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The effects of grinding size and shaking process on the results of Cd (cadmium), Pb (lead) and Zn (zinc)
distribution measurements three agricultural and three kitchen garden soils highly contaminated by
past atmospheric fallout of two lead and zinc smelters in northern France were studied. The physico-
chemical parameters and pseudo-total concentration of metals within these soils were determined. The
fractionation of metals was performed in triplicate, using the procedure recommended by the
Standards, Measurements and Testing program (SM&T), on each air-dried soil sample, ground to pass
through 2-mm, 0.315-mm and 0.250-mm sieves and using a reciprocating or rotary shaker. The
samples were analysed by flame or electrothermal absorption atomic spectrometry using a self-reversal
background system. For both shaking processes, the grinding size had no effect on the fractionation of
metals in contaminated agricultural soils. In contrast, using a reciprocating shaker, the fractionation of
metals in the kitchen garden samples sieved at <2 mm was so different that in the samples prepared
to pass through the 0.315-mm and 0.250-mm sieves. Therefore changes (use of a 50 mL graduated
polypropylene centrifuge tube, evaporation of the solution to a fixed volume in step 3 and the use of an
automatic shaking heating bath) were made to the initial procedure and a rotary shaker was used to
improve the suspension of the soil samples during extraction. For all grinding sizes, the fractionation of
the three metals contained in the contaminated kitchen garden soil samples was successfully achieved.
Nevertheless, some discrepancies from samples sieved at <2 mm were obtained. On the other hand, it
is worth noting that the effect of the type of shaker on the distribution of metal depended on the soil
and the grinding size. From an analytical point of view, precision and trueness were improved after
optimisation of the procedure for all sequential extraction procedure steps. The best results were
obtained for samples sieved at < 0.250 mm. Similar trends were obtained using the CRM BCR®-701
certified material. All the results showed that optimisation of the sequential extraction procedure could
be adopted for the Cd-, Pb- and Zn-partitioning in contaminated kitchen garden soils with high-level
anthropogenic sources.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

scanning electron microscopy [14] and others have been used to
determine the chemical speciation of metals [15-21]. However, in

The concentration level of metals in the environment has
substantially increased over the past few years mainly because
of industrial and human activities. It is now widely accepted that
the determination of total metal contents is not sufficient to
assess the impact of metals on soils [1-4] and on risks to human
[2,5-9]. Since the toxicity of metals in soils is known to be related
to the chemical form, techniques have been developed to manage
the behaviour of metals within soils. Among these techniques,
Fourier transform infrared spectrometry [10,11], nuclear mag-
netic resonance spectroscopy [12], X-ray diffractometry [13],
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most environmental studies of contaminated soils, the behaviour
of metals is studied through the assessment of their mobility and
is often evaluated using chemical-extracting solutions. The first
extraction procedures were published in the 1970s and 1980s
[22] but the development of a unified sequential extraction
procedure to determine the fractionation of metals in fluvial
sediments started in the late 1970s [23]. Various sequential
extraction procedures have been developed over the past 20
years and a variety of environmental samples such as sewage
sludge, composts, oils, fly ashes, aerosols, sediments and soils
have been studied [24]. The objectives of all of these studies were
to evaluate the mobility and/or bioavailability of metals, and
authors often suggested identifying binding sites of metals to
assess metal accumulations and transport mechanisms using
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relationships between the metal mobility in the operationally
defined fractions and the chemical reagents used in the sequential
extraction procedure [24-29].

The accuracy data provided by the sequential extraction
procedures depends on the number of stages, commonly between
three and nine [30-38], and the choice of the chemical reagents
used in each of the extraction steps [24,39-40]. Ideally, each
procedure uses a series of progressively harsher chemical extract-
ing solutions to attack a geochemical compartment or a specific
soil component with nominal dissolution of the non-target
phases. However, it has been clearly demonstrated that the metal
fractionation depended on the order in which the reagents were
added, the type of reagents and the nature of the individual metal
[35,41-43] in the sequential extraction procedure especially to
access the oxy-hydroxides and organic matter bounds when
heating is recommended [44]. This is why some authors have
proposed sodium pyrophosphate for extraction of metals asso-
ciated with humic acid prior to assessing the reducible fraction
[30,35,45,46]. However, a number of errors have been detected
using this reactant when soils contained higher organic matter
and debris [46].

The most recent sequential extraction procedure was devel-
oped by the Community Bureau of Reference (BCR) [47]. Because
a number of authors have highlighted pitfalls in the use of the BCR
three-steps procedure [48-51], modifications were required to
improve it and a modified protocol was proposed by the Stan-
dards, Measurements and Testing program (SM&T) of the Eur-
opean Community, focusing on the reproducibility of the
extraction and the selectivity of the extracting solutions
[42,52,53]. For instance, in the Tessier procedure [23], a hydro-
xylamine hydrochloride and acetic acid mixture was used. In the
original BCR procedure, it was 0.1 M hydroxylamine hydrochlor-
ide at pH=2 [32,49] whereas 0.5 M hydroxylamine hydrochloride
at room temperature and pH=1.5 was recommended by the
SM&T program [54-57]. The optimised sequential extraction
scheme was adopted for the certification of the extractable-metal
concentrations in reference sediments and soils [51,54-56] and
was therefore considered as an appropriate extraction procedure
to evaluate the fractionation of metals in soils. For each extracting
solution, nominal target phases were proposed as follows: (i)
exchangeable, water soluble and acid-soluble, (ii) reducible and
(iii) oxidisable [56,58-60].

Nowadays, the procedure is widely used throughout the world
by scientists to predict metal partitioning in samples [36,54,61],
sediments from estuaries, sewage sludge, non-polluted soils [62]
as well as polluted soils characterised by a multi-element con-
tamination [31,63,64]. Many studies have investigated the differ-
ence between metal contents in samples for different stirring
times [42,62,65-67], the method used for the separation of the
liquid and solid phases and centrifugation conditions [56,68]. It
was observed that the reproducibility of extraction yields was
strongly affected by the shaking speed and time [56] and, in a
lesser extent, by the type of shaker used. Indeed some authors
found differences between metal extracted using both end-over-
end and reciprocating shakers [69,70] whereas others found no
difference [71]. Arunachalam et al. [72] reported no difference in
Cd and Pb extracted following the BCR procedure between the
two modes of shaking whereas some effects were observed for Zn
concentrations [72]. On the other hand, some authors mentioned
the non-specificity of the reagent and also the possibility of
redistribution of metals during the extraction procedure, depend-
ing on the physico-chemical parameters of soils and the proce-
dure used to prepare them. With contaminated soil samples, the
preparation is a major concern before conducting the extraction
procedure [24]. Yet various procedures have been reported in the
literature. After air-drying, the soil aggregates can be broken

down using an agate mortar, a domestic cutter or a jaw-crusher
[55,69]. Then the soil samples are generally ground and sieved to
pass through a 1-mm nylon sieve [4,73], a 2-mm nylon sieve, a
2-mm stainless steel sieve [50], <2 mm [33,36,74,75] or a
>2 mm [76].

One of the main sources of variability in sequential extraction
results is the heterogeneity of the sample when anthropogenic
contaminations are adding up over the industrial ones [50]. Some
authors advocate to work with 3 g of samples to improve
representativeness of the extracted metals [50,65] but the revised
BCR sequential procedure applies this mass at 1 g [54-57]. There
is no a real solution to the problem of heterogeneity but it is
known that grinding increases the homogeneity of samples [68].
However, grinding also affects the characteristics of the particles
and the specific surface of the material, reflecting changes in the
extractability of metals [68,76,77]. Although the small particular
size used in sediments is < 63-um, the most size used for the
preparation of soil samples is <2-mm [78]. However, different
grinding sizes (2 mm, 1 mm, 315 pm, 250 pum, 180 pm, 150 pm
and 75 pm) can be found in the literature, reflecting that there is
no agreed-upon size fraction to be analysed in environmental
geochemistry.

Based on these considerations, we chose three agricultural and
three kitchen garden soils. These garden soils have received
various waste materials, slag, gravels, pieces of bricks, local
contaminated composts. Compared to the agricultural soils, high
heterogeneity of the garden soils, that could induce variability
within the samples, was shown [79]. The sequential extraction
scheme recommended by the SM&T program was applied on the
six soils. The main objectives of the study were (1) to evaluate the
effect of grinding size on the fractionation of cadmium (Cd), lead
(Pb) and zinc (Zn), and (2) to compare the fractionation of these
metals with regard to the type of shaker used. Other changes
were made in order to improve the precision and the trueness of
the sequential extraction procedure. Using the BCR®-701 material
as a certified reference material, the bias value at each step of the
procedure was calculated for each metal taking into account the
literature data. Finally, these results are discussed.

2. Experiment
2.1. Sampling sites

Six sites were selected between 2001 and 2004 in the sur-
roundings of two Pb-Zn smelters located in the north of France
(Metaleurop Nord at Noyelles-Godault and Nyrstar at Auby).
Sampling was undertaken in the surface layer of the soils (0-
25 cm). Depending on the site surface, five to 13 elementary
samples were taken, homogenised and pooled to constitute a
representative sample. The six sample sites were divided into two
groups, depending on their uses. The first group was composed of
three agricultural soils located 3 km from the former Metaleurop
Nord smelter. The second was made up of three kitchen garden
soils chosen in the vicinity of the two smelters less than 2 km
away. The criterion for selecting the kitchen garden soils was not
their geographical location but the Pb contamination level.

2.2. Physico-chemical parameters of soils

Each soil sample was air-dried at room temperature and then
mixed, homogenised to constitute a representative soil sample of
the site and crushed to pass through a 10-mm stainless steel
sieve. Each representative sample was prepared according to the
NF ISO 11464 standard. Granulometric analysis was carried out
by the dispersion of mineral particles after destruction of the
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organic matter using hydrogen peroxide and separation of the
particles into different classes by sedimentation (particles <50 pm
and sieving particles > 50 pum) [80]. Soil pH was measured in water
as described previously [81]. Organic carbon and total nitrogen were
determined by dry combustion according to the NF ISO 10694 and NF
ISO 13878 standards after burning 50 mg of samples at 1000 °C in the
presence of O, [82]. Total carbonates were determined by measuring
the volume of CO, released after a reaction with HCl, using a Bernard
calcimeter, as described in the NF ISO 10693 standard. Assimilated
phosphorous was extracted with ammonium oxalate solution (0.1 M)
extraction following the revised procedure of Joret-Hébert [83] and
was measured by spectrocolorimetry (NF X 31-161). The cation
exchange capacity (CEC) was determined after percolation of 1.0 M
ammonium acetate solution at pH 7 according to the NF X 31-130
standard [84]. All these analyses were performed by the INRA Soil
Analysis Laboratory (Arras, France), accredited by COFRAC (French
Accreditation Committee) according to the ISO 17025 standard.

2.3. Microwave-assisted digestion

Digestion of air-dried soil samples (0.3 g) ground and sieved to
pass through a 0.250-mm sieve with an ultra-centrifugal mill
(Retsch type ZM 200; Hann, Germany) was conducted in a
microwave pressure digestion unit (Bergh of Speed waveTM
MWS-2; Eningen, Germany) with a built-in in-situ IR temperature
measurement device equipped with a Teflon-coated oven cavity,
removal 10-position sample carousels and an exhaust tube. Soil
samples were digested with a mixture of concentrated nitric acid
(70% m/m, 1.5 mL, J.T. Baker for metal trace analysis; Deventer,
Netherlands) and hydrochloric acid (37% m/m, 4.5 mL, ].T. Baker).
After addition of these acids to the Teflon TFM containers (DAP-
60K), the vessels were shaken until the carbon dioxide had
escaped. The vessels were then closed and were capped under
pressure using the capping station (PTFE-thread-cap) and alumi-
nium disc seals. The digestion was conducted at controlled
temperature and power was pulsed by the microwave oven to
maintain temperature at a constant value. Quality control was
based on the use of a certified sample (CRM BCR-141R, certified
reference material composed of calcareous loam soil with a
certified value of the aqua regia-extractable contents of metals).
The microwave program was: stage 1: 7 min at 160 °C and 40 W;
stage 2: 30 min at 210 °C and 80 W; stage 3: 210 °C at 30 min and
100 W.

2.4. Sequential extraction procedure

The quality of the analytical data for the sequential extraction
procedure was assessed by carrying out analyses of the sediment
CRM BCR®-701 (Certified reference material composed of sedi-
ment from Lake Orta, Piemonte, Italy). Certified values for
extractable metals are available for the first three steps of the
procedure whereas indicative values are available for the aqua
regia-extractable metal values.

Each sample of soil was dried at room temperature, ground
and sieved to pass through a 2-mm mesh to obtain 600 g of soil.
Then a subsample of 300 g was sieved to pass through a 315-pum
mesh and a gentle and very rapid size reduction ( < 0.250-mm) of
150 g of this subsample was achieved using an ultra-centrifugal
mill (Retsch type ZM 200) fitted with rotors and ring sieves made
from titanium together with cassette and cover with titanium-
niobium coating. The fractionation of Cd, Pb and Zn in the soil
samples was carried out using the modified three-step extraction
procedure recommended by the SM&T program and the aqua
regia extractable concentrations were given [55].

Mixtures of soil samples with extracting solutions were
reacted in a linear reciprocating shaker with an amplitude of

60 mm and speed range of 120+ 10 rpm or rotary shaker at
10+ 1 rpm. Although a simple decantation is recommended in
the BCR protocol to recover the supernatant after the four
extraction steps, the soil solution were extracted by decantation
and filtered over an acetate Millipore membrane (Millipore, 0.45-
pm porosity, Minisart). No significant effect (Kruskal-Wallis test,
p > 0.05) of the filtration on the Cd, Pb and Zn measured in the
four extracting solutions was observed using the CRM BCR®-701
as reference material (see supplementary data).

The bottle was manually shaken before sampling to maintain
the homogeneous distribution of particles and to avoid segrega-
tion of particles after bottling [77].

The procedure was carried out in triplicate as described below:

Step 1, fraction 1 (F1): 40 mL of 0.11 M acetic acid (from
glacial acetic, d=1.048, Acrdés Organics, Noisy-le-Grand,
France) was added to 1 g of the dry soil sample in a 250 mL
polypropylene wide-mouthed bottle. The mixture was shaken
at room temperature for 16 h on a linear mechanical recipro-
cating shaker/rotary shaker. The extract was separated from
the solid by centrifugation (Rotanta 460 Hettich; Tuttingen,
Germany) at 3000 g (4394 rpm) for 20 min. After filtration, the
supernatant was put into a polyethylene container and stored
at 4 °C until analysis. The residue was washed with 20 mL of
distilled water by shaking for 15 min and was centrifuged at
3000 g for 20 min. The washings were discarded, taking care
not to discard the solid residue.

Step 2, fraction 2 (F2): 40 mL of a freshly prepared solution of
0.5 M hydroxylamine hydrochloride (Acros Organics) adjusted
to pH 1.5 with nitric acid (J.T. Baker) was added to the residue
from step 1. The mixture was first resuspended by manual
shaking and extraction was pursued with a mechanical reci-
procating shaker/rotary shaker for 16 h. The residue was
extracted and separated by centrifugation at 3000 g for
20 min. After filtration, the supernatant was put into a poly-
ethylene container. Nitric acid (123 pL) was added to the
supernatant and the mixture was stored at 4 °C for analysis.
The residue was washed with 20 mL of distilled water by
shaking for 15 min and then centrifuged, and the washings
were discarded as in step 1.

Step 3, fraction 3 (F3): 10 mL of 8.8 M hydrogen peroxide (J.T.
Baker) was added in small aliquots to the residue from step
2 into a 250-mL polypropylene wide-mouthed bottle. The
bottle was loosely covered with its cap so that gas could
escape. The residue was digested for 1 h at room temperature
with occasional manual shaking. The digestion was followed
by heating the bottle at 85 °C in a water bath for 1 h. The bottle
cap was then removed and the mixture was evaporated to
obtain a volume less than 3 mL. Another second 10 mL of
hydrogen peroxide was added, the cap of the bottle was closed
and the mixture was heated at 85 °C for the first 30 min with
occasional manual shaking and without any shaking for the
second 30 min. The bottle cap was then removed to reduce the
volume of liquid to about 1 mkL. After cooling the moist
residue, 50 mL of 1.0 M ammonium acetate (Acros Organics),
adjusted to pH 2 with nitric acid, was added. The mixture was
shaken at room temperature for 16 h on a mechanical reci-
procating shaker/rotary shaker. The extract was separated
from the residue by centrifugation and after filtration, the
supernatant was put on the polyethylene container and stored
at 4 °C until analysis. The residue was washed with 20 mL of
distilled water by shaking for 15 min, centrifuged and the
washings were discarded as in step 1.

Step 4, pseudo-total residual fraction (F4): The dried residual
soil was manually crushed and 0.3 g was digested with a
mixture of concentrated nitric acid (1.5 mL) and hydrochloric
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acid (4.5 mL) according to the protocol described to determine
the pseudo-total concentration in soils.

The residual moisture contents were measured by weighing
1 g of individual soil samples after drying at 105 °C in an oven
until it reached a constant mass according to the NF ISO 11465
standard. From this, a correction to dry mass was obtained and
was applied to the reported analytical values.

The accuracy of the method comprised two components:
precision and trueness [85]. Precision for each step was based
on analyses of three replicates from a single bottle of the CRM and
was defined as (standard deviation/mean) x 100. Trueness was
calculated following the relation:

[(measured concentration— certified or indicative concentra-
tion)/certified or indicative concentration] x 100.

2.5. Analytical technique

A Shimadzu AA-6800 (Tokyo, Japan) atomic absorption spec-
trometer with an ASC-6100 autosampler (Shimadzu, Tokyo,
Japan) was used to determine the pseudo-total concentrations
of Cd, Pb and Zn and their concentrations in F1, F2, F3 and F4
extracting solutions. The spectrometer was fitted with an air-
acetylene flame and boosted discharge hollow-cathode lamps in
order to avoid molecular, structured and spectral interferences
[86-88]. The instrumental parameters for achieving maximum
sensitivity and precision in flame absorption atomic spectrometry
(FAAS) are described in Table 1.

For the lowest Cd and Pb concentrations, a digital control
technology graphite furnace atomiser (GFA-EX7, Tokyo, Japan)
that had been fitted with a high-density graphite tube was used.
The furnace program steps and the analytical characteristics were
described in previous studies [86,87]. All analytical determina-
tions of metals were performed in triplicates.

2.6. Statistical analysis

The comparison between Cd, Pb and Zn concentrations measured
in extracting solutions from the soils sieved to pass through 2-mm,
0315-mm and 0.250-mm sieves were performed using Kruskal-
Wallis ANOVA as non parametric tests, in order to evaluate the effects
of grinding size on the fractionation of Cd, Pb and Zn. All statistical
tests were performed using Statistica 6.0 (Statsoft, Tulsa, OK, USA)
and the level of significance was set at «=0.05.

Table 1
Instrumental parameters used for the determination of Cd, Pb and Zn by FAAS.

Parameter cd Pb Zn
Wavelength (nm) 228.8 217.0 213.856
Slit (nm) 1.0 1.0 0.5
Burner height (mm) 7 7 7
Air/acetylene flow rate (L min~—") 1.8 2.0 2.0
Lamp intensity (mA) 8-100 8-300 10-300

3. Results and discussion
3.1. Analytical characteristics of FAAS

Reagent blanks were negligible and no detectable contamina-
tion was found when aliquots of the sequential extraction
reagents were processed and analysed with the samples. The
detection limits (three times the standard deviation of the blank,
n=10) of metals in the different extracting solutions are given in
Table 2. The relatively low detection limits for Cd, Pb and Zn by
FAAS were due to the boosted discharge hollow-cathode lamps
used in this study instead of normal lamps combined with a
deuterium lamp for the background correction. One of the
advantages of the self-reversal background corrector is that it
improves the stability of the baseline during the flame atomisa-
tion of metals.

3.2. Physico-chemical parameters of soils

Physico-chemical parameters of the sampled soils are shown
in Table 3. The fraction of silt was predominant and all soils were
alkaline in spite of a low CaCOs content in the ME-21 and ME-B2
agricultural soils. The highest organic carbon and available
phosphorous contents were measured in the 04-173 kitchen
garden soil. These high concentration values are explained by
the gardeners’ intensive use of phosphate and organic amend-
ments. As a consequence, the values of the C/N ratio in kitchen
gardens were higher than those in agricultural soils. In compar-
ison with agricultural soils, Douay et al. [79] recently highlighted
that the high contamination level of kitchen gardens in the
studied area was the main reason explaining the slowed down
degradation of the organic matter.

3.3. Pseudo-total metal concentrations of soils

Soil samples were subjected to microwave-assisted digestion with
aqua regia according to the protocol described above. The certified
reference material (CRM BCR-141R) was used to optimise the
digestion procedure. The results are summarised in Table 4.
Pseudo-total Cd, Pb and Zn concentrations were generally in good

Table 3
Physico-chemical parameters of agricultural and kitchen garden soils.

Soils Clay Silt Sand ocC CaCO; P,0s C/N pH
gkg™' gkg™' gkg™' gkg™' gkg™' gkg™!
Agricultural
ME-01 239 595 166 359 84 1210 165 8.10
ME-21 188 686 126 171 7 0352 117 7.80
ME-B2 211 592 197 146 10 0348 11.1 830

Kitchen garden

04-173 147 449 404 102.0 232 2.68 31.8 7.73
04-176 197 644 159 344  86.1 0.567 21.0 8.16
04-179 190 540 270 272 746 0682 165 7.86

Table 2
Detection limits of FAAS for analytes in sequential extraction reagents.

Fraction Reagent

Nominal target phase

Detection limit (mg kg~—!)

Ccd Pb Zn
F1 CH3CO,H (0.11 mol L™ 1) Exchangeable, water and acid soluble species 3.40 29.20 1.90
F2 NH,OH.HCI (0.5 M) adjusted to pH=1.5 with HNO5 (2 M) Reducible species, bound to Fe and Mn oxyhydroxides 5.80 41.50 1.60
F3 H,0, (8.8 mol L~ 1) followed by CH3CO5 NH4 (1.0 mol L~') at pH 2 Oxidizable species, bound to sulfides and organic matter 4.30 16.20 0.70

F4 HCI (4.5 mL)+HNO; (1.5 mL)

Pseudo-total

4.90 51.70 1.90
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agreement with the certified aqua regia soluble concentrations of
these metals. The mean recoveries ranged from 94.2 to 100.7% and
the precision values were 3% for Cd, 11.5% for Pb and 5% for Zn.

Table 4
Concentrations of Cd, Pb and Zn (mgkg~!') in the certified reference material
(n=10) and contaminated soil samples.

Sample Cd Pb Zn

BCR CRM 141 R* 140+ 0.4 51.3+20 270+ 8
BCR CRM 141 R® 13.24+04 49.5+5.7 272 +14
ME-01 13.2 768 913
ME-21 6.6 294 320
ME-B2 10.9 495 683
04-173 13.6 827 971
04-176 4.8 254 515
04-179 10.1 413 1313

2 Certified values are means + uncertainty (half-width of the 95% confidence
interval).
b Values are means + standard deviations, n=10.

Table 5
Quality control and validation of the sequential extraction procedure using the
CRM BCR™-701 material (n=3).

Fraction Metal Obtained value* (mg kg~!)  Certified value® (mg kg~')

F1 cd 7.43 +0.12 (1.6) 7.34+0.35
Pb 3.07+0.13 (4.2) 3.18+021
Zn 205+ 8 (3.9) 205+6
F2 cd 3.72+0.07 (1.9) 3.77 4028
Pb 13442 (1.5) 126+3
Zn 122 + 6 (4.9) 114+5
F3 cd 0.27 +0.02 (7.4) 0.27 + 0.06
Pb 93+1.1(11.8) 93+20
Zn 43.0+5.0 (11.6) 457 +3.4
F4° cd 0.12 +0.03 (25) 0.13 +0.08
Pb 11.6 + 0.7 (6.0) 11.0+5.2
Zn 9845 (5.1) 95+ 13

2 Values are means + standard deviations, with precision (%) in parentheses.
b Values are means + uncertainty (half-width of the 95% confidence interval).
¢ Indicative values (means + standard deviations).

No significant difference (Kruskal-Wallis test, p > 0.05) was
obtained between the mean contamination levels of Cd (p=0.83),
Pb (p=0.83) and Zn (p=0.27) in the three agricultural soils and
those in the three kitchen gardens. However, it is noteworthy the
high Zn contamination level of the 04-179 sample soil (Table 4)
which was sampled near the Nyrstar smelter, one of the largest
zinc production plants in Europe.

3.4. Effect of grinding size

Prior to investigating the effect of grinding size on the
fractionation of Cd, Pb and Zn, the sequential extraction proce-
dure was applied using the BCR®-701 certified reference material.
Regarding the data set in Table 5, the results showed good
agreement between the obtained and certified values for the
three metals and for each step of the SM&T procedure. Very low
standard deviations were obtained, reflecting good reproducibil-
ity of the sequential extraction procedure in determining the
fractionation of Cd, Pb and Zn in this reference material. The
overall precision for each step was very good (Table 5), except for
Cd in step 4 (25%) due to the low Cd concentrations. Fraction-
specific trueness for Cd, Pb and Zn was good, with values less than
7.8% of certified and indicative values. The application of a paired
t-test (p <0.05) showed that the measured and certified (or
indicative) values were not significantly different.

To assess the effect of the grinding size on the metal’s
extractable content and on the reproducibility of the BCR proce-
dure, 1 g of each soil sieved to pass through 2-mm, 0.315-mm and
0.250-mm sieves was extracted in triplicate. The sums of metal
concentrations in the four fractions of the sequential extraction
scheme and recovery rates are presented in Table 6. The sum of
the extracted metals from the four steps compared well with the
pseudo-total concentrations from the original CRM and contami-
nated soil samples. However, it is worth noting that significant
differences were obtained between Cd concentrations measured
in each sample sieved at <2-mm and those prepared with a
< 0.250-mm grinding size whereas for Pb and Zn, no significant
differences were systematically obtained. As shown in Table 6,
recovery rates were in the range of 76 to 107% for contaminated

Table 6

Sum of the extractable metals in the four fractions of the SM&T procedure (mean + standard deviation, n=3) and recovery rates.
Soils Cd (mg kg~ ') Pb (mgkg ') Zn (mg kg~ ') cd® Pb® ZnP
Agricultural
ME-01 2 mm 10.5+0.1¢ 653 + 15° 838 +25° 79.3 +0.8° 84.9 +1.9° 91.7 +2.7°
ME-01 0.315 mm 10.5+0.1¢ 704 + 5¢ 910+ 164 79.5 4+ 0.5¢ 91.6+0.6¢ 99.7 +1.7¢
ME-01 0.250 mm 11.5+0.2¢ 730 +12¢ 978 + 34° 87.5+1.6¢ 95.0 +1.0¢ 107.0 +3.7¢
ME-21 2 mm 5.0+0.1° 267 +5° 316+ 8° 75.7 + 1.9 90.7 + 1.7¢ 98.8 + 2.6
ME-21 0.315 mm 59+0.1¢ 265 + 10° 311 +6° 90.1+2.2¢ 90.1 +3.4¢ 97.2 +1.8°
ME-21 0.250 mm 6.0+0.1¢ 269 + 3¢ 330+ 11° 91.3+1.2¢ 91.3 +1.0° 103.1 +3.4°
ME-B2 2 mm 8.3+0.2° 438 +5¢ 570 +7° 75.8 +1.7° 88.4 +1.0° 83.4+1.0°
ME-B2 0.315 mm 9.7+0.1¢ 408 + 6%¢ 538 + 5¢ 88.8 +0.79 82.5 +1.3%¢ 78.8+0.7¢
ME-B2 0.250 mm 9.4 +0.2¢ 432 +21°¢ 648 +11° 86.1 +2.0¢ 87.3 +4.2%¢ 94.8 +1.6°
Kitchen garden
04-173 2 mm 12.3+0.2¢ 757 +21¢ 963 + 12¢ 90.2 + 1.8° 91.5 +2.5¢ 99.1 +1.2¢
04-173 0.315 mm 11.6+0.2¢ 771 +15¢ 982 +9° 85.0+1.2¢ 93.2+1.8° 101.1 +0.9°
04-173 0.250 mm 11.8 +0.1¢ 769 +13° 979 + 15¢ 87.0 +0.9¢ 93.0 +1.5° 100.8 + 1.5
04-176 2 mm 40+0.1¢ 276 +1° 909 + 12¢ 83.9+0.5¢ 108.7 + 0.6° 176.5 + 2.4
04-176 0.315 mm 3.8+0.1¢ 248 + 84 522+ 24 78.6+0.29 97.6 +3.1¢ 101.4 + 049
04-176 0.250 mm 40+0.1° 251 + 44 525+ 64 82.3 +0.6° 99.0 +1.69 102.0+1.2¢
04-179 2 mm 10.3 + 0.9 509 + 22¢ 1501 + 35° 101.6 + 8.8° 123.3 £5.2¢ 1143 + 2.6
04-179 0.315 mm 7.9+0.2¢ 365+ 119 1182 + 134 78.1+1.9¢ 88.4+2.7¢ 90.0+1.0¢
04-179 0.250 mm 8.5+0.1° 407 +3° 1419 +9° 83.8+0.7° 98.6 + 0.6° 108.0 +0.7¢

¢ Sum of the metal concentrations measured in F1, F2, F3 and F4 fractions.
b Recovery rate=[(F1+F2+F3 +F4)/pseudo-total] x 100 [55].

For a given soil sample and metal, concentration values with the same letter are not significantly different at «=0.05.
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agricultural soils. The Kruskal-Wallis test showed significant
differences between the recovery rates for samples prepared to
pass through a 2-mm sieve and those calculated for the soils
sieved at <0.250-mm excepted for Pb and Zn in the ME-21
agricultural soil. In the similar way, significant differences were
observed for kitchen garden soils excepted for Pb and Zn in the
04-173 garden soil. Surprisingly, the clay contents of these two
soils were the lowest (Table 3). Therefore, for the other four soils,
particle segregations of soil samples sieved at < 2-mm inside the
bottle during the protocol steps cannot be excluded even if
samples were rehomogenised prior to weighing [68,80]. For the
overall kitchen garden samples, the Cd and Pb recovery rates
ranged from 78 to 109%, except for Pb from the 04-179 sieved at
2 mm (123.3%, Table 6). This result could be explained by the
heterogeneity within the kitchen garden sub-samples prepared to
pass through a 2-mm sieve, which was related to the presence of
small particles containing Pb (e.g., slags) that would not have been
mineralised during the microwave-assisted digestion procedure.
On the other hand, gardening practices can make kitchen gardens
inhomogenous. The standard deviation was the highest for Pb in
the 04-173 soils. This result seems to be related to the greatest
organic carbon value (102 g kg~!, Table 3) in this soil. Although
Bacon et al. [65] have clearly proved the reproducibility of the
sequential extraction procedure, significant differences were
obtained between the soils studied with high organic matter
contents. The small mass used to perform the procedure can also
explain some of the results. According to Davidson et al. [51],
precision improves in the determination of Pb when a larger
sample is processed.

Mean recovery values with respect to pseudo-total Zn con-
centrations in kitchen garden soils ranged from 90 to 114%, which
is considered acceptable given the intrinsic heterogeneity of
urban soils [89]. An exception occurred for Zn in the 04-176 soil
prepared with a 2-mm sieve (176%, Table 6). Synergy of several
factors may provide an initial explanation. Unlike the two gardens
that are mainly under the influence of the former lead smelter
Metaleurop, 04-176 is also under the influence of the Auby zinc
plant (Nyrstar) because it is located midway between the two
plants. Douay et al. [79] highlighted the effect of the anthropo-
genic actions on the variability of Zn concentrations in urban soils
and on the high heterogeneity and variability of their physico-
chemical parameters. Both of these factors may explain the highly
pronounced heterogeneity of the Zn contents in this garden and
therefore could contribute to the heterogeneity of sub-samples.

The statistical tests (Kruskal-Wallis test, p < 0.05) showed that
significant differences obtained between the sums of extracted
metals from the four steps depended on the metal and the
grinding fineness of the sample (Table 6). On the other hand, it
appeared that the effect of grinding size depended on the soil uses
(agricultural vs. kitchen garden). It seems to be difficult to
conclude for Cd but the effect of grinding size on the determina-
tion of Pb and Zn is greater for the kitchen garden soils than the
agricultural soils, reflecting anthropogenic enrichment (intake of
contaminated materials by humans) of the kitchen gardens.

The relative fractionations of metals at each extraction stage of
the SM&T procedure for the six contaminated soil samples are
given as a distribution graphs for Cd, Pb and Zn in Fig. 1. The
y-axis indicates the percentage of extraction with respect to the
sum of the three fractions (F1+F2+F3) and the residual phase
(F4) of the protocol [50,90]. For the agricultural and kitchen
garden samples, the concentrations of metals in mobile phases,
based on the sum of the first two fractions (F1+F2) and con-
sidered as easily available [38,50,51], were in the following order
Cd > Pb > Zn. However, the percentage of the Pb-exchangeable
fraction (fraction F1) is the lowest. The high organic carbon
contents in the soils studied suggest that Pb was preferentially

bound to the strong binding sites of soil organic matter than to
the weaker sites, forming labile complexes [91]. Despite the
reported affinity of Pb for soil organic matter [92], the organically
bound fraction was generally very small in the surface horizon
(0-25 cm) of the soils studied probably because of the high
dissolution of organo-Pb complexes at the alkaline pH of soils
(7.7 < pH < 8.3) [93]. The high availability of Pb is also attributed
to the iron and manganese oxides and hydroxides in the soils
studied (77-86%) as observed by Ettler et al. [75] and Guevara
Riba et al. [94]. Therefore, the mobility of Pb can be highly
affected under reducing and strong acidic conditions. As shown
in Fig. 1, the fractionation of Pb in each contaminated agricultural
soil is similar for all grinding sizes. In contrast, the effect of the
reducing and acidic conditions on the Pb fractionation in the
contaminated kitchen garden soils depended on grinding size. The
major changes in the Pb fractionation were observed in the 04-
179 sample. At the first grinding size ( <2 mm), Pb was mainly
bounded to the organic matter whereas it was associated with the
Fe and Mn oxides and hydroxides for samples sieved at
<0.315mm and <0.250 mm. The presence of many organic
debris in the kitchen garden samples sieved at 2-mm could
explain why Pb appeared the least available (fractions F3 and
F4). The organic components of the soil have a high affinity for
metals by forming chelates [95], whose stability decreases as
follows: Pb%* > Cd®* > Zn?*. Therefore, the decrease in extrac-
tability of Pb in the 2-mm sieved contaminated kitchen garden
samples could be explained by changes in the organic matter-
mineral phase interactions [42,77,95]. On the other hand, it was
demonstrated that a significant amount of Pb on Mn oxides can be
extracted using H,0, at pH 2 [96]. The Pb fractionation in 04-179
soil sieved at <0.315 mm and < 0.250 mm must be interpreted
with caution. We cannot exclude the possibility of finding Pb in
the reducible fraction, which may be attributed to binding on
organic matter, as already observed in tilled soils and sediment
samples by Yong et al. [97] and other authors using concentrated
hydroxylamine hydrochloride (0.5 M) at pH 1.5 in the SM&T proce-
dure instead of 0.1 M in the original BCR sequential extraction
protocol [68]. In this regard, it is now well accepted that hydro-
xylamine hydrochloride can release substantial amounts of metals
bound to organic matter and some sulfide minerals [71,98].

The fractionation of Cd in the three contaminated agricultural
soil samples did not depend on the grinding size. Higher deso-
rption yields of Cd with acetic acid - —0.11 mol L~! - than Pb and
Zn was obtained, corroborating that Cd was the most mobile
metal in the agricultural soils around the former Metaleurop Nord
plant. In the kitchen garden samples, the fractionation of Cd was
highly modified depending on the sample preparation. For the 04-
173 and 04-176 soil samples sieved at < 2-mm, the percentage of
acetic acid-extractable Cd was systematically the lowest (ranging
from 7 to 10.2%). A substantial modification of the Cd fractiona-
tion in the 04-179 soil occurred in relation with the grinding size.
At <2 mm, the distribution graph showed that Cd was preferen-
tially bound to the organic matter, while for the samples sieved at
<0.350 mm and < 0.250 mm, Cd was mainly bound to the Fe and
Mn oxides and hydroxides. Therefore, the acidic conditions used
in the first and second steps of the SM&T procedure can be a
factor causing remobilisations of Cd in the 04-179 soil sample
sieved at < 2-mm. Similar results were obtained by Sahuquillo
et al. [4] after changing the acetic acid concentrations.

Differences in the distribution of Zn were obtained according
to the preparation of contaminated soil samples. For agricultural
samples, the percentage of Zn extracted from the two first
fractions was 10% higher at < 0.250 mm than that obtained when
samples were sieved at <2 mm and <0.315 mm. The same
trends were observed for the three contaminated kitchen gardens.
It is worth noting that fractionation of Zn in the 04-176 and
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Fig. 1. Effect of grinding size on Cd, Pb and Zn fractionation using a reciprocating shaker.

due to the formation of new sites created by grinding the soil

Standard deviations were generally lower for contaminated
soils sieved at <0.250-mm but no systematic effect of the
grinding size on the precision was highlighted for Cd, Pb and

samples [45,99]. Depending on the metal and the extracting
solution, relevant changes in metal extractability were observed

in contaminated kitchen garden samples. Major modifications

occurred overall when acetic acid was used as the extracting
solution, reflecting that the changes introduced by the grinding

size affect the sequential extraction procedure step in which low
interactions between the extracting solution and soil particle can
Zn, except for Pb in the 04-173 kitchen garden soil. Surpris
ingly, the lower precision was obtained for samples sieved at

the selectivity of the interaction between soil phases and metals
be identified.

(ranging from 42 to 64%)

from the two soils at <2 mm indicating a low mobility of Zn
whereas it was mainly associated with the carbonates and Fe and

Mn oxides/hydroxides for soils with smaller grind sizes. There-
With regards to the results obtained, the grinding size of

04-179 soils sieved at <2 mm was very different than that
obtained with the other two preparation methods. Zinc was
fore, a redistribution of Zn species (carbonate-bound, Fe-Mn
oxide-bound) from the first two fractions to the residual fraction
was suspected. On the other hand, more time is probably required
for complete solubilisation of carbonates within samples sieved
at <2 mm containing high-carbonate contents like 04-176 and
contaminated soils, from <2 mm to <0.250 mm, caused an
increase in extractability that can be explained by a decrease in

04-179 soils (86.1 and 76.4 g kg~ !, respectively).

essentially in both residual F4 fraction
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< 0.250 mm and for Pb measurements in the F3 fraction (15.8%).
This observation could be mainly attributed to the high amounts
of organic carbon in this sample (102 g kg~ !). Indeed, the variable
and possible incomplete destruction of organic matter in the third
step as well as the difficulty oxidising sulphide may be a
considerable source of uncertainty [49]. On the other hand, the
need for a reference volume for the third step, in which the
sample is dried to a “small volume” can contribute to the widely
spread results.

3.5. Improving the procedure

The BCR protocol, in the revision modified according to the
findings of the above cited SM&T program, recommends using a
mechanical end-over-end shaker, at a speed of 30+ 10 rpm to
improve the reproducibility of extraction yields in sediments [68].
If some authors found no difference in metal extracted with both
end-over-end and reciprocating shakers [71], others found differ-
ences for specific metals [72] whereas in other studies, differences
were systematically obtained [69,70]. In contrast, there is no
doubt about the effects of the type of shaker used but also the
shaking time and speed on the reproducibility and the precision,
whether the single or sequential extraction procedure was used
[49,66,72]. Therefore, to complete this study and to avoid the
uncertainty associated with the shaking conditions, a rotary
shaker fitted with 24 bottle positions and adapted to 10 rpm
was used in order to keep soil samples in suspension during
extraction. Particular attention was focused on the pH adjustment
of the 0.5 M hydroxylamine hydrochloride (pH=1.5), known to
cause variability between results obtained for the same sample
[55]. Furthermore, a 50-mL graduated polypropylene centrifuge
tube was chosen for greater precision in the determination of the
“small volume” in step 3, fixed at 2 mL and then 1 mL. Finally,
agitation during this step was regular and was performed with a
reciprocal shaking heating bath (Memmert; Schwabach, Ger-
many). As shown in Table 7, the sums of metal concentrations
in the four fractions were in good agreement with the pseudo-
total concentrations (Table 4). For a given soil and metal, no
significant difference in metal concentration was found between
the three-grain size fractions (excepted for Cd and Zn in the 04-
173 soil; Table 7), indicating that the grinding size had only a
slight effect on the extractable metal concentrations when the
rotary shaker was used. Most of the data showed very low
standard deviations, within the 0.8-9.5%, 0.45-2.60%, and 0.48-
2.0% range for soils ground to pass through 2-mm, 0.350-mm and
0.250-mm sieves, respectively, indicating improved precision.
Recovery rates ranged from 80 to 100.3%, 94 to 106.5% and 93.7
to 112.8% for Cd, Pb and Zn, respectively. These rates were
generally better than those obtained with the reciprocating
shaker. Compared to the previous agitation method, a continuous
suspension of the mixture during the extraction procedure using
the rotary shaker may explain these excellent results. The pattern
observed is, however, somewhat at odds with a number of studies
on sediment that report shaker type (reciprocating and end-over-
end shakers) had no effect in the sequential extraction procedure
[64,69,71,100-102]. Indeed, in some particular cases, no signifi-
cant difference between the two types of shaking was obtained.
For instance, Cd in ME-21 and 04-176, Pb in 04-176, Zn in ME-01,
ME-B2 and 04-176 using the rotary shaker and these soils milled
at <0.250-mm for these metals using the reciprocating shaker
(Compare Tables 6 and 7).

The relative fractionations of metals at each extraction stage of
the SM&T procedure for all soil samples are given as distribution
graphs for Cd, Pb and Zn in Fig. 2. For each contaminated soil
sample, this distribution was very similar for all three metals.

Table 7
Sum of the extractable metals in the four fractions after slight modifications to the
SM&T procedure (mean + standard deviation, n = 3) and recovery rates.

Soils Sequential extraction® Recovery® (%)

cd Pb Zn ¢d Pb Zn
(mgkg™') (mgkg™') (mgkg™')

Agricultural

ME-01 2 mm 12.1 £0.1¢ 768 +12¢
ME-01 0.315mm 12.2+0.1¢ 778 +4¢
ME-01 0.250 mm  12.1 £ 0.2 777 +£9°
ME-21 2 mm 6.2+0.1° 313 +5¢
ME-21 0.315mm  6.0+0.1° 313 +7¢
ME-21 0.250 mm 6.1 +0.1° 310 +4°
ME-B2 2 mm 13.4+0.2° 506+ 5¢
ME-B2 0.315mm 13.3 +0.1° 502 + 6°
ME-B2 0.250 mm  13.3 £0.2° 508 + 7¢

997 £22¢ 91.8 999 109.2
988 +19¢ 921 101.3 108.2
986 +20° 919 101.2 108.0
352 £ 6° 94.1 106.3 110.1
361+7¢ 913 106.5 1128
354 +5° 929 105.5 110.7
655 +9°¢ 98.2 1023 96.0
639+ 7¢ 97.8 1014 935
651 +7¢ 97.4 102.6 953

Kitchen garden

04-173 2 mm 13.6+0.2° 778 +18°
04-173 0.315mm 129+ 0.1¢ 783 +7¢
04-173 0.250 mm 12.6 +0.19 784 +4°¢
04-176 2 mm 41+0.1° 250+ 9°¢
04-176 0.315mm 3.8 +0.1° 250+ 5¢
04-176 0.250 mm 3.9+ 0.1° 252+ 3¢
04-179 2 mm 9.4 +0.9° 408 +21°¢
04-179 0.315mm 8.8 +0.2° 411 +8¢
04-179 0.250 mm 8.8 +0.1° 408 + 3¢

1294 +12° 1003 940 985
1227 +109 945 947 935
1231+12¢9 93.0 948 937
516 +12° 854 983 100.1
518+8° 80.0 986 100.7
517 +10° 80.7 99.4 100.4
1233+22° 933 987 939
1296 +12¢ 86.8 995 98.7
1302499 873 988 992

For a given soil sample and metal, concentration values with the same letter are
not significantly different at «=0.05.

2 Sum of the metal concentrations measured in F1, F2, F3 and F4 fractions.
b Recovery rate=[(F1+F2+F3+F4)/pseudo-total] x 100 [55].

The statistical tests showed that with the rotary shaker, the
distribution of metals did not depend on the grinding size for
contaminated agricultural soils and kitchen garden soils sieved at
< 0.350-mm and < 0.250-mm. It should be noted that significant
differences were obtained only for Cd, Pb and Zn in the 04-179
soil prepared at <2 mm and the two other grinding sizes. For the
three metals, the two first steps were generally affected by
changes in distribution and low metal concentrations were
obtained in the first step of the extraction procedure when the
04-179 soil was sieved at <2 mm, reflecting lower solubilisation
of carbonate compounds.

Using the rotary shaker, standard deviations were generally
lower for contaminated soils sieved at <0.250 mm but no
systematic effect of grinding size on precision was highlighted
for Cd, Pb and Zn. In contrast, compared to the data set obtained
with the reciprocating shaker, low precision values were obtained
for Pb for all steps of the sequential extraction procedure,
indicating a beneficial effect of the rotary shaking mode which
promoted particle suspension and contributed to a more com-
plete destruction of organic matter in the third step than with the
reciprocating shaker. For instance, the precision of the third step
for the soil samples ground at <2-mm, <0.315-mm and
< 0.250-mm were below 10%, 8.5% and 8%, respectively. Although
no statistical difference was demonstrated between the distribu-
tions of Zn in soil samples sieved at < 0.315-mm and 0.250-mm
using the rotary shaker, a slight increase in the precision values
was obtained in comparison with the reciprocating shaker in all
steps and for all soils. This is probably due to the low shaking
speed of the rotor disc (10 rpm). However, the similar distribution
of the three metals for the soil samples sieved at <0.315-mm
and <0.250-mm and the improvement in precision (except for
Zn) obtained with this type of shaker may be explained by the
continuous suspension of particles and the use of the 50-mL
polypropylene centrifuge tube to ensure the removal of the
solution up to 2mL and 1 mL during the third step of the
sequential extraction procedure.
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Fig. 2. Effect of grinding size on Cd, Pb and Zn fractionations using a rotary shaker.

concentrations of Cd, Pb and Zn in each step were similar but low

3.6. Application of the procedure for metal fractionation in the CRM

BCR™-701

relative standard deviation values were obtained using the rotary

shaker and appropriate analytical materials, indicating an

improvement in precision. This is particularly true for Cd in

fraction F4 (

As stated by Sutherland [103] in a review of the use of the CRM
BCR™-701 certified material, the most common deviations
between the data compiled from the literature and the certified

(2.7% vs. 11.6%). For

4.8% vs. 25%) and for Zn in F3

Cd, the bias was positive for the first three steps, ranging from
0.51 to 1.64%, and negative for the fourth step (—2.31%). Very

good agreement was observed between the sum of the Cd

values can be attributed to the sample mass, filtration, centrifu-

speed and duration of shaking,

gation speed, type of shaker
temperature of the experimen

concentrations measured in the four steps and the indicative

ation procedure and correction to
s obtained with the contaminated
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concentrations. As can be seen, precision ranged from 1.19 to
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dry mass. Regarding the resul

8.41% for Pb. Major improvement in precision was obtained for

the third step, from 11.8% (Table 5)
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soil samples, it is undeniab
automatic shaking heating ba

(Table 8), indicating

to 8.41%

that change related to the reduction of the extracting solution in

h were important in optimising
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the volume reduction and homogenising the solution between
samples and replicates. All modifications reported above were
applied for the determination on the Cd, Pb and Zn fractionation

the third step was essential. As recently reported by Sutherland

of the certified Pb

concentrations in the third step was probably associated with
measurement during the certification process, due to the low

)

21.5%

[103], the high degree of imprecision (

in the CRM BCR®-701 certified material. The results are recorded

in Table 8. In comparison with the data in Table 5, the mean
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Table 8

Validation of the sequential extraction procedure after slight modifications using the CRM BCR™-701 material (n=3) - Comparison with the corresponding certified and

indicative values.

Metals cd Pb Zn
Obtained value® Precision  Trueness Obtained value® Precision  Trueness Obtained value® (mg Precision Trueness
(mgkg~") (%) (%) (mgkg™") (%) (%) kg™ ") (%) (%)
F1 7.43+0.11 1.44 1.31 3.07 +£0.13 4.28 —3.31 19447 3.72 —5.48
F2 3.79 +0.08 2.08 0.51 135+2 1.19 6.98 123 +3 2.42 8.42
F3 0.27 +£0.01 5.16 1.64 93+0.8 8.41 0.57 47 +£1.2 2.67 1.94
F4 0.13+£0.01 4.76 -2.31 11.6+0.9 7.56 5.87 97+3 2.73 2.14
>-three 11.52 + 0.60 0.51 1.1 1589+14 0.91 6.63 461+6 1.8 043
steps+residual ~ 11.50 + 0.50° 149 +6.3° 459 + 15°

2 Values are means + standard deviations.
b Values are means + uncertainty (half-width of the 95% confidence interval).

concentration and to the fact that the third step accumulated the
errors of the previous two. Average bias values (from —3.31 to
6.98%) were acceptable in comparison with the data reported by
Sutherland [101]. However, the mean bias in the second step was
positive (7%), indicating that the mean Pb concentration mea-
sured in the second step was higher than the certified concentra-
tion (135 + 2 mg kg~ ! instead of 126 + 3 mg kg~ !). This result is
somewhat at odds with a number of studies even if problems
determining Pb in the second step were mentioned by Sutherland
[108] with regard to the mean bias (—5.6%) and spread (80%)
calculated by the author using data compiled from the literature,
but it is worth noting that a similar Pb concentration in the second
step was found when a reciprocating shaker was used (134 +
2mgkg~!, Table 5). The high Pb concentration measured in the
second step of the sequential extraction procedure can explain the
difference between the sum of extractable Pb (158.9 + 1.4 mgkg 1)
and the indicative concentration (149.0+63 mgkg~!), and the
resulting positive bias value (6.63%). In contrast, the sum of extrac-
table Pb was very close to the aqua regia extractable Pb using
microwave-assisted digestion (1624 +4.8 mgkg~!, n=3) which
implies a very low bias value (—2.1%). For Zn, precision was less
than 4% in all instances and bias ranged from —5.48 to 8.42%. The
mean concentration of Zn measured in the first step of the procedure
was affected by the shaking process. It was 205 + 8 mg kg~ ! using
the reciprocating shaker and was similar to the certified concentra-
tion (205 + 6 mg kg~ ') while it was 194+ 7 mg kg~ after slightly
modifying the protocol and using the rotary shaker, resulting in a
negative bias value (—5.48%). This result is in accordance with the
mean concentrations of Zn (193 mg kg~ ') and mean the bias value
(—5.6%) calculated by Sutherland [103] from values compiled from
the literature. The sum of the extracted metals in the four fractions
compared well with the indicative values.

Taking into account all these results, the quality of analytical
extraction data was ensured and all slight modifications (a
polypropylene centrifuge tube with a nominal 50-mL volume to
increase the precision in the reduction of the extracting solution
at a volume of 2mL and 1 mL during the third step of the
sequential extraction procedure using an automatic shaking
heating bath) and the use of a rotary shaker appeared suitable
for the analysis of Cd, Pb and Zn in contaminated soils.

4. Conclusion

The fractionation of Cd, Pb and Zn in highly contaminated soils
was studied focusing on the sample grinding size and the shaker
used during the sequential extraction procedure. The first obser-
vation from the data obtained using the reciprocating shaker was

the wide variation in the fractionation of Cd, Pb and Zn for kitchen
garden soils depending on the grinding size. In comparison with
the fractionation of metals within the kitchen garden samples
sieved at <0.350 mm and < 0.250 mm, the metal partitioning
within the samples sieved at <2 mm was sufficiently different to
make the comparison of results in terms of mobility and environ-
mental availability impossible. In contrast, no grinding size effect
was found for metal fractionation within the contaminated
agricultural soils. After optimisation of the sequential extraction
procedure to the specific characteristics of kitchen garden sam-
ples, the fractionation of Cd, Pb and Zn within these soil samples
was achieved for all grinding sizes selected even if discrepancies
from samples sieved at <2 mm were identified. From an analy-
tical point of view, precision and trueness were improved for all
sequential extraction procedure steps and the best results were
obtained for samples ground to pass through a 0.250-mm sieve.
Regarding the results obtained using the CRM BCR®-701 certified
material, use of the rotary shaker and the minor changes in the
sequential extraction procedure (the use of a 50 mL graduated
polypropylene centrifuge tube, evaporation of the solution to a
fixed volume in step 3 and the use of an automatic shaking
heating bath) can be adopted for Cd, Pb and Zn partitioning in
contaminated kitchen garden soils affected by a high degree of
anthropogenisation.

Appendix: Standards

NF ISO 11464. Soil quality—Pretreatment of samples for
physico-chemical analyses. AFNOR, 1994, 9 p.

NF X 31-107. Soil quality - Particle size determination by
sedimentation - Pipette method. AFNOR, 1983, 15 p.

NF ISO 10694. Soil quality—Determination of organic and total
carbon after dry combustion (elementary analysis). AFNOR,
1995, 7 p.

NF ISO 13878. Soil quality—Determination of total nitrogen
content by dry combustion content. AFNOR, 1998, 5 p.

NF ISO 10693. Soil quality - Determination of carbonate
content - Volumetric method. AFNOR, 1995, 7 p.

NF X 31-161. Soil quality - Determination of phosphorus
soluble in a 0.1 mol 1! ammonium oxalate solution - Joret-
Hébert method. AFNOR, 1993, 9 p.

NF X 31-130. Soil quality - Chemical methods - Determination
of cationic exchange capacity (CEC) and extractible cations.
AFNOR, 1993, 14 p.

NF ISO 17025. General requirements for the competence of
testing and calibration laboratories. AFNOR, 2005, 28p.
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NF ISO 11465. Soil quality - Determination of dry matter and
water content on a mass basis — Gravimetric method. AFNOR,
1994, 4 p.

NF X 31-147. Soil quality - Soils, sediments - Total solubiliz-
ing by acid attack. AFNOR, 1996, 12 p.

Appendix. Supporting information

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.talanta.2012.06.
068.
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