plants were kept in each pot to perform growth assays
(Gong et al., 2001). Length (root and shoot elongation), fresh and
dry weight of roots and shoots and the number of leaves were
measured after 17 d of growth. Shoot height was measured from
the shoot base to the top of the longest leaf and root length was
measured from the root–shoot junction to the top of the longest
root (Liu et al., 2005). Fresh biomass was weighed immediately
whereas the dry biomass was measured after oven drying (Gong
et al., 2001) at 40 ± 2 �C for 72 h. Experiments were done in
triplicate.

As described by Tiquia et al. (1996) and Barrena et al. (2009),
phytotoxicity was then expressed by two soil contamination indi-
cators: germination index (GI) (which involves relative seed germi-
nation) and relative root elongation (E).

E ¼ ðMean root length with PM=Mean root length with controlÞ
� 100

GI ¼ ðRelative seed germination� EÞ=100

With : Relative seed germination

¼ ðseeds germinated with PM=seeds germinated with controlÞ
� 100

The germination index was calculated by comparison to con-
trols that were assimilated for each type of soil to a germination
reference (control index: 100%).

2.4. Lead phytoavailability determination

Lead phytoavailability in the different soils (before and after
ageing and in the historically polluted soil) was determined with
the 0.01 M CaCl2 extraction procedure described by Houba et al.
(1996) and Uzu et al. (2009). The metal fraction extracted by CaCl2

gives an indication of metal concentration in a soil solution and
therefore of metal solubility (Meers et al., 2007). Thirty millilitres
of 0.01 M CaCl2 solution was mixed with 3 g of soil (1:10 solid solu-
tion ratio) in 50 mL polypropylene centrifugation tubes placed on a
shaker table (Heidolph promax 1020) at 50 oscillations min�1 for
2 h, 20 �C. After extraction, tubes were centrifuged at 10 000g for
30 min. The supernatant liquid was then filtered, acidified to 2%
with distilled HNO3 (15 M, suprapur 99.9%) and stored at 4 �C
before analysis. Extracted metal concentrations were determined
by ICP-OES (IRIS Intrepid II XXDL).

2.5. Lead transfer to lettuce shoots and roots

Roots and shoots were collected 17 d after the germination test
for all soil conditions. Lead (the main metal in process PM) accu-
mulation was analysed separately for the different plant tissues
after oven-drying at 40 �C for 48 h. Fresh and dried biomasses were
determined. Roots and shoots were mineralised in a 1:1 mixture of
HNO3 and H2O2 at 80 �C for 4 h according to Uzu et al. (2009). Lead
concentrations in plant samples were finally measured by ICP-OES
(IRIS Intrepid II XXDL). The accuracy of acidic digestion and analyt-
ical procedures was checked using Virginia tobacco leaves (CTA-
VTL-2, ICHTJ) as reference.

2.6. Microtox analysis

First used to assess acute ecotoxicity of metals in aquatic media
(De Zwart and Slooff, 1983), solid-phase Microtox test is now cur-
rently used to evaluate the toxicity of contaminated soils or sedi-
ments (Rink et al., 2002; Sheehan et al., 2003; Robidoux et al.,
2004; Loureiro et al., 2005; Doshi et al., 2008; Barrena et al., 2009).

The Microtox test measures the decrease in light emitted by the
bioluminescent bacteria Vibrio fischeri. Toxicity is reported as the
effective concentration EC50, which is the concentration of a con-
taminant that produces a 50% reduction in light emission. EC50

was measured after 5 and 15 min of exposure (Barrena et al.,
2009). This acute test is used to determine the potential toxicity
of a liquid or solid phase sample on bacteria, and by extension, tox-
icity on aquatic or soil microbial activity. Soil contamination can be
one path for streams and groundwater contamination (Loureiro
et al., 2005). Moreover, atmospheric fallout enriched in metallic
particles could directly pollute surface and sub-surface waters or
be transferred from the soil by infiltration or leaching processes.
Therefore, the two tests (liquid and solid phases) were performed.

In view of evaluating PM toxicity in solution, the Microtox
81.9% Basic Test with the instrument MICROTOX M 500 purchased
from R-biopharm (France) was used. Suspensions of industrial par-
ticles were prepared in deionised water with sodium chloride (2%)
as mentioned in the manufacturer’s instructions. Agitation was
performed with a glass rod and 15 min on plate shaker to avoid
particulate matter destruction by sonication or metal adsorption
onto magnetic bars. Lyophilised bacteria were rehydrated with
the included reconstitution solution just prior to performing the
test (Strigul et al., 2009). Nine concentrations of PM suspensions
obtained by a sequence of 1:1 dilutions ranging from 6.4 � 10�4

to 0.164 g L�1 were tested.
The toxicity of various PM-spiked soil suspensions (soil-1, soil-2

and soil-3) was determined by the solid-phase test at different
concentrations (Doshi et al., 2008). Three grams of PM-spiked soils
at [Pb] = 1650 ± 20 mg kg�1 (C2) were dispersed in 15 mL DI, 3%
NaCl. After 15 min of shaking, dilutions were made in order to test
toxicity in a range from 197 to 0.048 g L�1 of soil suspensions. Each
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Microtox test consisted of two controls and several toxicant soil
concentrations each in duplicate. Every test was performed in
triplicate.
2.7. Statistical analysis

All tests were performed in triplicate and the results are pre-
sented as mean ± SD (standard deviation). The statistical signifi-
cance of values was checked using a one-way analysis of
variance ANOVA with the LSD Fisher post-hoc test using the Stat-
istica 9.0 package software. Each effect was compared to its corre-
sponding control (with an uncontaminated soil). Statistical
difference was accepted when the probability of the result assum-
ing the null hypothesis (p) was less than 0.05.
3. Results

3.1. Phytotoxicity evaluation

PM phytotoxicity was evaluated by studying complementary
parameters. Chronologically, the first observations were made on
seed germination, then we report the results on root elongation
and leaf growth. The results focused on the impact of: (i) PM con-
centrations, (ii) soil–particle interactions as a function of soil type
and (iii) the effect of ageing on germination and elongation assays.
3.1.1. Effects of PM concentrations and soil–PM interactions
For germination data, a trend was observed, but it was not

statistically significant. The germination index decreased when
PM concentration increased (results not shown). Then, as shown
in Fig. 1 (giving the relative root elongation index), root length sig-
nificantly decreased when PM concentration increased (ANOVA,
p < 0.05). A significant dose response was observed for soil-1 and
soil-3.

According to Fig. 2, whatever the kind of soil, PM had an impact
on shoot elongation and biomass. The development of thinner and
shorter shoots was induced by PM exposure compared to controls
(ANOVA, p < 0.05). Contrary to the root elongation results, there
was not a clear dose response effect for shoots (Fig. 2). Finally, leaf
number and colouration were not affected by PM (results not
shown).

No significant difference was observed between the three con-
trol soils (ANOVA, p > 0.05): they had the same behaviour regard-
less of the phytotoxicity marker (germination, root and shoot
growth). Nevertheless, when these soils were spiked, they ex-
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Fig. 1. Influence of PM concentration and soil properties on root growing. Results
are expressed as relative root elongation (% relative to controls). C1:
[Pb] = 825 ± 15 mg kg�1; C2: [Pb] = 1650 ± 20 mg kg�1 and C3: 2475 ± 20 mg kg�1.
Values are given as mean ± SD (standard deviation) of triplicate samples with three
seedlings each.
pressed, globally, the same responses in observed effects but with
different amplitude (see Figs. 1 and 2).

3.1.2. Ageing effect
In view of evaluating the soil ageing effect on PM ecotoxicity, ger-

mination and elongation tests were performed at C2 ([Pb] =
1650 ± 20 mg kg�1) by comparison with the controls for each type
of soil.

The 3 month ageing period had a significant impact on the elon-
gation parameter. Fig. 3 shows a representation of root elongation
after 17 d in the different contaminated soils, in comparison to
controls. Roots grown in aged spiked soil were shorter than roots
grown in non-aged spiked roots (p < 0.05 for soil-2 and soil-3).
Actually, for the same PM concentration ([Pb] = 1650 ± 20 mg
kg�1), root growth was significantly slowed down in spiked, aged
soil-2 and soil-3. However, the long-term polluted soil (soil-4)
was less phytotoxic; root length in this polluted soil was not
significantly different to the three controls (ANOVA, Fisher test,
p > 0.05).

Fig. 4 shows the results of lead accumulation in plant shoots (A)
and roots (B) for the soil-3 ageing experiment. In fresh and aged
spiked soils, lead concentrations were significantly different to con-
trols. The ageing process on spiked soil increased lead transfer to
roots and its translocation to shoots (see Fig. 4, p < 0.05). The same
results were observed for the other studied soil-1 and soil-2 (not
shown). In the long-term polluted soil, lead accumulation in roots
and shoots was not as high as in spiked soils, and relatively close
to control shoots. In the same way, mean lead concentrations ex-
tracted by CaCl2 were, respectively, 4.2 ± 0.4, 5.1 ± 0.2 and
3.1 ± 0.3 mg Pb kg�1 of spiked soil-3, aged spiked soil-3 and long-
term polluted soil.

3.2. Effects on microbial activity: bioluminescent test

3.2.1. PM suspensions: Microtox 81.9% basic test
Fig. 5 shows the results of microbial toxicity in solution. Longer

exposure times were associated with lower EC50, suggesting that
industrial particles are toxic to microorganisms.

3.2.2. Solid-phase test and ageing effect
Table 2 summarises the EC50 data for controls, spiked soils and

aged spiked soils for each kind of soil suspension. All the data deal-
ing with the effect of PM-spiked soils on bioluminescence inhibi-
tion in relation to the soil suspension concentrations (mg L�1) are
given in Supplemental material (Figs. S1, S2 and S3). The results
were almost the same after 5 min or 15 min, so the table only re-
ports the 5 min results. For each kind of soil, Table 2 shows that
the PM-amended soils had an effect on light output at a lower con-
centration than the control soil (EC50 obtained for a lower concen-
tration of process PM). This representation takes into account the
potential loss of luminescence due to the turbidity of soil suspen-
sions, and the toxicity already present in soil before spiking. Soil-3
(without PM) was the most toxic, and the EC50 of the control was
the lowest at 12.7 g L�1 of the soil suspension (equivalent to
76.2 mg L�1 of PM or 20.9 mg L�1 of Pb in suspensions).

Moreover, by comparison to the spiked soils with the same
contamination level, ageing influenced PM toxicity (Table 2 and
Supplemental material). The toxicity of soil suspensions was
increased after a 3-month ageing period in the greenhouse,
EC50 = 169 mg L�1 instead of 339 mg L�1 for soil-1, EC50 =
142 mg L�1 instead of 689 mg L�1 for soil-2 and EC50 = 676 mg L�1

instead of 3440 mg L�1 for soil-3. The ageing effect seemed to be
more important for soil-3 (and soil-2) than for soil-1 (higher differ-
ence in the EC50).

Finally, the long-term polluted soil (soil-4) was tested in the
Microtox assay and its EC50 was determined to be EC50 = 22.4 g L�1
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Fig. 3. Effect of ageing procedure on root elongation as a biomarker of PM
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[Pb] = 1650 ± 20 mg kg�1 and C3: 2475 ± 20 mg kg�1. Values are given as mean ± SD (standard deviation) of triplicate samples with three seedlings each.
after 5 min and 20 g L�1 after 15 min. These values are very close to
those obtained for the control soils (the EC50 was even higher than
in soil-3). Therefore, the toxicity of soil-4 for V. fischeri was low.
4. Discussion

4.1. PM ecotoxicity assessment

PM had an impact on plant growth. Roots are in direct contact
with PM during their elongation and not protected against the
toxic effects of soil pollutants. Previous studies on manufactured
PM concluded that they have an inhibitive effect on root elongation
(Yang and Watts, 2005; Lin and Xing, 2007; Lee et al., 2008; Stamp-
oulis et al., 2009). Process PM emitted by the lead recycling plant
appears to have had a similar impact in relation to metal accumu-
lation. Moreover, the study on lettuce shoots supported the same
conclusions. Thus, shoot parameters (elongation and biomass)
may be useful to compare toxicity effects after seed exposure to
process particles. Nevertheless, our first results have shown that,
even if a reduction trend could be described for the three soils,
according to Ma et al. (2010a,b) (working on synthesised oxide
nanoparticles), lettuce germination was not affected by metal soil
pollution. Lin and Xing (2007) explained this phenomenon by the
protection of the lettuce seed coat against external pollutant pen-
etration, while Wierzbicka and Obidzinska (1998) attributed this
to selective permeability of the seed coat. So, root elongation can
be more sensitive than germination index for this type of hazard-
ous material contamination, especially when the toxicity directly
affects root development, as reported by Barrena et al. (2009).
Furthermore, process PM and PM-spiked soil suspensions had a
significant impact on bacteria, as a light output decrease was ob-
served in the Microtox test. A battery of ecotoxicological tests
had already shown that synthesised thin particles are toxic to
aquatic organisms, both unicellular as bacteria and animals (Now-
ack and Bucheli, 2007). Nevertheless, among the few studies con-
cerning metallic PM, the conclusions strongly differ. Actually,
Barrena et al. (2009) showed that thin particles of Ag, Fe or Au in
suspensions did not have any effect on the bioluminescence test.
In contrast, Strigul et al. (2009), working with boron nanoparticles
in suspension, reported an effect on bacteria metabolism and sug-
gested that the Microtox test is efficient for evaluating the impact
of manufactured particles on water quality.

Incidentally, the ecotoxicity results on V. fischeri bacteria ex-
posed to PM were coherent with the phytotoxicity results. The cor-
relation coefficients between root length and the Microtox assay
data were calculated; the R2 values are, respectively, 0.92, 0.90
and 0.92 for soil-1, soil-2 and soil-3. These observations suggest
that there is a clear relationship between the performed tests.
Whatever ecotoxicity bioassay used, the acute toxicity of PM was
highlighted, certainly due to their large surface area and composi-
tion (Ma et al., 2010a,b). Moreover, a PM dose-response effect was
observed, and the Microtox and phytotoxicity tests seemed there-
fore to be sensitive and complementary tools for studying process
PM ecotoxicity.
4.2. Impact of soil–PM interaction on bioavailability and ecotoxicity

The results of the Microtox solid-phase test are expressed as the
quantity of spiked soil suspensions introduced in bacteria medium
(mg of soil per litre). However, by calculating the quantity of PM
added in amended soils, results could be expressed as mg of PM
introduced per litre. The EC50 values were, respectively, 2.2, 4.1
and 20.6 mg L�1 of PM in soil-1, soil-2 and soil-3. So, there was a
difference in the bacterial response between the PM suspensions
(EC50 = 68.7 mg L�1 of PM) and the PM–amended soil suspensions.
These results suggest that PM ecotoxicity was increased by soil–
PM interactions. The same trend was observed by Doshi et al.
(2008) working on aluminium manufactured PM. Moreover, Uzu
et al. (2009) have already reported that in spiked soils, CaCl2 metal
exchangeability is ten times higher than in PM, suggesting these
PM–soil interactions. Actually, according to Birkefeld et al.
(2007), who studied in situ transformation of lead particles from
a smelter in several soils, solubility is strongly dependent on soil
characteristics. For example, working on organic vs. inorganic fer-
tilisers in reducing metal phytoavailability, Singh et al. (2010) re-
ported that organic matter contents had an impact on metal
phytoavailability and transfer. However, our soils differ by several
parameters such as texture, clay content, pH, lime content, organic
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Fig. 5. Effect of PM concentrations on bioluminescent inhibition (Microtox 81.9% Basic Test).

Table 2
Effect of ageing procedure on toxicity for Vibrio fisheri after 5 min of contact, in
relation with the kind of spiked soil. Effective concentration (EC50) values are given in
mg L�1.

EC50 (mg L�1) of soil suspensions

Controls Spiked soils (C2) Aged spiked soils (C2)

Soil-1 >200 000 339 169
Soil-2 38 600 689 142
Soil-3 12 700 3440 676

Notes: C2: [Pb] = 1650 ± 20 mg kg�1 impact evaluation is performed by measuring
light output decrease. Toxicity is reported as effective concentration EC50 for each
soil suspension.
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Fig. 4. Lead concentrations in lettuce shoots (A) and roots (B) in mg kg�1 of dry weight, in different spiked or aged soils after 17 d. Results are expressed as the mean of three
replicates (±SD) for a lead concentration in soils at 1650 ± 20 mg kg�1.
matter; the influence of even one property on soil–PM interactions
is therefore too complex to highlight.

Nevertheless, the three soils do not respond in the same way
according to bioluminescence inhibition. Their biogeochemistry
could be an explanation. Actually, soil-3 (as a control), was charac-
terised by a high content of limestone (98 g kg�1, Table 1) and was
the most toxic soil for V. fischeri (its EC50 Control soil was the lowest).
However, after spiking, it became less toxic to bacteria compared
to the other PM–amended soils (its EC50 Spiked soil was the highest).
Thus, as already noted by Birkefeld et al. (2007), lead oxide parti-
cles incubated in calcareous sand can be covered by a crust of lead
carbonate within 2 months. This crust could protect lead oxide par-
ticles against further weathering and could then decrease toxicity.
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4.3. Influence of ageing on soil ecotoxicity

The results showed that the ageing period strongly influenced
PM–spiked soil ecotoxicity (Figs. 3 and 4 and S1, S2 and S3). Actually,
during ageing processes, metal solubilisation, availability and toxic-
ity can be modified (Richards et al., 2000; Jalali and Khanlari, 2008;
Zapusek and Lestan, 2009). Mixed with soil for several months, par-
ticle solubility could therefore have changed as suggested by the in-
crease of lead transfer in lettuce tissues and CaCl2 exchangeability
after the ageing period, and their ecotoxicity could have been mod-
ified (Uzu et al., 2009). As shown by Lock and Janssen (2001), metal
bioavailability is largely influenced by the ageing period. Moreover,
as reported by Ma et al. (2010a,b), small sized particles are prone to
aggregation in the aqueous phase, which may change their bioavail-
ability and toxicity over time. PM dissolution, phase transformation
and speciation are sensitive to soil geochemistry (Birkefeld et al.,
2007; Uzu et al., 2009). The dissolution of particulate matter in the
soil solution during the ageing processes could release several met-
als (as ionic compounds). Thus, this phenomenon could be an expla-
nation of the increase in the toxicity of process particles (Fig. 3 and
Supplementary materials) and lead accumulation in lettuce roots
and shoots with the ageing period (Fig. 4).

However, as already noted by Lin and Xing (2008), the phyto-
toxicity of metallic particles cannot be explained only by the disso-
lution of metallic ions. The toxicity may come from ultrafine
particle aggregation and adhesion on the root surface and their
penetration into epidermal and cortical cells until damage is
caused to the vascular cells. In the case of bacteria, the cell–PM
interaction is size-dependent (Morones et al., 2005) and seems to
depend also on the shape of the PM (Pal et al., 2007). For example,
Nowack and Bucheli (2007) reported that nano-Ag appeared to be
significantly more toxic than Ag2+ ions towards Escherichia coli.
Therefore, we can suppose that ageing processes (for 3 months)
combine these two effects: metallic ion dissolution in the soil solu-
tion and particle aggregation and penetration into plant tissues or
bacterial cells. Toxicity was more acute in aged spiked soils. Only
soil-1, characterised by its high organic matter, was not signifi-
cantly more toxic after the ageing process, by comparison to the
other soils (Fig. 3). Actually, several authors had previously re-
ported this effect of organic matter on metal release, transfer and
toxicity in soils (Yin et al., 2002; Inaba and Takenaka, 2005; Bermu-
dez et al., 2010). Organic ligands could modify both metal uptake
and phytotoxicity by changing free metal ion concentrations
through speciation (Shahid et al., 2011).

However, the historically long-term (30 years) polluted soil was
less toxic than the different spiked soils. This could be explained by
long-term stabilisation processes involving strongly stabilised lead
compound formation like pyromorphite and lead-enriched clay
minerals (Dumat et al., 2001; Cecchi et al., 2008). Its lower toxicity
and lead exchangeable fraction compared to spiked soil-1, soil-2
and soil-3 may have been due to its lower concentration of re-
leased toxicants (especially Pb). Because of long-term chemical
processes, metal bioavailability in field soils decreases over time
(Lock and Janssen, 2003a,b). For example, variations in the relative
molecular size fractions present within the dissolved organic car-
bon (DOC) pool as a result of increased time and temperature
may influence the proportion of element-DOC complexes and their
behaviour in soils (Martínez et al., 2003). Temporal changes, cli-
mate variations and plant cultivation on metal-polluted soils could
accelerate metal speciation transformations and then decrease
their bioavailability (Fendorf et al, 2004; Buekers et al., 2007).
Actually, by producing exudates, plants can modify metal specia-
tion and their behaviour in soil, especially in the rhizosphere (Chai-
gnon and Hinsinger, 2003; Uzu et al., 2009).

Thus, as reported by Lock and Janssen (2003a,b), the use of
spiked soils in toxicity assays can result in an overestimation of
metal effects, especially at high pH. Therefore, the perspectives of
this work could inform the testing of different ageing processes
and their effect on toxicity evaluations with the root elongation as-
say and the Microtox test.
5. Conclusions and perspectives

This study focused on the impact of process waste metallic
ultrafine particles, not intentionally emitted into the environment,
on plants and microorganisms. It deals with an environmental risk
assessment of contamination by atmospheric fallouts from lead
recycling plants.

Due to their small size and composition, these industrial ultra-
fine particles are toxic for ecosystems. They reduce root and shoot
elongation for plants and disturb V. fischeri metabolism. The eco-
toxicity of these process particles was increased by short-term
interactions with soils. However, after long-term exposure, ecotox-
icity decreases with metal bioavailability in soils.

The interest of using combined toxicity tests (the plant elonga-
tion assay and the Microtox test) to appreciate the impact of PM on
ecosystems was demonstrated. Lettuce germination was not signif-
icantly affected by metal soil pollution, suggesting that this indica-
tor was not sensitive enough for this kind of pollutant.

Further studies could be performed in view of obtaining a range
of references on the responses of ecosystems exposed to metallic
particles from different sources, with different sizes and speciation,
from different industrial processes, especially for the Microtox test
for which there are currently only a few data available. Moreover,
different ageing processes and times should be compared in view
of obtaining the best simulation of stabilisation processes.
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