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A sequential extraction procedure fractioned in four steps was optimized with the purpose
of improving a previous scheme for determining the chemical forms of metals in fine airborne
particles. The optimization was tested on synthetic samples and then confirmed on real samples
of fine particles, optimizing the type of reagent, its concentration, pH, temperature and
extraction time. Synthetic samples were prepared in the laboratory with compounds of reagent
grade. The analytical method applied consisted of extracting the metals from each sample in a
rotator with each type of reagent under different conditions of the parameters and then
centrifuging before measuring by ICP-AES. The improved and previous scheme was checked
on real samples and the differences were significant in the percentages of the soluble chemical
forms in the improved scheme (5.2% in front to 22.0% for Pb, 27.0% in front to 50.0%
for Cd and 32.4% in front to 9.0% for Ni) from 55.6, 0.23 and 1.48 ng m—> of total metal
concentrations respectively.
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INTRODUCTION

Urban populations are exposed to the metals in airborne particles. When the
metal concentration is high, it can pose serious risk to human health.
However, determination of metal levels is usually limited to determining
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the total metal concentration. These measures provide us information
neither on the chemical forms. Therefore, particulate standards based on
total suspended particles (TSP) alone are insufficient [1]. Knowledge of
the chemical speciation of the metals is vital in understanding the effects
on the public health [2,3].

Current bibliography on chemical speciation of sediments, soils, sludges
and biological systems is wider than those on atmospheric particles [4].
Many authors use extraction schemes based on the Tessier’s scheme [5,6].
A research in which this scheme was applied on atmospheric particles
(with several modifications) was performed in Barcelona (Spain) [7]. The
BCR®’s scheme (Bureau of Certified Reference) was published later on [8]
and it was also applied to sediments [9] and sludges [10] and introduced
important changes. In 1993-1995 we studied the fractionation of 10
metals in the aerosols of Seville using the scheme of Barcelona [11]
(see Table I).

A first objective of this present work is to optimize a speciation scheme
for fine particles in a city influenced mainly by traffic, but also by earth
crustal particles mixed with particles from industrial sources [12]. There is
a great difference between a matrix of sediments and that of airborne
particles. Sediments contain high contents of organic matter, iron and man-
ganese oxides and silicates. Atmospheric particles generally also have im-
portant levels of organic matter. Particles contain other oxidised metals as
geological material. Also, particles contain elemental carbon, sulphate,
nitrate, chloride and ammonium [13]. For this reason, some stages of the
Tessier’s scheme is modified for particles [7,14,15]. Both Tessier’s modified

TABLE 1 Speciation scheme from the Tessier’s modified scheme according to Obiols et al.
(1986)

Metallic fraction Experimental conditions
1 Soluble and exchangeable 25mL of 1% NaCl
mechanical agitation during 60 min at room temperature
2 Carbonates, oxides 25mL of 0.04 M NH,OHHCI in 25% HAcO
and reducible 1h at 95°C, agitating occasionally
3 Bound to organic matter, 25mL 0of0.02M HNO; + 10 mL 30% H,0,
oxidisable and sulphidic 90 minutes at 85°C

+3mL 30% HzOz

1 hour at 85°C

+5mL of 3.2 M NH4AcO in 20% HNO;
continuous agitation 30 min at room temperature

4 Residual 5mL of conc. HNO; + 2 mL of conc. HC1 + 20 mL H,O
90 min at 95°C, agitating occasionally




scheme and BCR® were tested by us in 1996-1998, in order to find out
which experimental conditions were the most appropriate to particles [16].
A second objective is to determine the chemical forms that can be
available to the humans. The metal bioavailability was already studied
by us in a previous work under the aspect of the physical speciation [17].
In this work the smallest particles were the more bioavailable and there
were toxic metals that trend to accumulate in these particles (Ni, Pb, Cd).
Therefore, the optimization of the chemical speciation should be carried
out in the fine particles, that is to say, below 1 mm (ISO 7708, 1995) [18].
The speciation scheme were optimized in order to determine the chemical
forms in which the metals present in the particulate matter can become to
the respiratory tract [19]. With this aim, the experimental conditions of
the scheme were designed in search of similar conditions into the lung
and it is necessary to simulate the physical and chemical conditions found
in the respiratory tract (redox potential, temperature and pH mainly).

The optimization uses synthetic samples [20-22] applied to atmospheric
particles [23,24]. The samples are prepared in the laboratory mixing
chemicals of reagent grade [25,26] and the metallic concentrations are there-
fore, known. Optimization is done using the synthetic samples separately
and, in order to confirm the optimized results, the procedure is repeated
on real samples of particles.

EXPERIMENTAL

Procedure for the Optimization of Scheme

The procedure consisted of applying different experimental conditions to
these solid mixtures, modifying in these different tests parameters such as
the type of reagent, its concentration, pH, temperature and extraction
time. The optimal condition of the parameter was selected to achieve
these known metal concentrations. All the parameters were optimized by
plotting the graphs of the different tests for each metal representing the
recoveries with respect to the theoretical concentration (the 100%) and
then evaluating the optimal value of all the metals as a whole.

When this procedure is applied to real samples, whose metallic concentra-
tion is unknown, the recovery of 100% of each test is determined taking the
optimal value of the parameter as the greater metal concentration of the four
determinations corresponding to the maximum of the curve for the whole of
all the metals, that is the maximum concentration of metal extracted for the



most of the 11 elements (although several metals are extracted better at
other value of the parameter). Then the corresponding percentages of the
other values of the parameter of each test are calculated and then averaged
for the four determinations. It is because of this that the averaged values are
not necessarily 100.0% accurate.

To optimize the 5 synthetic samples corresponding to the four fractions,
13 tests were needed. The last parameter optimized, the extraction time,
was always done in real samples for obtaining an optimal time more in
agreement with the reality, and all the parameters optimized in the third
fraction was also done in real samples, after the two first fractions were
optimized and applied on the same samples previously. Each test consisted
of modifying the value of the corresponding parameter by preparing 8
different solutions (except only 3 types for the residual fraction).
Therefore, a total of 99 different solutions were measured by quadruplicate
and a total of 99 x 11 x 4 1/4 4356 different concentrations for the 11 elements
were determined. When these optimal conditions were obtained, they
were applied on the real samples (except the time of extraction and all the
parameters of the third fraction already done) and, consequently, they
constituted a total of 7 testsx 8 x 11 x 4 /42464 different concentrations.
If these results agree with those obtained with the synthetic samples,
this means that the design of the synthetic samples has been valid for the
experimentation and this fact gives validity to the resulting experimental
conditions.

Additionally this large amount of data (4356 + 2464 Va 6820) assure the
quality of the optimization.

When the four fractions have been optimized separately, all the optimized
conditions were tested together on the synthetic sample 5 (‘total’), and in
this way to obtain the final improved scheme. Also, the four experimental
conditions of the four fractions were tested on the synthetic samples not
corresponding to each fraction, for instance, applying the conditions
corresponding to the first fraction to the synthetic samples corresponding
to the second, third and fourth fraction, checking that the metals extracted
represent only a negligible percentage. In this way we can verify for example
that the metals that should appear in the residual fraction donot appear in
previous fractions.

Finally, the scheme was applied on 10 real samples collected in 10
sampling sites of Seville for corroborating the results with the improved
scheme and also it was applied on the same samples with the previous
scheme of our previous work [11] for studying the differences and their
significances.



Preparation of Synthetic Samples

Five mixtures ‘solubles’ (chlorides, sulphates and nitrates) to optimize the
first fraction, ‘oxides’ and °‘carbonates’ (carbonates and hydroxicarbo-
nates) to optimize the second fraction, ‘residuals’ (pure metals) to optimize
the fourth fraction and one with all the previous compounds together
(‘total’) were prepared. Hygroscopic substances were dried in a dessicator
for 48 h to avoid the thermal decomposition or the melt. Besides the
dessicator, care was taken in handling several reagents in order to avoid
toxicological problems and rigorous reactions with the water of the moisture,
and therefore, a laminar flux cabinet was also used here. For the third
fraction, the optimization was carried out directly on samples of airborne
particles, as it is explained below.

Synthetic samples were prepared as follows: 1 g of each compound was
carefully and accurately weighed and put into polypropylene flask with a
thread stopper. After having weighed all the compounds, the resulting
mixture was multi-coloured, due to the different colours of each reagent.

The flasks of each mixtures were, then, dried again in the dessicator for
another 48 h, to eliminate the possible incorporation of moisture during
the process of weighing.

Finally, the stopper was put back in the tube and this was then mechani-
cally shaken for 48 h in the vertical vibrator, after which the initial colours
turned to monochrome and the particle size became fine and homogenous.
This homogeneity was corroborated by optical microscopy and it was also
verified microscopically that this time for 48 h was sufficient for obtaining
a size equal to the fine particles.

In order to obtain metal concentrations from each synthetic sample, these
were extracted with acid digestion on 30 mg of sample accurately weighed in
polypropylene tubes with a mixture of nitric and hydrochloric acids (3 : 1)
using a water-bath at 95°C for 90 min. This determination was performed
in quadruplicate. Then the four 100 mL flasks were measured by ICP-
AES. The results were compared with the theoretical values and they
agreed (see Table II).

Suspended Particle Sampling

Fine airborne particles were collected in quartz filters (20.3 x 25.4 cm?) from
WHATMAN (QM/A) with a sampler (MCV, Model CAV-A/HF) equipped
with a cascade impactor (MCV, Model IC/CAV). Particles enter the
impactor at a flow rate of 68 m3>h—!. The impactor effectively separates



TABLE II Recoveries in percentages with respect to the theoretical values for the 11 elements in each synthetic sample

Synthetic sample

Metal

Percentage of theoretical value(%)

Ca Fe Mg Pb Cu Mn V Ti Ni Co Cd Mean
1 Solubles 81.4+12.3 98.2+10.6 90.3+3.5 105.5+13.2 99.6+49 1003+83 91.1+11.1 97.6+17.6 103.1+84 103.4+40 1063+13.3 97.9+352
2 Carbonates 104.4 £ 6.0 - 95.7+9.1 105.2+15.5 101.1+£11.5 94.0+52 - - 100.6 £ 155 94.9+80 91.5+£3.0 98.4+28.8
3 Oxides 92.0+63 11.4+57 944+7.8 103.0+7.2 101.1+48 82.1+63 112.3+12.5 17.1+£3.1 95073 99.5+7.0 258+52 758+233
4 Pure metals 96.0+32 91.4+48 99.8+3.1 99.4+32 950+24 97.1+74 842+43 25+20 969+57 89.7+18.0 48+25 77.9+223
5 Total 823+14.1 68.9+119 954+9.4 96.7+10.6 94.0+122 90.6+47 942+195 43.6+153 95.1+183 97.6+89 70.6x17.1 84.5+424
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the particles in six stages and the last filter collects particles smaller than
0.61 mm [17].

13 samples of particles needful for the optimization were collected in
Reina Mercedes, a representative area of Seville, Spain [12,27]. This sam-
pling station represents traffic and industrial emissions. These samples
were collected until we obtained the necessary weight of particles, with sam-
pling periods of 96 h collecting about 6500 m? of air and 600 mg of particles.
The 10 samples for testing the improved and previous schemes were
collected from our network of sampling stations [11].

Reagents and Apparatus

Care was taken in handling the samples in order to avoid contamination
problems within a vertical laminar airflow cabinet with a HEPA filter
from INDELAB (Model IDL-48V). Water bath was from JULABO

(Model SW-20C). Centrifuge was from SIGMA (Model 3-15). Reagents
and standard solutions for metals were from MERCK. Vertical vibrator
for mixing the chemical reagents was from SELECTA (Vibromatic Model
384). Milli-Q-grade water was from WATERS-MILLIPORE (Model Plus).
The sample extractions were analysed for 11 elements (Mg, Ca, Ti, V, Mn,
Fe, Co, Ni, Cu, Cd and Pb) by inductively coupled plasma atomic emission
spectrometry (ICP-AES) using a Fisons-ARL 3410 instrument. One

minitorch consumes argon gas at a ratio frequency power of 650 W,

consequently, it is capable of consuming a few millilitres of sample at a

flow of 2.3 mL min—'. This fact allows that the metals usually measured

by FAAS and GFAAS in 50-mL flasks in our previous works can also

now be measured by ICP-AES with only 15 mL.

Methodology for Chemical Analysis

Optimization tests were carried out in polypropylene centrifugal tubes
by adding 30 mg of each mixture accurately weighed and subsequently
applying the corresponding experimental conditions. 15 mL of each reagent
was added. Extractions were carried out in a rotator at 50 rpm and at
ambient temperature. Centrifugation was performed at 5000 rpm for
10 min. Finally, the tube was left to decant by pouring the liquid into
100 mL flasks for measuring by ICP-AES.

The matrix effect due to the particle and filter matrix was studied
through the standard addition technique in the four speciation fractions.



The standard addition verified that this matrix effect was null. Regarding
the interference matrix due to the reagents, the calibration curves have
been obtained with the same matrix as each one of the four speciation
fractions.

After sampling, each filter was dried and weighed [17] and then cut into 8
eighths, each of which was then placed in a polypropylene centrifuge tube.
The tests were carried out on each eighth with the same procedure as that
for synthetic samples. The only difference was the follows: the different
tests of the second fraction and subsequents were applied to the residue
of the previous fraction already optimized. For these samples, a set of
unexposed filters was analysed using the same procedure in each fraction
of the scheme. The mean unexposed filter value was subtracted from each
real sample. For testing the scheme over the ‘total’ synthetic sample
and over the real samples the procedure was to apply the four fractions in
a continuous sequence.

RESULTS AND DISCUSSION

Optimization of the First Fraction of the Scheme:
Soluble and Exchangeable

In order to optimize the type of reagent we know that different schemes use
water [15], magnesium chloride or sodium acetate [5], sodium chloride [7],
acetic acid [8], barium chloride [28]. Tessier’s modified scheme uses
sodium chloride and BCR® scheme [29] uses acetic acid. Therefore, both
sodium chloride and acetic acid were tested.

For optimizing the concentration of sodium chloride, 8 solutions were
prepared from 0.0 (water) to 3.5%. For acetic acid the 8 solutions prepared
were from 0.01 to 0.15 M.

15 mL of solution was added to each polypropylene tube containing the
synthetic sample 1. The tubes were closed and rotated at 50 rpm for 5 h.
The sodium chloride extracts the 100% and recoveries are independent
from the concentration and water (NaCl 0.0%)is the selected concentration.
Some schemes have also found water as the best extractant of soluble metals
[15,30]. The two tests were repeated on two real samples with the same
results (see Fig. 1a).

For optimizing the pH, we keep in mind that SO, level in Seville is
low [31] and our measures made in rainwater through the time have an
average value of pH 7.3. Moreover, pH of normal lung is 7.40, which is
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FIGURE 1 (a) Extraction of soluble and exchangeable metals from a real sample varying the
concentration of sodium chloride and acetic acid. (b) Extraction of oxides, carbonates and
reducible metals from a real sample varying the concentration of hydroxylamine chloride. (c)
Extraction of oxides, carbonates and reducible metals from a real sample varying the pH of
hydroxylamine chloride. (d) Extraction of bound to organic matter, reducible and sulphidic
metals from a real sample varying the concentration of ammonium acetate. (¢) Extraction of
bound to organic matter, reducible and sulphidic metals from a real sample varying the pH of

ammonium acetate. (f) Extraction of residual metals from a real sample with the three acid
mixtures.

the physiological pH of the human body. If the pH of the lung mucosa
changes, even below one unit, acid-based disorders can be caused, as a
respiratory acidosis. Then, we will use a pH 7.4 for the water.

In order to optimize the time, 15 mL of water at pH 7.4 was added to 8
tubes containing an eighth of a new real sample. The tubes were, then
quickly put into the rotator and one tube was taken out every 30 min. Then
the results (see Table III) indicate that the very best time of extraction is 3 h.

Optimization of the Second Fraction of the Scheme: Oxides,
Carbonates and Reducible

For selecting the type of reagent it is necessary to keep in mind that many
speciation schemes commonly use hydroxylamine chloride in front of



TABLE Il Variation of the extraction of the 11 elements with the time parameter

Percentage of extraction (%) Mean

Elements Ca Fe Mg Pb Cu  Mn 4 Ti Ni Co Cd

Time (min Ex raction of soluble and exchangeable met Is

30 100.0 76.1 814 773 86.1 822 733 762 688 788 644 786
60 983 87.0 846 760 896 858 79.1 8.1 841 815 66.7 838
90 99.1 924 866 800 928 90.6 767 913 791 799 722 855
120 97.6 953 886 867 951 969 847 923 89.0 91.7 778 905
150 994 924 957 920 975 986 933 936 940 958 889 947
180 98.9 99.7 100.1 100.0 99.8 100.3 100.0 99.8 100.2 100.0 100.0 99.9
210 983 96.7 957 960 986 98.6 967 972 89.0 978 96.6 965
240 99.8 97.8 987 980 998 99.5 987 986 93.0 988 944 979
1'me (h Extrac 10n of carbonates, oxides and red cible metals

1 29.0 251 245 195 205 231 156 246 272 260 30.1 24.1

2 326 462 312 692 333 301 199 498 685 322 312 404
3 458 554 421 723 451 433 398 605 726 645 444 533
4 70.0 656 667 951 609 542 602 70.8 825 812 583 69.6
5 100.4 100.5 100.2 1004 1004 999 100.0 100.0 99.8 100.5 99.9 1002
6 88.0 100.0 100.0 97.0 99.0 100.0 98.1 100.0 100.0 982 860 969
7 829 964 100.0 100.0 982 946 97.1 979 100.0 931 740 940
8 98.0 962 952 952 951 962 988 972 952 942 983 963
1

1me (min Extrac 10n of bound to org nic m tter, oxidable and sulfidic metal:

100.0 876 894 970 982 976 852 889 875 897 845 914
30 983 978 948 976 986 985 886 955 948 951 954 959
45 100.0 942 99.8 100.0 982 960 89.6 923 991 997 992 971
60 99.7 993 998 987 995 996 905 995 982 971 996 983
75 1002 99.7 100.1 97.8 99.7 100.0 962 1002 987 999 998 993
90 100.0  99.8 99.7 999 997 99.8 989 99.0 100.0 100.0 100.3 99.7
105 993 999 995 987 999 996 998 993 987 987 992 993
120 99.9 987 1003 99.8 100.1 99.6 999 986 989 999 992 995
lime (h bxtraction ot residua metal:

920 905 930 921 905 915 932 895 90.1 956 935 920
2 98.7 952 988 952 965 961 946 899 940 942 978 955
3 96.2 1000 986 985 975 992 964 920 995 991 952 975
4 1004 99.8 995 1003 999 100.1 97.6 989 998 1003 999 99.7
5 100.0 96.7 952 100.0 951 100.0 989 983 1000 958 100.0 982
6 99.0 100.0 100.0 99.6 100.0 993 995 981 979 965 987 99.0
7 99.8 99.7 998 100.0 1003 1002 962 99.1 100.0 999 999 995
8 99.8 972 987 100.0 972 1000 976 97.1 980 970 962 98.1

others such as sodium pyrophosphate [14] or sodium dithionate-citrate [32]
and, therefore, this reagent will be the selected one for this fraction. In this
case we prepared 8 solutions of reagent from 0.05M to 0.4 M applied to
the synthetic fractions 2 and 3. The test was repeated on a new real
sample (see Fig. 1b). The optimal concentration was observed at 0.25 M.
The pH commonly used is pH 2 in many schemes, therefore, the tests
were carried out by preparing 8 solutions of hydroxylamine chloride at
0.25M from pH 8 to pH 1 applied to the synthetic fractions 2 and 3.



The results are that the best conditions for the extractions were at pH 2. The
experiment repeated on a real sample obtained the same result (see Fig. 1c).

In order to optimize the time of extraction, in this case the tubes
were taken out every hour. A new filter of particles was used. The results
(see Table IIT) showed that the optimal time was 5 h.

Optimization of the Third Fraction of the Scheme: Metal Bound to
Organic Matter, Oxidisable and Sulphidic

In this fraction we tried to prepare humus containing metals but the results
were not satisfactory and the third fraction was tested directly on real
samples. Firstly, the organic matter of the particles is digested with
hydrogen peroxide and then the metals liberated are quickly stabilized
with ammonium acetate. The initial volume of hydrogen peroxide should
become almost dry and the time required was 5h at 95°C.

For optimizing the concentration, 8 solutions of ammonium acetate
were prepared from 0.5 to 4.0 M. The optimal concentration was 2.5 M
(see Fig. 1d). And for the pH, 8 solutions of reagent were prepared from
pH 4.5 to 1.0. The optimal pH is 3.0 (see Fig. le).

The time was optimized by taking the tubes every 15 min. It can be seen
(see Table III) that the percentage of extraction was independent from time
and 90 min was sufficient.

Optimization of the Fourth Fraction of the Scheme: Residual

Tessier’s original scheme uses an acid digestion with perchloric and
hydrofluoric acids, but hydrofluoric acid cannot be used with fibreglass or
quartz filters [12,27]. The procedure carried out in our studies [11,17] used
perchloric and nitric acids, and the Tessier’s modified scheme uses nitric
and hydrochloric acids [7]. So, the three different acid mixtures nitric—
hydrochloric (MIX1), nitric—perchloric (MIX2) and nitric-hydrochloric—
perchloric (MIX3) in the proportions 5:2, 5:1 and 6:2:5, respectively,
were tested on the synthetic fraction 4 and real samples.

15 mL of mixture were added to the ‘residual’ fraction. In both synthetic
and real samples the three mixtures provide very good recovery rates, but the
best is the triacid mixture (see Fig. 1f ). The extraction time was
evaluated with a new real sample, taking out the tubes every hour. 5 h
proved to be sufficient time (see Table III).



Final Speciation Scheme: Comparison with the Previous Scheme

Finally, the scheme was tested on the ‘total’ mixture obtaining the expected
positive results. The resulting final scheme is shown in Table IV. In brief,
the main differences of the new scheme regarding the previous one can be
summarised as follows:

1. Water is used instead of sodium chloride. The soluble metallic species can
be extracted. Also, sodium metallic species can be measured, although
quartz or membrane filters would be needed.

2. The optimized concentration of the hydroxylamine chloride is different.
The extraction is carried out at ambient temperature and in
this way the extraction of the bioavailable chemical forms is more
truthful.

3. pH and concentration of ammonium acetate were also different.

The final scheme was also tested on 10 particle samples collected in Seville
and both the Tessier’s modified scheme and the improved scheme were
applied on these same samples with the aim of comparing the results.
The concentration values and percentages of the chemical forms are
shown in Table V. These concentrations were different in many metals.
The more important differences are in the two first fractions. This change
affects notably some metals like Cd, Mn, Co, Ni and especially Pb in the
first fraction and the metals Fe, Pb, Cd and mainly Cu in the second
fraction. The new experimental conditions of the two first fractions in the
new proposed scheme are less aggressive than those of the Tessier’s modified
scheme; therefore, it is expected that the percentages of several metals in

TABLE IV  Speciation scheme proposed according to Ferna’ ndez Espinosa et al. (1998)

Metallic fraction Reagent Experimental conditions
1 Soluble and exchangeable 15mL H,O (pH =7.4) 3 h at room temperature
shaker agitation
2 Carbonates, oxides and reducible 10 mL NH,OHCIH 5h at room temperature
0.25M at pH=2.0 shaker agitation
3 Bound to organic matter, 7.5 mL H,0, 30% at 95°C until near dryness
oxidisable and sulphidic shaker agitation
+ +
7.5mL H,0, 30% at 95°C until near dryness
shaker agitation
+ +
15mL NH4sAcO2.5M at 90 min. at room temperature
pH=3.0 shaker agitation
4 Residual 10mL (HNO;:HCI:HCIO4) 5h at 95°C shaker agitation

(6:2:5)




TABLE V Results of concentrations in ng m— and percentages of the chemical forms of the
10 samples analysed by the speciation scheme proposed according to Ferna’ ndez Espinosa et al.
(1998) and the Tessier’s modified scheme according to Obiols et al. (1986)

Fraction Proposed scheme (ngm—3)

Metal Ca Fe Mg Pb Cu Mn V Ti Ni Co Cd

Soluble and exchangeable 197 152 219 29 257  1.69 231 018 048 0.179 0.062

Carbonates oxides and 366 613 246 167 154 123 124 008 041 0.123 0.042
reducible

Bound to organic matter, 225 756 1123 225 562 251 075 182 042 0063 0.076
oxidable and sulphidic

Residual 15 1503 512 168 222 078 069 157 017 0.102 0.05
Sum 803 3024 210 556 1195 621 499 365 148 0467 023

Fraction Percentages

Soluble and exchangeable  24.5 50 104 52 215 272 463 49 324 383 27.0

Carbonates oxides and 456 203 117 300 129 198 248 22 277 263 18.3
reducible

Bound to organic matter, 280 250 535 405 470 404 150 499 284 135 33.0
oxidable and sulphidic

Residual 19 497 244 302 186 126 138 430 115 218 21.7
Fraction Tessier’s modified scheme (ng m—?)
Soluble and exchangeable 331 84 326 120 208 206 216 012 0.11 0.158 0.055

Carbonates oxides and 374 108.6 419 29.8 444 188 168 058 010 0.107 0.017
reducible

Bound to organic matter, 89 457 583 108 225 0.88 047 078 080 0.028 0.016
oxidable and sulphidic

Residual 95 1050 240 19 1.14 048 048 015 021 0.016 0.022

Sum 889  267.7 1568 5450 991 530 480 1.63 122 0310 0.110

Fraction Percentages

Soluble and exchangeable  37.2 31 208 220 210 389 450 74 9.0 51.0 50.0

Carbonates oxides and 421 406 267 547 448 355 350 356 82 345 15.5
reducible

Bound to organic matter, 100 171 372 198 227 16.6 9.8 479 656 9.0 14.5
oxidable and sulphidic

Residual 107 392 153 35 115 9.1 10.0 92 172 52 20.0

(After the results and discussion section: final speciation scheme).

these fractions decrease. Pb and Cd have lower percentages in the soluble
and exchangeable chemical forms in the proposed scheme (5% and 27%
in front of 22% and 50% respectively). However, Ni chemical species
increases its percentage in the soluble fraction (32% in front of 9%). In
the second fraction, the metals Cu and Fe have lower percentages (13%
and 5% in front of 45% and 41% respectively). In brief, the decreases in
the bioavailable fractions are encouraging because cadmium and lead,
objects of study by the European Community, are very toxic. However,
the same is not expected for nickel because of the increase in the soluble
fraction.



CONCLUSIONS

Optimization of the speciation scheme has enabled us to develop a new
improved scheme for airborne particles. This scheme improves the
Tessier’s modified scheme. The use of pure water with a pH 7.4 in the
first fraction makes it possible to carry out the extraction under similar
conditions to those existing in the lungs. In order to extract the reducible
metals, many speciation schemes use high temperatures to dissolve insoluble
oxides. However, these extreme temperatures do not exist in the respiratory
tract. Furthermore, pulmonary conditions have a reducing effect that is
characteristic of the organic matter by which the pulmonary mucosa
is formed. It is well known in medicine that an oxidizing environment in
the lungs may cause serious damage [33]. This is why the optimization
was carried out at ambient temperature, using hydroxylamine chloride.
To extract the metals from the third fraction, it was applied consecutively
on the two first fractions already optimized on real samples and it was
optimized by the parameters for the ammonium acetate after oxidizing
the organic matter with hydrogen peroxide. When optimizing the fourth
fraction the best result was obtained with the nitric—perchloric—hydrochloric
acid mixture 6:5 : 2.

We consider that this speciation for metals in suspended particles shows
clearly the distribution of the different chemical forms and provides us
with very valuable information on the chemical toxicity of metals in the
human body. The results obtained suggest new working conditions
for metals in airborne particles as well as some conclusions on the bioavail-
ability of metals in respirable particles.
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