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Abstract A simple new device for dry separation of fine par-
ticulate matter from bulk soil samples is presented here. It
consists of a stainless steel tube along which a nitrogen flow
is imposed, resulting in the displacement of particles. Taking
into account particle transport, fluid mechanics, and soil sam-
ple composition, a tube 6-m long, with a 0.04-m diameter, was
found best adapted for PM10 separation. The device rapidly
produced several milligrams of particulate matter, on which
chemical extractions with EDTA were subsequently per-
formed to study the kinetic parameters of extractable metals.
New Caledonian mining soils were chosen here, as a case-
study. Although the easily extracted metal pool represents
only 0.5–6.4 % of the total metal content for the elements
studied (Ni, Co, Mn), the total concentrations are extremely

high. This pool is therefore far from negligible, and can be
troublesome in the environment. This dry technique for fine
particle separation from bulk parent soil eliminates the metal-
leaching risks inherent in wet filtration and should therefore
ensure safe assessment of environmental quality in fine-tex-
tured, metal-contaminated soils.

Keywords Dry separation . PM10
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Introduction

Mining processes emit small airborne particles enriched in
trace metals (Sinha and Banerjee 1997; Chakraborty et al.
2002), which may adversely affect air quality. The total
suspended particle fraction is defined as particles smaller than
100 μm. The smallest particles can easily penetrate the human
respiratory system, causing respiratory dysfunction (e.g., asth-
ma or bronchitis), cardiovascular diseases, cancer, kidney
damage, etc. (Järup 2003; Kampa and Castanas 2008). As a
consequence, the chemical characterization of PM10 (particu-
late matter in which 50 % of the particles are below 10 μm in
diameter; Janssen et al. 1998) is of great interest for health and
ecotoxicological risk evaluation (Harrison et al. 1997; Ragosta
et al. 2006; Sánchez de la Campa et al. 2007).

In New Caledonia, where mining is not only a major eco-
nomic activity but also a potential health hazard, it is impor-
tant to quantify trace metal bioavailability of PM10 emitted by
mining soils. Potentially deleterious effects can be assessed by
studying the kinetic extraction behavior of trace metals, hy-
pothesized to mimic their bioavailability in the environment
(Gutzman and Langford 1993; Bermond et al. 1998; Lo and
Yang 1999). Ethylenediaminetetraacetic acid (EDTA) can be
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used as a strong non-specific chelating agent (Bermond et al.
1998; Peters 1999; Labanowski et al. 2008; Jalali and Tabar
2013; Camizuli et al. 2014), to extract metals associated with
carbonates, organic matter, oxides, or clay minerals (Lo and
Yang 1999; Manouchehri et al. 2006). Kinetic extraction be-
haviors are modeled by the sum of first-order reactions, typi-
cally two (Gutzman and Langford 1993; Fangueiro et al.
2005; Bermond et al. 2005; Labanowski et al. 2008;
Camizuli et al. 2014). The first pool corresponds to the easily
extractable metals, while the second corresponds to the less
readily extractable metals, assumed to be only potentially
available (Fangueiro et al. 2005; Bermond et al. 2005). The
remaining fraction is the EDTA non-extractable metal pool.
Although powerful and informative, this kinetic extraction
approach requires a consistent amount of material (about
150 mg), which cannot easily be sampled outdoors with con-
ventional air pumps, size cutoff inlets (cascade or impactors),
and filters (Harrison et al. 1997; Tasić et al. 2006; Geagea et al.
2008). Such conventional samplers only collect few milli-
grams of atmospheric particles. Wet separation techniques of
PM10 fractions, including wet sieving (Ljung et al. 2008; Luo
et al. 2011), wet sedimentation (Ajmone-Marsan et al. 2008;
Madrid et al. 2008; Boisa et al. 2014), and elutriation (Webber
et al. 2008) in the laboratory, are unfortunately not better op-
tions. Although these techniques can isolate a much larger
amount of fine particulate matter, a non-negligible fraction
of elements may be leached by wet separation, resulting in a
distorted chemical characterization of the particles isolated
(Morselli et al. 2003). As summarized by Gill et al. (2006),
several dry separation techniques have also been designed for
the laboratory. They are based on gas dispersion and fluidized
bed technology (Chow et al. 1994; Carvacho et al. 2002),
gravitation (Singer et al. 2003) or mechanical dispersion/
agitation (Gill et al. 1999; Lafon et al. 2014). However, almost
all of them use filters, which can quickly become saturated,
thus reducing their collection capability. Filters are also prone
to being affected by external pollution, which is problematic
given the low amount of material collected (Jones et al. 2001;
Greenwell et al. 2002). Ideally, particle separation should
therefore be performed in dry conditions, without filters. To
our knowledge, only Goossens (2012) has proposed such a
technique, including a first step with a dust separator to re-
move the coarser particles and a second step with an inclined
elutriator and a vacuum cleaner to collect the finest particles.
However, using a bag to protect the device from particles and
to collect the fine sediment can affect PM10 chemical charac-
terization, through sample loss and/or external pollution.

The point here is to develop a new system allowing the
collection of sufficient amounts of fine particles, by limiting
the leaching of metal as much as possible either because of
wet separation or external pollution due to filters. We thus
propose a simple, new technique for separating fine particulate
matter from bulk soils, in adequate amounts for further kinetic

extraction. The aim is to mimic the effect of wind on soils,
based on particle displacement along a tube, under a gas flow,
where coarse particles are supposed to settle more rapidly than
finer ones. The use of a simple 2D dynamic model, combined
to fluid mechanics, is constructed to attempt in order to deter-
mine the tube geometry and operating conditions necessary to
produce the targeted size fraction. The pertinence of the pro-
posed model is then checked, using metal-enriched mining
soils from New Caledonia, where Ni concentrations typically
exceed 2 %. Such high values are of environmental concern,
and the information provided by kinetic extraction of metals
(Ni, Co, Mn) on the PM10 fraction can be used for environ-
mental risk assessment.

Materials and methods

Soil sampling and preparation Four surface soil samples
(∼0–10 cm) were collected in the vicinity of two New
Caledonian active mines: Poro-A and Poro-B, close to the
Poro mine, on the southeast coast, and KNS-A and KNS-B,
close to the KNSmine, in the southwest (Table 1). These soils
have been frequently reworked by open-cast mining process-
es. They correspond to the B horizons of humid weathering
profiles, and can be classified as Ferric Technosoils (IUSS
Working Group WRB 2014). The samples were then dried
at 35 °C, sieved at 2 mm, and quartered, to produce the
F<2mm fraction. Their color was determined using a Munsell
soil color chart after drying. This F<2mm soil fraction was then
sieved again at 100 μm to produce a finer fraction, F<100μm.
About 2.5 g of F<100μm was placed at the entrance of the
stainless steel separation tube, under a 1-bar nitrogen flow
(∼105 Pa), for a 60-s run, to collect an even smaller soil frac-
tion, in a U-bend collector, at the end of the tube (Fig. 1). At
that point, it is worth mentioning that negligible contami-
nation from stainless steel is expected considering the ex-
tremely high concentrations in Ni, Mn, and Co of our treat-
ed samples. For less enriched soils, the potential contami-
nation from stainless steel tube abrasion should be
checked. The plastic U-bend collector is encased and
screwed into the tube; from which any leak is prevented
by the use of a seal. The turbulent flow at the entrance of
the tube lifts the particles, and the laminar flow then trans-
ports them along the tube. The tube geometry necessary to
produce the targeted PM10 fraction will be discussed in
detail later. Typically, 3 to 5 mg of PM10 was obtained by
a pre-cleaned brush after one 60-s run, similar to values
obtained using a filter unit. After each 60-s run, the tube
was emptied and reloaded with new samples, until a suffi-
cient amount of PM10 was collected. In order to prevent
any health risk for technical operators, the use of a protec-
tive mask is recommended.
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Physical and chemical characterization of soil fractions
Particle size distribution was measured with a Mastersizer
S2000 laser Particle Size Analyzer (Malvern®, UK), par-
ticle and water refractive indices of 2.9 and 1.33, stirred at
2100 rpm without ultrasound, for five measurement cycles
of 20 s, using a general calculation model for irregular
particles. The median diameter (D50) was used to charac-
terize the central tendency of the size distribution.
Dispersion of particle size (span) was evaluated by divid-
ing the difference between the 90th and 10th percentiles
by the D50 va lue . A mean spec i f i c mass o f
ρ = 2800 kg m−3 was measured by pycnometer.
Mineralogical characterization was determined by x-ray

diffraction (INEL CPS 120° Curved Position Sensitive
Detector, KαCo).

Organic matter content (by loss-on-ignition at 550 °C),
CaCO3 content (by Bernard calcimeter); pH (in water medium
with a 1:5, v/v ratio); C/N (by Thermo NA-2000 CHN ana-
lyzer), and cation exchange capacity (CEC) (using
cobaltihexamine extraction), were determined on the F<2mm

at the INRA national soil analysis laboratory, COFRAC cer-
tified, using standard AFNOR and ISO methods (AFNOR
2004; more details about quality control can be found at
http://www5.lille.inra.fr/las). Total Fe, Co, Ni, and Mn
concentrations were measured after total digestion by HNO3,
HCl, and HF of suprapure grade (ISO 14869–1) in the F<2

Fig. 1 Bottom left the device for
fine particulate matter separation.
Bottom right focus on the PM10

collector receptor during sample
collection. Top right the dynamic
model for particulate matter
displacement in the tube; L for
tube length, D for tube diameter,
vi the initial speed, Ri the air
resistance to particle
displacement, mig the particulate
weight, and Fi the force induced
by the gas flow

Table 1 Main physico-chemical characteristics of bulk Ferric Technosoils sieved at 2 mm, total metal content Qtot and granulometric size distribution
for F<2mm and F<100μm samples

Soil samples Poro-A Poro-B KNS-A KNS-B

Coordinates (in WGS84)
Long; Lat

165.692; −21.311 165.73; −21.305 164.811; −20.990 164.804; −20.977

Colora Strong brown
(7.5YR 4/6)

Dark yellowish brown
(10YR 4/4)

Yellowish brown
(10YR 5/6)

Reddish yellow
(7.5YR 6/6)

pH 5.66 7.80 6.85 6.85

C/N 30.3 nd 28.9 39.3

OM (g kg−1) 1.44 0.77 4.79 2.85

CaCO3 (g kg−1) 3 4 2 <1

CEC (cmol kg−1) 4.2 6.48 3.89 2.11

F<2mm D50 in μm (span*) 365 (2.7) 198 (3.7) 64 (7.5) 29 (5.6)

Qtot in F<2mm (mg kg−1)
except Fe in % w/w

Ni Co Mn Fe Ni Co Mn Fe Ni Co Mn Fe Ni Co Mn Fe

18,100 629 2300 13 13,200 520 1130 7 20,200 581 3310 26.2 12,800 1410 5780 36.5

F<100μm D50 in μm (span*) 25 (2.5) 37 (2.0) 47 (2.2) 25 (3.2)

Qtot in F<100μm (mg kg−1)
except Fe in % w/w

Ni Co Mn Fe Ni Co Mn Fe Ni Co Mn Fe Ni Co Mn Fe

23,600 1160 3530 21.2 17,900 898 2280 10.3 22,300 661 3780 29.2 14,400 1390 5270 37.6

nd non detected
aMunsell soil color chart

*Span is used to assess the width of the size distribution and calculated from (D90-D10)/D50
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mm and F<100μm fractions by the INRA national soil
analysis laboratory, and, in the PM10 fraction, by ICP-
AES at the Institut de Physique du Globe, Paris. A dozen
blanks and certified reference materials (CRMs): PACS1,
JSD1, JSD2 and BCSS1, were processed together with
each batch of samples. Blank values were negligible for
all elements measured. Data from CRMs differed by less
than ±15 % from certified values.

Kinetic extractions Kinetic extractions of Ni, Co, and
Mn were performed at pH = 6.5 on the PM10 fraction
with 0.05 mol L−1 Na2H2-EDTA used as extractant.
About 150 mg of PM10 material, precisely weighed,
was mixed with 10 mL of extractant, and stirred with
a 3D Polymax 1040 Heidolph. 200 μL of samples were
collected at increasing times: t ∈ [5, 10, 15, 20, 30, 45,
60, 90, 120, 150, 200, 250, 300, 500, 1440] min, after
1-min centrifugation at 4200 rpm. The solutions were
adjusted to 5 mL with MilliQ water, without filtration.
The Ni, Co, and Mn concentrations were measured at
the Institut de Physique du Globe de Paris by ICP-AES,
following the operating conditions mentioned above.

The kinetic extraction curves of Ni, Co, and Mn using
EDTAwere fitted using a two first-order reaction model:

Q tð Þ ¼ Q1 1−e−λ1t
� �þ Q2 1−e−λ2t

� �þ εt ð1Þ

where Q(t) is the amount of metal extracted per weight unit at
time t, Q1 is the readily extractable metal pool (labile pool)
associated with the constant λ1 (min−1), Q2 is the less labile
pool associated with λ2 (min−1), while εt is the error
(Fangueiro et al. 2005).

Data processing Non-linear regressions were performed
using the nls package (Baty et al. 2015) for the free R software
(R Development Core Team 2012). Graphics were generated
using the ggplot2 package (Wickham 2009).

The 2D dynamic model

For modeling, particles composing the F<100μm fraction are
assumed to be isolated, hard spheres of specific mass ρ. Any
particle i is characterized by its diameter ϕi and its mass mi

(given a specific mass of ρ = 2800 kg m−3, a particle with a
typical diameter ϕ i = 50 μm possesses a mass of
mi = 1.83 × 10−10 kg). Its initial position at the entrance
o f t h e t u b e o f l e n g t h L a n d d i am e t e r D i s
(xi(0) = 0, zi(0) = z0 , i with 0 < z0 , i <D ), while its speed is vi!
0ð Þ ¼ v0;i ex! (Fig. 1). Along the trajectory, particles are subject

to their weight, mi g!, a force corresponding to the gas

flow, Fi
�! ¼ Fi � ex!, and to the resistance to particle

displacement proportional to its speed, Ri
!¼ −αi � vi!,

with αi = 3ϕi, and η the gas resistance. Introducing the
new variable τ i ¼ mi

αi
, the trajectory of the particle i is

obtained according to the laws of motion:

xi tð Þ ¼ τ i v0;i−
Fi

αi

� �
1−exp −

t
τ i

� �� �
þ Fi

αi
t

	
ð2Þ

zi tð Þ ¼ −gτ2i 1−exp −
t
τ i

� �� �
−gτ it þ z0;i

	
ð3Þ

For the N2 gas flow, at pressure P = 105 Pa, and
η = 1.76 × 10−5 Pa . s, the result is τi = 0.0221 s. Considering
the behavior of fluids in cylindrical geometries, the speed of the
gas at the exit of the pressure regulator is around a few meters
per second, which is also considered to be the initial speed of
the particle v0 , i. In addition, a pressure drop,ΔP, of about 10–
100 Pa appears at the exit of the regulator, imposing on the

particle the force Fi ¼ π ϕi
2


 �2
ΔP. Then, for a particle of di-

ameter ϕi = 50 μm and for ΔP = 50 Pa, the ratio
Fi
αi
¼ 11:8 m: s−1. From these results, the motion equations

described by Eq. 2–3 can be simplified. As τi is small and the

duration of the experiment is 60 s, the term exp − t
τ i


 �
can be

neglected. As v0 , i and
Fi
αi
are within the same order of magni-

tude (a few meters per second), the term τ i v0;i−Fi
αi


 �
is negli-

gible. Using these approximations, Eq. 2 and Eq. 3 become:

xi tð Þ ≈ Fi

αi
t

	
ð4Þ

zi tð Þ ≈ −gτ it þ z0;i
� ð5Þ

When a particle i exits from the tube at time tex, its
position verifies xi(tex) > L and zi(tex) = 0, so that the
starting position of this particle must satisfy: z0;i >

mig
Fi
L.

Using an equiprobable distribution of initial positions, the
probability for a particle i of size ϕi to exit the tube is
given by the function, S(i), defined by:

S ϕið Þ ¼ D−z0;1
D

¼ 1−
2

3

g
ΔP

� L
D
ϕi ð6Þ

Finally, the exit fraction X(ϕi) is obtained, considering an
initial size distribution E(ϕi) at the entrance of the tube:

X ϕið Þ ¼ S ϕið Þ � E ϕið Þ ð7Þ

Results and discussion

Soil physico-chemical characteristics The four soils are
moderately acid to slightly alkaline (5.7 ≤ pH ≤ 7.8). They
are yellowish brown due to the presence of high amounts of
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iron oxides and exhibit low OM values related to mining ac-
tivities (Losfeld et al. 2015), as vegetation and topsoil were
removed during mining process. They present low CEC
values, typical for weathered ultramafic soils (Chesworth
2008), such as ferric technosoils (Table 1). The weathering
of ultramafic rocks leads to the relative accumulation of me-
tallic oxides, such as iron or manganese oxides, until 50 to
80 % of Fe2O3 in ferritic soil (Latham et al. 1978; Quantin
et al. 1996). In the present study, soils are rich in iron oxides,
with Fe2O3 amounting between 15 and 50 %. Metallic oxides
generally have a zero point charge (ZPC) between pH 4–4.5
but the pHmay rise up to 6–6.5 in oxide rich soils. As CEC by
cobaltihexamine is performed at a pH close to the in situ soil
conditions, the measured oxide charges are consequently low.
The soils are predominantly composed of goethite (FeOOH)
and to a lesser extent, lizardite (Mg3(Si2O5)(OH)4), hematite
(Fe2O3), quartz (SiO2) and antigorite ((Mg,Fe)3Si2O5(OH)4).
Due to their mineralogy, the four F<2mm fractions present very
high contents of Fe (7–37 %), Ni (1.3–2 %), Co (520–
1410 mg kg−1), and Mn (1130–5780 mg kg−1) (Table 1), con-
sistent with data from other mining soils in New Caledonia
(Trescases 1973; Quantin et al. 2002). The fractions sieved at
100 μm (F<100μm) exhibit similar metal contents, often slight-
ly higher, as expected (e.g., Semlali et al. 2001). The particle
size distribution of the F<2mm soil sample is variable, with
D50 = 29–365 μm (Table 1), see supplementary information
for particle size distribution curves.

Choice of tube geometry The 2D dynamic model, as defined
by Eq. 6, was implemented in a calculator, in order to estimate
the influence of the tube geometry (length L and diameter D)
on the median size of the exit fraction. To test the model, a
Gaussian distribution (mean c = 50 μm, standard deviation
σ = 2 × 10−5) was chosen for the size distribution, E(ϕi), of
the material to be processed. The results obtained by varying
the values of the tube length L and its diameter D on the exit
fraction are shown in Fig. 2. As the tube length increases, from

2 to 10 m (with constant diameter D = 0.04 m), the median
diameter of collected particles decreases, from 44.5 to
11.5 μm (Fig. 2a). Furthermore, as the diameter decreases,
from 0.9 to 0.1 m (with constant length L = 2 m), the median
diameter of collected particles decreases, from 48.2 to 15 μm
(Fig. 2b). These findings indicate that a long, narrow tube is
required to isolate the desired PM10 fraction. If this model is
applied to the case study soils, where the size distribution is
not modeled, but measured, the optimal tube geometry is
L = 6 m and D = 0.04 m, to obtain the targeted PM10 fraction.
Figure 3 shows the size distribution for the Poro-B sample: (i)
for F<2mm, (ii) for F<100μm, (iii) for the experimental PM10

fraction (with optimal tube geometry), and (iv) the theoretical
PM10 fraction, according to the dynamic model (Eq. 7). The
median diameter drops from about 200 μm for the F<2mm

fraction, to about 35 μm for the F<100μm fraction, and to
11 μm for experimental PM10, which is in good agreement
with the theoretical predictions. Similar results for experimen-
tal PM10, close to the targeted value of D50 ∼ 10 μm, were
obtained for all four samples (Table 2). Some slight differ-
ences are observed for the smallest diameters, which could
have several possible causes (Fig. 3). The dynamic equations,
which assume no interaction between hard spheres character-
ized by the same specific mass and an equiprobable distribu-
tion of initial positions, may be oversimplified. The dynamic
model for particle separation is established for a gas medium,
but particle size analysis was performed in water. Particles
may aggregate and thus become too big to exit the tube. In
water, however, most aggregates are likely to break down,
particularly with the case-study soils, where organic mat-
ter does not play an aggregating role, and where mineral
reactivity is low, as indicate by the very small CEC
values (Huang et al. 2012). Finally, a non-negligible part
of the smallest particles may be lost, because the end of
the tube is open, which could explain the deficit ob-
served in the smallest particles collected, in comparison
with the theoretical model.

Fig. 2 Influence of tube length L
and tube diameter D on particle
size distribution after separation
in the tube by a varying L and
keeping D constant (D = 0.04 m),
and b by varyingD and keeping L
constant (L = 2 m). The dashed
curve corresponds to modeled
Gaussian distribution
(mean = 50 μm and standard
deviation σ = 2 × 10−5 μm); other
curves represent modeled particle
size distribution of the material
exiting the tube. Cumulative
distributions are expressed in
terms of particle volume,
equivalent to cumulative mass

Environ Sci Pollut Res (2016) 23:25105–25113 25109



The separation efficiency (SE) of the tube settings can also
be estimated by calculating the ratio of the volume size distri-
bution of the fraction collected at the exit of the tubeϕ(PM10),
and that of the fraction placed at the entrance ϕ(F<100μm), as
described by Goossens (2012):

SE ¼ ϕ PM10ð Þ
ϕ F<100μm
� � ð8Þ

Except for KNS-A, SE values equal to or above 1 were
observed for particles up to 20μm and then decreasing rapidly

for coarser particles (Fig. 4). The maximum separation effi-
ciency values varied between ∼2 and 15, and were observed
for particles between 5 and 10 μm, depending on the sample.
The separation efficiency curves have similar shape of those
obtained by Goossens (2012) Indeed, not only a poor separa-
tion efficiency for particles size between 0.1 and 5 μm, but
also a maximum for particles between 5 and 10 μm, followed
by a rapidly drop of the separation efficiency for coarser par-
ticles (above around 50 μm for Goossens (2012) and above
15–20 μm in this study) could be observed. In a general

Table 2 Granulometric size distribution and kinetic extraction parameters for separated PM10

Soil samples Poro-A Poro-B KNS-A KNS-B

D50 in μm (span*) 11 (1.6) 11 (1.4) 10 (1.4) 10 (1.7)

Metal content Ni Co Mn Ni Co Mn Ni Co Mn Ni Co Mn

Qtot (mg kg−1) 29,066 1077 4470 18,969 755 2222 22,187 615 3760 12,347 790 3720

Q1 (mg kg−1) 360.0 17.8 99.6 709.0 22.1 60.5 458.0 30.7 182.3 59.2 50.2 219.9

SD 16.8 1.7 10.1 60.9 1.3 5.0 14.1 1.7 5.1 2.6 6.5 28.2

Q2 (mg kg−1) 878.1 137.3 541.8 1597.0 111.5 374.3 412.3 73.5 384.7 164.6 134.7 578.9

SD 61.5 6.1 55.9 283.5 12.1 36.5 22.2 4.2 43.2 10.0 6.9 43.5

Q1/Qtot (%) 1.2 1.7 2.2 3.7 2.9 2.7 2.1 5.0 4.8 0.5 6.4 5.9

(Q1 + Q2)/Qtot (%) 4.3 14.4 14.3 12.2 17.7 19.6 3.9 16.9 15.1 1.8 23.4 21.5

λ1 (min
−1) 0.0755 0.0446 0.0244 0.0308 0.0358 0.0222 0.1465 0.0375 0.0410 0.1613 0.0239 0.0385

SD 0.0091 0.0082 0.0035 0.0046 0.0040 0.0027 0.0120 0.0038 0.0023 0.0327 0.0044 0.0089

λ2 (min
−1) 0.0012 0.0010 0.0007 0.0009 0.0007 0.0007 0.0047 0.0012 0.0007 0.0013 0.0014 0.0015

SD 0.0002 0.0001 0.0002 0.0003 0.0001 0.0001 0.0007 0.0002 0.0002 0.0002 0.0003 0.0004

t1(1/2) (min) 9 16 28 23 19 31 5 18 17 4 29 18

t2(1/2) (min) 578 693 990 770 990 990 147 578 990 533 495 462

Qtot total metal content in PM10, Q1 labile pool associated to the constant λ1 and the half-life t1(1/2), Q2 less labile pool associated to the constant λ2 and
the half-life t2(1/2)
*Span is used to assess the width of the size distribution and calculated from (D90-D10)/D50

Fig. 3 Granulometric distributions of the Poro-B bulk soil (F<2mm), the
fraction sieved at 100 μm (F<100μm), the experimental PM10 fraction
separated in the tube, and theoretical expectations for particles at the

exit with L = 6 m and D = 0.04 m. Bottom right a close up of
experimental PM10 and theoretical expectations, with the x-axis reduced
to 0–20 μm
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manner, our new device performs a narrower separation than
the one presented in Goossens (2012).

The span of the F<10μm fraction was always small: 1.4–1.7
(Table 2), indicating a narrow size distribution after separa-
tion. The tube geometry was therefore appropriate to isolate
the smallest particles and to produce homogeneous samples.

Kinetic extraction of the PM10 fraction The total contents in
Ni, Co, and Mn in the PM10 fraction (Qtot in Table 2) were
similar to those of the F<100μm fraction (Table 1), and enriched
in comparison with F<2mm. The two first-order reactions used
to fit kinetic extractions, as depicted in Fig. 5, were statistical-
ly validated, whatever the soil or metal: the regression esti-
mates were significantly non null (p < 0.05), with R2 values

better than 0.98. The λ1 values (0.02–0.16 min−1) were one or
two orders of magnitude greater than the corresponding λ2
(0.0007–0.0047 min−1). These first results obtained on weath-
ered ultramafic soil are compatible with those from previous
studies performed under similar chemical conditions, but on
different types of materials: historical mining soils (Camizuli
et al. 2014) and sediments (Yu and Klarup 1994; Chakraborty
et al. 2014). Expressed as half-lives, 50 % of the first (labile)
pool was extracted within the first 4–31 min. This time is low
compared to the average time for fine particle isolation by wet
techniques, which is typically 10–960 min (Ajmone-Marsan
et al. 2008; Ljung et al. 2008; Madrid et al. 2008;Webber et al.
2008; Luo et al. 2011; Boisa et al. 2014). Even though wet
separation techniques do not operate with a strong extractant,

Fig. 5 Ni, Co, and Mn kinetic
extractions with EDTA,
performed on separated PM10

Fig. 4 Separation efficiency of
the tube (L = 6m and D = 0.04m)
as a function of particle size
diameter
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such as EDTA, there is some risk of metal losses by leaching,
leading to an underestimation of the bioavailable fraction,
which is why dry separation techniques should be preferred.

The total amounts of the labile and less labile pools (Q1 +
Q2) are small, compared to the total Ni, Co, and Mn contents
of the PM10 fractions (always <20 %, Table 2), with Q2 gen-
erally greater than Q1. This, therefore, means that more than
80 % of Ni, Co, and Mn is not bioavailable, but strongly
bound to particles. This result is in agreement with geological
history, since bulk parent soils in New Caledonia were sub-
jected to weathering for at least the past 11 Ma (Trescases
1973; Cluzel et al. 2012). A large amount of bioavailable
metals must therefore have already been leached. Although
it would be tempting to consider that the labile fraction is so
small that it does not represent a threat for the environment
(Q1 just represents 0.5–6.4 % ofQtot), it should be pointed out
that these low percentages apply to extremely highQtot values.
Such amounts are therefore far from negligible and should be
monitored to prevent harm to the environment.

Conclusion

This study proposes a new way to separate fine particulate
matter from bulk soil samples, using a tube with a gas flow.
Separation of particles in the tube was modeled, according to
size, weight, and fluid transport. A tube geometry of 6-m long
and 0.04 m in diameter, tested on mining ferric technosoils,
appears to be efficient to isolate PM10. Experimental size dis-
tribution matches the theoretical model well, even if some of
the smallest particles were lost during the process. The EDTA
kinetic extractions on the PM10 collected fraction can easily be
performed, because a sufficient amount of material can be
collected by repeating 60-s runs, each isolating 3–5 mg. Dry
separation techniques are preferable because they eliminate
the risk of leaching the most labile metal fractions, which
could otherwise lead to an underestimation of metal
bioavailability.
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