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Abstract In this study, the single extraction and sequential
extraction procedure were used to separate Pb from an old
smelter soil in Liaoning Province, China. At the same time,
the root and the overground parts of six species plants in the
smelter were harvested for analysis. The concentrations of
Pb in the roots and the overground parts of the plants were
then compared with the amounts of Pb extracted from the
rhizosphere soil by range of conventional extractants.
The speciation distribution of Pb was RES > OX >
OM > WSA > SE. Assuming that metal mobility and bio-
availability are related to their solubility and the contents in
typical plants in the contaminated soil, Pb would be the
potential risk to environment safety in the area.
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With the rapid development of industrial production in
recent decades, anthropogenic activities such as mining,
smelting, ore refining, and irrigation with sewage have led
to increasing heavy metal contents in soils (Chen et al.
2007). Now the heavy metal contamination of soils derived
from anthropogenic activities and the consequent ecologi-
cal security problems have become a focus of world
attention. Smelting activities generate a great deal of par-
ticulate emissions and waste slag enriched in heavy metals
which contaminate the surrounding soil, water and air.
Recently many smelters have been moved out of cities in
view of the environmental problems in China; however, the
abandoned land surface is contaminated by heavy metals
and in great need of ecological risk assessment and reme-
diation. The Shenyang Smelter (123°49'277"'-123°49'655"
E, 42°07'476'-42°07"793" N) was one of them, which was
founded in 1936 and the area of the factory was
3.6 x 10° m? (Cui et al. 2007). It was located in the heavy
industrial center of Shenyang, which is the capital of Lia-
oning Province. The main production of this smelter was
lead (Pb). While the centuries-old smelter was responsible
for more than 40% sulfur dioxide (SO,) and 98% lead
particulate emissions within the city. As a result of pollu-
tion problems, it was demolished in 2002 and most sites are
seriously contaminated with heavy metals.

Most analytical measurements dealt with the total con-
tent of particulate metals in analysis samples. The use of
total concentration as a criterion to assess potential effects
of soil contamination is not sufficient, because fate and
toxicity of heavy metals in a contaminated soil is greatly
controlled by speciation in the soil (Guo et al. 2006).
Therefore, total metal concentrations may not be the best
predictor of metal bioavailability, and the accurate esti-
mation of metal bioavailability in soils is becoming more
important in ecological risk assessments. The aim of this
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work was to study the distribution of Pb speciation in the
contaminated soil in the Shenyang Smelter, in order to
determine bioavailability and contaminant mobility and
to provide information for risk assessment on soil
contamination.

Materials and Methods

Six species of plants were collected on August 2004 in the
studied Shenyang Smelter. At least three individual plants
of each species were randomly collected. At the same time
soil samples were also collected among the roots of each
plant for analysis (Wei et al. 2005). Plant samples were
washed to remove soil particles attached to the plant sur-
faces. The roots and overground parts were separated and
oven-dried at 105°C for 30 min, then 70°C to constant
weight. The dried tissues were weighed and ground into
powder for the determination of metal concentration. Soil
samples were air-dried for two weeks, and then sieved
through a 2 mm mesh. Some main soil properties for the
samples are listed in Table 1. The soil used in this study is
meadow burozem (silty clay loam). Soil pH (soil/water
ratio of 1:2.5), organic matter and cation exchange capacity
(CEC) were carried out following the standard methods of
chemical analysis (Zhou 2003). For soil and plant samples,
the concentrations of Cd, Pb were analyzed using the
atomic absorption spectrophotometer after a wet digestion
of the sample with the mixture of HNO5; and HCIO, (Guo
et al. 2006).

All experiments were carried out at a room temperature
of 25 4+ 1°C. 1.000 g soil samples were weighed into
100-mL  acid-cleaned polystyrene centrifuge tubes.
Different extraction solutions were added and the tubes

were shaken at ambient temperature on a variable speed
reciprocal shaker at 220 strokes min~" for 2 h (Maiz et al.
2000). After the extraction, the sample solutions were
centrifuged at 5000 rpm for 15 min and then filtered. The
supernatant was used for analysis. Experimental details are
listed in Table 2.

The sequential extraction was developed from that of
Tessier et al. (1979) using the same terminology. The
defined chemical fractions were as follows: fraction 1, SE
(water soluble plus exchangeable); fraction 2, WSA (bound
to carbonate or weakly specifically adsorbed); fraction 3,
OX (bound to Fe or Mn oxides); fraction 4, OM (bound to
organic matter); fraction 5, RES (residual). After each
successive extraction, separation was carried out. The
supernatant was filtered and placed in a tube for measuring.

All chemicals used in the experiment were of analytical
grade and deionized water was used to prepare solutions.
All treatments were replicated three times to minimize
experimental errors. The average of the three replicates for
each treatment and standard deviation (SD) were calcu-
lated. Analysis of the heavy metal in the supernatants was
carried out by a SpectrAA-200 atomic absorption spec-
trophotometer (AAS, made in Australian). Reference
material (GBW07404) was used for quality control of the
instrument’s performance. The recovery and precision
were found to be within 100 = 10%. The statistical pack-
age used throughout this study was SPSS 11.0.

Results and Discussion

The general trend from Table 3 showed that these plant
species could vegetate within a broad range of Pb con-
centrations in soil. The total Pb contents in soil of the

Table 1 Properties of the tested

soil samples Soil pH Organic matter CEC Total Pb
P (gke™) (cmolkg™)  (mgkg™)
Smeltery soil Range 5.8-6.7 6.3-18.5 8.2-14.8 1004.0-9385.0
Mean 6.2 11.6 10.7 3044.0
Clean soil Range 6.2-6.6 12.1-21.8 9.4-15.7 7.5-18.2
Mean 6.4 16.5 12.3 12.1
Table 2 Summary of the Type Extractant/method Reference

experimental procedures for the

single-step extractions Neutral salts

Dilute acids

Chelating reagents

Shao et al. (1994)

Xia and Liu (1994)

Houba et al. (1996)

Navas and Lindhorfer (2003)
Ure et al. (1993)

Lu et al. (2003)

Fangueiro et al. (2002)
Prokop et al. (2003)

Mg(NOs), (1 mol L™
NH,CI (1 mol L")
CaCl, (0.1 mol L")
MgCl, (1 mol L™
HOAC (0.43 mol L™h
HCI (0.1 mol L™")
EDTA (0.05 mol L™})
DTPA (0.05 mol L™
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smelter greatly exceeded the ranges which considered toxic
to normal plants, so these plants growing in the polluted
site exhibited strong metal adaptability. Pb concentrations
observed in plant varied from 48.1 to 430.3 mg kg~' for
roots, while they varied from 29.5 to 184.8 mg kg~ for
overground parts. Pb accumulated by these species was
retained in roots except Abutilon theophrasti, which dem-
onstrating limited mobility of Pb in these plants. Pb
concentration in the overground part of Conyza canadensis
was lower and it could grow naturally in the contaminated
site owing to its metal-resistant characteristics with the
help of mycorrhizal fungi. The reason may be that the
metal-binding capacity of mycorrhizal fungi was so strik-
ing that both the uptake of metals from the soil and their
subsequent translocation to Conyza canadensis may be
effectively restricted when exposed to pollution (Zhou
et al. 2003). Pb concentrations in the overground part of
Polygonum lapathifolium were the highest. The major
processes involved in the accumulation of heavy metals
from soil to the plants possibly include bioactivation of
metals in the rhizosphere through root-microbe interaction.
Detoxification of metals by distributing to the apoplasts,
e.g., binding to cell walls and chelation of metals in the
cytoplasm with various ligands, such as phytochelatins,
metallothioneins, metal-binding proteins, and sequestration
of metals into the vacuole by tonoplast-located transporters

(Qureshi et al. 2005). Pb concentrations in roots and
overground parts were not significantly correlated
(R = 0.55, p = 0.31). Helianthus tuberosus had the high-
est contents of Pb in root. The concentration of Pb in root
of plants that live in non-polluted environments was less
than 5 mg kg~' (Cui et al. 2007). Root Pb concentration
was not significantly correlated with Pb content in soil
(R =0.49, p = 0.36), neither the overground part Pb
concentration (R = 0.48, p = 0.02).

The usefulness of any soil extractants to predict the
bioavailability of heavy metals is dependant upon the
ability to predict the extent to which plants will accumulate
that given metals. Eight reagents classified in three types
were listed in Table 2 and were used to evaluate the
potential mobility and bioavailability of Pb in the con-
taminated soils. The metal extraction efficiencies obtained
with the single extraction procedures were presented in
Table 4. The extractabilities of Pb obtained with chelating
reagents were generally higher than dilute acid and neutral
salts. The chelating reagents could extract out over 40% of
the total Pb. EDTA had a higher chelating capacity than
DTPA. This was easily understood because the EDTA
method was originally developed for acidic soils (Hammer
and Keller 2002). EDTA is a strong chelating reagent and
can extract trace elements from soil geochemical phases
including labile and nonlabile fractions (Bermond et al.

Table 3 The Pb concentration

. . Plants
in soil, overground parts and

Concentration of Pb (mg kg_l)

root parts of plants Soil Overground parts Root parts
Helianthus tuberosus L. 3044.0 £ 191.2 126.8 £ 25.4 4303 £ 77.4
Solanum nigrum 7121.3 £+ 378.1 90.7 £ 19.1 180.2 £+ 34.3
Chenopodium acuminatum 1004.3 £+ 121.6 90.5 + 19.2 203.7 £ 37.7
Polygonum lapathifolium 4828.9 + 611.1 184.8 £ 31.4 2104 £ 35.3
Conyza canadensis 2069.8 £+ 19.4 29.5 + 6.1 49.6 £+ 10.7
Abutilon theophrasti 1004.3 £+ 121.6 72.3 £ 14.7 48.1 £ 103
Table 4 Pb contents (mean concentration &= SD, mg kg™ ") from the single extraction by different reagents
Extractant Soil (mg kg’l)
Helianthus Solanum Chenopodium Polygonum Conyza Abutilon
tuberosus nigrum acuminatum lapathifolium canadensis theophrasti
Mg(NO3), 434 £ 12.7g 101.6 £ 29.8¢ 14.3 + 4.2¢ 68.9 £ 20.2e 29.5 + 8.6g 143 £ 4.2¢
NH,Cl 68.8 £ 6.4e 161.0 £ 149f 227 + 2.1e 109.2 £ 10.2g 46.8 £ 4.4e 22.7 £ 2.1f
CaCl, 57.7 £ 5.5¢F 135.0 £ 15.2f  19.0 £+ 2.1f 91.5 £ 103g 39.2 £+ 4.4f 19.0 £ 2.2f
MgCl, 41.8 £ 5.6g 97.8 £ 13.1e 13.8 £ 1.9f 66.3 £ 8.9f 284 + 3.8¢g 13.8 £+ 1.9¢
HOAC 514.6 £ 11.7¢ 1203.8 & 27.3¢ 169.7 + 3.8¢c 816.1 £ 18.5¢ 349.8 £ 7.9¢ 169.7 £ 3.8¢
HC1 111.2 £ 5.9d 260.1 £ 13.9d 36.7 &+ 2.0d 176.3 £ 9.4d 75.6 £ 4.0d 36.7 + 2.0d
EDTA 1410.8 &+ 10.6a 3300.4 £+ 24.8a 465.3 £+ 3.5a 2237.7 £+ 16.8a 958.9 £ 7.2a 465.3 £+ 3.5a
DTPA 1220.8 + 17.2b 2855.8 £ 40.3b 402.7 £ 5.7b 1936.2 £+ 27.3b 829.8 £ 11.7b 402.7 £ 5.7b

Within columns, values followed by the same letter are not significantly different at p = 0.05 (LSR test)
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Table 5 The variation of the concentration and percentage of Pb in different fractions

Soil SE WSA (0):¢ OM RES
mg kg™ %* mg kg™ %* mg kg™ %" mg kg™ %* mg kg™ %*

Helianthus tuberosus 58.1 1.9 110.0 3.6 1042.6 34.3 662.4 21.8 1170.7 38.5
Solanum nigrum 157.4 22 286.3 4.0 2102.9 29.5 1581.6 222 2993.1 42.0
Chenopodium acuminatum 19.0 1.9 42.8 4.3 271.7 27.1 241.6 24.0 429.4 42.8
Polygonum lapathifolium 58.4 1.2 160.3 33 1520.6 31.5 1078.3 22.3 2011.2 41.7
Conyza canadensis 48.4 23 64.6 3.1 687.4 33.2 446.7 21.6 822.8 39.8
Abutilon theophrasti 15.8 1.6 48.9 4.9 348.4 347 205.2 20.4 386.1 384

 Percentage of different fractions in the total concents of heavy metals (%)

1998). DTPA extraction method was suitable for neutral
and near-alkaline soils with insufficient transition metals
(Lindsay and Norvell 1978). When DTPA was applied to
acidic soil, the buffering capacity of the soil solution might
be exceeded (O’Connor 1988), and considerable amounts
of heavy metals occluded by Fe/Mn oxides and carbonates
could be released (Hammer and Keller 2002), which were
not responsible for plant availability. This was the evidence
that DTPA was unsuitable for prediction of bioavailability
of heavy metals in acidic soils to plants.

The percentage extractable by dilute acid was lower
than that extracted by chelating reagent and higher than
that extracted by neutral salts. While the Pb concentration
in soil samples extracted by dilute acid was close to the
concentrations in root and overground parts of Helianthus
tuberosus, Chenopodium acuminatum, Polygonum lapa-
thifolium and Abutilon theophrasti. HOAC had higher
extracting efficiency than HCI. The neutral salts had dif-
ferent extraction efficiencies for Pb. The concentrations of
Pb in root and overground parts of Solanum nigrum and
Conyza Canadensis were close to those from the neutral
salts. Neutral salts extraction methods were suitable for
exchangeable metals (Hammer and Keller 2002). Neutral
salts would extract exchangeable metals mainly because
its ionic strength is similar to that of soil solution and it
does not affect the equilibrium between soil solution
and soil solid (Gupta and Aten 1993). Although easily
exchangeable metals can be extracted with neutral salts,
neutral salts exerted a weak competition for the adsorption
sites of organic matter and oxide surfaces (Novozamsky
et al. 1993). Hammer and Keller (2002) also suggested
that plants seemed to take up heavy metals from pools
rather than solely from neutral salts-extractable one.
Overall, the suitability of neutral salts extraction methods
were restricted to different types of soils (Stewart et al.
2003). Results also indicated NH4Cl had the highest
extractability among the neutral salts. This could be due to
the possible reaction of these elements with NH3 and to
the higher salt concentration of the NH4Cl solution (Pueyo
et al. 2004).

@ Springer

Within columns, values followed by the same letter are
not significantly different at p = 0.05 (LSR test).

In sequential extraction, Pb was strongly retained in the
residual fraction in all the samples. As shown in Table 5,
the fractions of Pb were mainly bound to the residual
fraction with 38.4% to 42.8% for the soil samples. These
fractions of heavy metals are contained in the crystal lat-
tices of minerals with strong bonds and consequently they
will not be released into the environment. Compared with
the residual fraction, much lower proportions of Pb were
extracted in the exchangeable and carbonate fractions,
which was 1.2% to 2.3% and 3.1% to 4.9% of total Pb
concentration. Processes of metal mobilization—immobili-
zation are affected by plenty of soil properties. The free ion
activity in the soil is largely determined by metal bonding
to the solid phase. Solid organic matter, dissolved organic
matter, clay and ion hydroxides could have a significant
impact on the metal activity. In this study, a higher pro-
portion (27.1%-34.7%) of Pb was associated with the
oxide fraction and only in the case of a change in the redox
conditions towards reductive would it be released from
oxides. In this fraction, Pb has the more stable bonds and
can be more difficultly released into the environment. The
Pb bound to the carbonate fraction would be released if
conditions become acidic. This could be the supplement for
the available Pb equilibrium in soil solution.

The distribution of heavy metal speciation in the pol-
luted soil samples was different from that in the clean soil
samples (Zhou and Song 2004). The total and extractable
Pb concentrations in polluted soil samples are generally
higher than in the clean soils (Table 1). External sources
were the main contributors to the increasing Pb. According
to its total content in the study area, Pb is danger in the
contaminated site corresponding with its source and spe-
ciation distribution. The most mobile fraction of Pb in the
contaminated area could transfer to the groundwater or the
plants and endanger public safety.
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