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Abstract

In this paper we investigate alternatives to mechanical stirring for the extraction of the mobile fraction of metals from sediment, and
analyze whether these techniques can reduce extraction time and improve reproducibility. We compare the quantities of metal extracte
from BCR601 and BCR701 certified sediments using ultrasound bath, microwave-assisted extraction and the first step in the certified BCF
sequential extraction procedure. Some environmentally important not-certified metals such as As, Mn, Co, Fe and Al have been included i
this study. In the case of microwave-assisted extraction, we compare tests in which samples are exposed to constant, low power irradiatic
with tests using pulsed high power.

In the tests using the ultrasound bath, less metal was extracted than with the other extractive techniques and standard deviations we
comparable to those obtained with the BCR procedure; in assays using microwaves at constant power, extraction efficiencies were differer
for different metals and for different reference materials and, in some cases, standard deviations were higher than those for the referenc
method. In contrast, tests with microwaves and constant temperature produced encouraging results: R.S.D.s lay in the 2—4% range, both f
certified and not-certified metals; these values are very low compared to those for the reference method. Extraction efficiencies for certifiec
metals were close to 100% for Cd, Zn, Cu and Ni and around 80% for Pb and Cr.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction solid/solution ratio, treatment time and washing procedures
between steps, attempting in this way to solve problems with
Scientific interest in the application of sequential extrac- specific matrices and to address some of the broader issues
tionto geochemistry has been growing, ever since 1963, whenwith sequential extraction. By now however, it is clear that
LeRiche and Weil1] first used the technique to separate none of these procedures guarantees solvent selectivity. Fur-
chemically bound elements in soil. Since then, researchersthermore, the lack of standardized procedures means thatitis
have proposed different solvent sequences for the characterimpossible to compare results obtained under different con-
ization of a broad range of solid environmental matrices. In ditions.
1979, Tessier et aJ2] rationalized this work, proposing an Over the years, poor solvent selectivity and difficulties in
extraction protocol that remains a benchmark for the field. comparing data from different assays led researchers to aban-
Subsequent work led to the development of alterna- don sequential extraction. This trend was reversed only when
tive extraction procedurd8,4]. These procedures modified the BCR (the Community Bureau of Reference —now the Eu-
specific aspects of Tessier’s original protocol, such as the ropean Union “Measurement and Testing Programme”) initi-
ated a major effort to harmonize extraction procedures. This
* Corresponding author. Tel.: +39 064 9913742; fax: +39 064 90631,  WOrk led to the definition of an extraction protocol (the BCR
E-mail addresssilvia.canepari@uniromal.it (S. Canepari). prOtOCOl) and a purely Operational definition of Sequential
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fractionation, in which the analytical significance of assay the efficiency of the conventional method. Later investiga-
results was tied to the use of specific extraction procedurestions[18,19] showed, again for the carbonate fraction, that
[3,5,6]. The procedures defined by the BCR protocol are, microwaves lead to reabsorbtion of Ca and Fe, a phenomenon
however, extremely time-consuming and several of the vari- which had not been observed previously. Finally, these stud-
ables which influence extraction efficiency, such as shaking ies used a number of different sediments and microwave tech-
speed and illumination, cannot be defined without ambiguity. niques making it impossible to compare the results. None of
Theresultis poor reproducibility, if not at the intra-laboratory, these studies considered the effects of temperature, which
at least at the inter-laboratory level. are very different when microwaves are used instead of me-

Another result of this harmonization work has been the chanical shaking. In microwave irradiation, the efficiency of
commercialization of certified materials such as the BCR601 heating and shaking within the sample are determined by
sedimeni7], which has been certified for the extraction of Cd, the rotation of the dipole and on ionic conduction, which
Cr, Ni, Pb and Zn. BCR601 was later replaced by BCR701 depend in turn on the viscosity of the medium. At high tem-
[8,9], which included Cu on the list of certified metals. peratures, the contribution of dipole rotation decreases while

Certification has only been possible for a limited number ionic conduction becomes more and more important. Dur-
of metals where it has been possible to achieve an acceptabléng microwave heating of a solution containing ions, dissipa-
level of intra- and inter-laboratory reproducibility. With other tion is initially controlled by dipole rotation and later, as the
environmentally important metals such as As, Mn, Co, Fe, Al, temperature increases, by ionic conduction, which depends
data from assays is highly variable, preventing certification. closely on the way in which the microwaves are delivered to

In this paper, we investigate alternatives to extraction with the sample. We therefore decided to make a systematic study
mechanical shaking in an end-over-end shaker, showing howof different techniques for the application of microwaves, by
these can reduce the time required for assays and improvecomparing tests in which samples are exposed to constant,
their reproducibility. low power irradiation with tests using pulsed high power,

A number of authors have achieved encouraging results,taking account of the temperature variable and using mate-
using ultrasound probes to reduce the time required for se-rials certified for sequential extraction of metals. Given that
quential extraction of metals from sedimegd0,11]. The the largest differences between techniques are those affecting
study just cited used Tessier's proced{2pto achieve se-  the fraction bound to carbonates (which is also the fraction
quential extraction of Cu, Cr, Ni, Znand Pb from non-certified with the greatest environmental significance), we decided,
materials. It is well known that exposure of solids to ultra- that we would focus on the first step in the BCR reference
sound leads to structural changes in their surface morphologyprocedure.

[12]. The impact of the ultrasound jet and its associated shock

wave erodes the solid, leading to localized fragmentation of

particles[13—-16]. This has predictable consequences on the2. Experimental

availability of metals. As a result, while the percentage of

materials extracted was comparable to what can be achieved®.1. Extraction via the BCR procedure

with mechanical shaking, the time required (roughly 10 min

per step) was much shorter. Before extraction 1 g of certified BCR601 was precisely

Ultrasound baths are less expensive than probes. We thereweighed in a weighing bottle. The sediment was placed in
fore decided to compare the quantities of metal that can bean oven (105:2°C) until constant weight. This treatment
extracted using a bath with the quantities produced by the produced a 3.60% loss of weight. Repeating the same oper-
certified BCR sequential extraction procedure. The test wasation with BCR701, produced a 2.79% loss of weight. All
carried out using a sediment certified for sequential extrac- subsequent measurements were corrected to take account of
tion. this loss.

An alternative technique for accelerating the extraction of ~ Exactly 0.25 g of certified material (BCR601 or BCR701)
metals from sediment is to use microwave ovens. Despite awere placed in an Erlenmeyer Flask with an emery stopper
number of incongruities, recent studies have produced en-to which we added 8.5 ml of 0.11 M acetic acid. While the
couraging results in terms of reproducibility and in terms of quantity of sediment was lower than in the certified proce-
the time required for the procedure. The literature reports dure, the ratio of sediment to the volume of extraction so-
a number of investigations using Tessier's extraction proce- lution was the same. In preliminary tests, obstructions in
dure and a range of different reference materials, none ofthe inductively coupled plasma (ICP) nebulization system
which were certified for sequential extraction. One study made it necessary to replace the centrifuging, required by
[17] has observed differences between the extraction effi- the BCR protocol, with filtration. Filtration was based on a
ciency achieved with microwaves and that of the conven- cellulose nitrate, Whatman millipore filtering system with
tional Tessier procedure. In the fraction bound to carbonates,0.45.m pores. Residues were recovered and washed in 2 ml
for example, extraction efficiencies were 10 times higher for of 0.11 M acetic acid.

Pb, four times higher for Cr, and 2,5 times higher for Fe. The = The procedure was repeated six times for each certified
extraction efficiency for Mn, on the other hand, was only half sediment. Each test used deionized, ultrapure water.
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Each time the acetic acid was prepared, the metal con-Table 1 o _
tent of the extraction solution was measured using the sameVaximum temperatures reached by samples at the end of digestion period
. f i f issi dti tti in th ddi ti t
procedure applied to the samples. Each measurement was reqs unction of power emission and time settings in the second digestion step

peated three times. In all cases and for all metals the volumes”ower (W) MW application time (min)

of metal observed in these measurements were stable, and 5 8 10 15 30 60 120
were always less than 5% of those observed for the samples. 5 _ _ _ _ 29 32 _
This value was subtracted from the results. 30 - - - - 43 49 -
50 36 38 41 49 68 73 76
2.2. Extraction with ultrasound 128 gg gg 2?5’ f;ﬁ 13)% fgg 8?25
130 87 90 100 108 119 - -
Samples were prepared as described above. They wereo00 9¢ 104 112° 119 - - -

then placed in an ultrasound bath (28/34 kHz, 80/180 W) for  a Tests performed with certified material BCR 701.

between 15 and 60 min. Immersions longer than 60 min were P Test performed with certified materials BCR 701 and BCR 601. All
not investigated, given that they would offer little advantage remaining tests were performed with certified material BCR.

over mechanical shaking. A Taylor-made rotating plate guar-

anteed uniform exposure to the ultrasound. second step was performed at a constant fixed temperature

Samples were taken out of the bath three at a time, afterfor prefixed time periods. All these tests used BCR701.
different lengths of immersion, filtered using the techniques

described earlier and analyzed with ICP-OES. 2.4. ICP-OES analysis

2.3. Extraction with microwaves ICP-OES analysis was carried out using VARIAN VISTA
MPX CCD Simultaneous ICP-OES with a CETAC U-5000

Samples were prepared using the procedure described eamltrasound nebulizer. Iifable 2are described the analysis
lier, and placed in the Teflon containers of the microwave conditions. The lowest quantitation limits (LOQ — ergd5%o)
oven (Milestone Ethos Touch Control, HPR 1000/6S rotor). were reported for each metal. The instrument was calibrated
Tests were conducted for variable lengths of exposure usingusing standard solutions in an acetic buffer. To control for
both constant, low power irradiation with variable tempera- spectral interference, the analysis was repeated at two dif-
ture and constant temperature with pulsed high power. Each
test was repeated three times.

Table 2

ICP-OES conditions for analysis
2.3.1. Tests with constant power ICP—OES instrumental parameters

In order to obtain a constant and continuous microwave Incident plasma power (RF) (kW) a0

emission, the temperature control of the microwave oven Plasmagas flow (Lm”_’l)l 15.0
was switched off. As a consequence the sample tempera-ﬁiﬁ'ﬁﬁgf];sez;’mg‘(%g) 20%)'50
ture gradually rises up to values related to the emitting power gepjicate read time (s) 20
and to the treatment period. All tests used two step diges- instrument stabilization delay (s) 15
tion programs. In the first step the emitted power rises lin- Sample uptake delay (s) 15
early from 0 to the maximum fixed value; in the second Pumprate (rpm) 15

Rinse time (s) 15

one this maximum value was kept constant for prefixed time .
Replicates 3

periods. The fist step time period was set to maintain the

same slopeAW/At=50 W mirm L. Power ranges and irra-  Element Reading Check wavelength LOQ (ngL™Y)
diation time periods of the second step were investigated wavelength (nm)  (nm)
to avoid both too soft conditions resulting in poor recov- Detection parameters and LOQs (RS[5%)
ery extractions and too limit conditions leading to unac- Al 396.152 308.215 15
ceptable sample stresgable 1shows the maximum tem- As 188.980 193.696 15
' ; : : . Cd 214.439 226.502 0.8
peratures, which were reached during the studied digestion 267.716 284.984 08
period. Co 230.786 238.892 1
Cu 327.395 324.754 15
2.3.2. Tests with constant temperature Fe 238.204 259.940 0.15
Mg 279.553 280.270 0.1
These tests have been performed at controlled temper- 257.610 260.568 0.3
ature and power was pulsed automatically by the oven to Na 588.995 589.592 0.2
maintain temperature at a constant value. Even in this case Ni 231.604 227.021 3
two step digestion programs were adopted: the fist step g_b zzszfgff ‘Z‘gg-zg; 43
. | . .
was performed with a programmed temperature curve at on 206.200 213.857 15

AT/At=30°C min~! up to the maximum temperature; the
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ferent wavelengths. It was shown that the differences were Table 4
never in excess of 3%. Results at the two Wavelengths wereRecovery percentages with ultrasounds as a function of sonication time

averaged_ Sonication times
5min 8min 10 min 20 min 30min 60 min
) , cd 69+3  70+3 7244 7416 74+5 7444
3. Results and discussion cr 23+2 2543 2544  34+5 38+6 3842
Ni 53+3 55+3 54+4  63+5 67+6  67+8
3.1. The BCR extraction procedure Pb 48+1  50+7 50+5  47+6  58+3  54+4

Zn 51+1 53+7 53+5 50+ 6 62+3 58+ 4

Pri h . . . fal . Cw 4943 50+ 4 49+ 6 60+5 62+ 6 60+1
rior to the systematic investigation of alternative pro- Al2 3843 41+5 4347 48+ 8 53+8 4840

cedures, we applied the BCR certified extraction procedure a2 3749 44412 4947 5648 6148  65+3
to the BCR601 and BCR701 reference samples, measurCo*  46+2  48+2 48+3 5543 60+6  60+6
ing the presence of certified metals and of other environ- Fé‘a 16+1  17+2 16+2  20£4  24+£6 2447
mentally significant metals which have not been certified, M9 ~ 61£2 622 622 = 73£4  78+6  76£7

X e ) Mnd 712 7242 7142 7944  79+7  79+4
due to the high variability in the concentrations observed

by different laboratories participating in the certification Tests performed with certified material BCR. Values of uncertified elements
y P P g are referred to application of BCR protocol in our laboratory.

process. _ o a Uncertified metals.
The results of the tests, which were repeated six times,

are described iMable 3. Although there are some differ- . .
. 3.2. Extraction with ultrasound
ences, in general the observed values closely matched the
certified valueg7—9] and are fully comparable to those ob-
tained by the laboratories, which have taken part to the cer-
tification program. The only exception is for Cr, where the
observed values were much higher than the certified value,. . ; .
. . % ing constant for longer periods of immersion. Generally, the
with a very high standard deviation. Careful checks of mea- . : .
. results were less reproducible than those obtained with me-
surement conditions and of blanks appear to exclude errors . .
) . " chanical shaking.
during the analysis. In addition the values expressed as total
chrome (obtained by direct aqua regia digestion as indicated
by BCR protocol) in the two certified materials are in very 3.3. Extraction with microwaves
good agreement with the certified values. The discrepancy
is only due to distribution of the metal among the different 3.3.1. Tests with constant power
soluble fraction. It is then possible that the results obtained In these tests, we investigated a range of different ex-
were due to deterioration of the reference materials during perimental conditions, comparing extraction efficiencies and
storage or transport. standard deviations with those obtained by our laboratory
Table 3shows the values obtained for uncertified and using the BCR procedure (Table 5). The results showed that
for certified metals. The values of uncertified metals experimental parameters have a strong effect on the percent-
were used as reference values for the calculation of theage of metal recovered, presumably because of differences in
percentages of metal recovered by ultrasound and withtemperatures during treatment. Inthe set-up used for the tests,

Table 4shows the results for extraction with ultrasound.
For all metals the percentage of metal extracted was signifi-
cantly below 100%. Values peaked after 20—30 min, remain-

microwaves. increases in the duration of the procedure or in power both
lead to higher sample temperatures (5alele 1). This means
Table 3 that it is not possible to control this variable independently.
Concentrations obtained with the application of the BCR protocol Except for Pb, Al and Cu, where it is possible to achieve
BCR 601 BCR 701 efficient extraction, even with very mild temperatures, metals
our 1ab Certified our lab Cortified cannot be extrgcted effectively with less than 50 W power.
(mgkgY) (mgkg™Y) (mgkgY) (mgkg1) Presumably, this dogs not prpduce enough molecular rotation
cd 39+ 01 41t 02 711 23103 to guarantee eff.ectlve shaking. More than 50 W power .for
cr 0.7+ 03 0.36+ 0.04 394 05 23+ 0.2 more than 15 min produces results close to those obtained
Ni 9+1 8+1 17+£1 15+ 1 with the BCR procedure: for most metals, the percentages of
Pb 22+ 0.1 27+£03 35+ 0.2 32+0.2 metal extracted were close to 100% and standard deviations
é’; Zigi ‘1‘ 263+ 5 zggi 16 Zggi g were comparable to those for the BCR procedure. The only
Al To44 B 238 & 37 ~ exceptions were Fe and Al, for which extraction efficiencies
As 2.0+ 0.1 - 21+0.1 - were low.
Co 27+01 - 26+ 0.1 - With some metals treatment for prolonged periods with
Fe 121+ 36 - 193+ 60 - high power led to a reduction in the percentage of metal ex-
Mg 1530+ 20 - 808+ 39 - tracted. This was especially true for Cu and to a lesser ex-
Mn 2714+ 5 - 198+ 15 -

tent for Ni and Al. Other authord 8,19]have made similar
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Table 5
Recovery percentages with microwave at constant power as function of power and erogation time periods set in the second digestion step

w Time (min)

5 8 10 15 30 60 120
(a) Certified metals

Cd
20 51+1 53+ 1
30 58 + 4 62+ 2
50 69+ 3 69+ 1 9+7 67+ 1 69+ 1 8 +7 81+ 3
70 63+ 1 7+1 66 + 2 76+ 4 B+2 & +4 83 +2
100 65+ 2 71+2 66.1+ 0.3 71+ 1 68 + 4 78 +5 70+2
130 70+ 2 64+ 1 0+2 106+ 1 98+ 8
200 96 + 2 B+4 97 +2 R+2

Cr
20 474+ 0.3 48+ 1
30 50+ 4 5 +5
50 10+ 2 57+ 3 61+ 1 5+ 2 65+ 1 64+ 7 60 + 2
70 58+ 1 63+ 1 50+1 68+ 3 67 +£3 65+ 3 63+5
100 57+ 3 5 + 2 63+ 5 65+ 2 66 + 5 58+ 5 65 + 6
130 55+ 3 5 +3 5 +5 61+ 2 8+6
200 49+ 1 59+ 3 B+4 % + 6

Ni
20 22+1 2+1
30 36+4 45+ 3
50 30+1 T +2 O+1 47 + 2 61+ 3 86 + 9 A+ 3
70 38+ 1 67 £ 3 5 +5 63+ 1 2+5 101+ 8 100+ 8
100 40+ 2 60+ 1 57+ 4 68+ 7 65+ 1 77+5 60 + 6
130 55+ 4 W+ 2 BV+3 111+ 4 102+ 7
200 102+ 2 102+ 3 102+ 4 102+ 7

Pb
20 91+ 7 77+3
30 83+5 8+ 6
50 71+ 4 B+7 76+ 4 63+ 4 69 + 1 BV+9 89+ 8
70 57+ 3 60 + 3 60 + 3 67 +9 64+ 5 89+ 3 98B+ 8
100 81+t 4 n0+7 7+4 76 + 13 71+ 7 80+ 6 62+ 8
130 66+ 3 2+7 62+ 4 B+ 5 77+ 10
200 87+ 4 8 + 11 88+ 7 63+ 8

Zn
20 38+ 2 2+4
30 46.1+ 0.1 51+1
50 56+ 2 50+1 61.1+ 0.2 58+ 2 60 + 2 76+ 6 0+1
70 55.0+ 0.4 69+ 1 58+ 2 67 + 4 63+ 1 72+ 3 63+ 1
100 54+ 3 63+ 2 57+3 60 + 2 57+5 5 + 3 8 +2
130 60+ 3 54+1 66 + 5 100+ 3 87 + 10
200 90+ 2 86 + 2 NV+1 83+ 6

Cu?
20 79+ 1 84+ 2
30 89+ 7 B+ 2
50 92+ 9 103+ 9 106 + 10 105+ 9 101+ 4 105+ 8 RE7
70 98.2+ 0.1 107+ 9 R2+3 9B+ 3 9+2 81+ 8 31+5
100 107+ 9 % + 2 107+ 2 e 50+4 21+7 69+ 04
130 104+ 3 61+ 9 82+ 3 60 + 3 11+ 10
200 60+ 6 31+3 60 + 8 44+ 3

(b) Uncertified metals

Al
20 71+ 2 67 + 4
30 65+ 6.2 61+ 4
50 67+ 6 64+ 3 66+ 1 0+1 0+1 64+ 3 B3+4
70 55+1 50+ 2 2+1 49+ 2 0 +2 H5+1 M4+ 2
100 40+ 5 47+ 2 A+2 B+l A+2 50+1 60+0
130 50+ 3 B2 42+ 3 45 +1 46 + 3

200 36+ 2 A+l BE2 4 +5
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Table 5 (Continuedl

W Time (min)
5 8 10 15 30 60 120

As
20 45+ 8 45+ 6
30 57+ 3 70+ 4
50 58+ 6 66 + 5 74+ 2 74+ 8 89+ 4 151+ 5 165+ 7
70 62+ 4 VL5 2+4 N +2 115+ 4 165+ 7 181+ 6
100 75+ 5 AN+8 97+ 5 107+ 6 136+ 2 184+ 9 195+ 2
130 91+ 3 112+ 6 111+ 3 175+ 7 227+ 10
200 148+ 4 190+ 8 219+ 8 242+ 10

Co
20 28+ 2 315+ 04
30 39+ 3 46 + 1
50 45+ 1 9+1 2+1 S+1 66+ 1 101+ 5 115+ 4
70 46+ 1 50+1 58+ 2 73+4 8+1 113+ 4 124+ 2
100 49+ 2 50+ 4 66 + 1 8l+1 BW+1 112+ 5 B+5
130 66+ 1 76 + 2 82 +2 113+ 1 120+ 7
200 95+ 4 N+ 4 115+ 2 117+ 2

Fe
20 22+ 2 2+1
30 21+ 2 5+2
50 22+ 1 243+ 0.4 25+ 2 21+1 21+ 1 5+ 3 64+ 3
70 20.3+ 0.1 33+1 24+1 3A+2 BL1 29+8 B+1
100 222+ 04 32+ 14 31+1 B+1 0+1 25+9 0 +2
130 31+ 4 4+ 8 4+ 3 B +8 126+ 10
200 79+ 4 103+ 7 140+ 10 201+ 24

Mg
20 36+ 1 B+l
30 40+ 2 M4+ 2
50 46+ 1 48.1+ 0.2 50.8+ 0.4 50+ 1 56 +1 7+4 8l+2
70 457+ 0.4 63+ 3 51+2 50+1 6l + 2 9 +2 86 +1
100 45+ 1 57+1 50+1 56+1 57 +3 74 £ 2 76+ 1
130 54+ 1 52+1 61+1 97 t1 100+ 2
200 85+ 1 8 + 2 B+l BV+4

Mn
20 47+ 1 50+1
30 59+ 3 64+ 2
50 70+ 1 7B3+1 75.94+ 0.5 71+ 1 M9+1 AU+8 100+ 2
70 67+1 8+1 74+ 2 86 + 2 BW+1 109+ 3 117+ 3
100 69+ 2 8 + 2 9+1 8 + 2 B+1 115+ 4 114+ 3
130 82+ 3 87+ 2 9a+1 112+ 2 119+ 3
200 103+ 2 106+ 4 116+ 2 121+ 6

2 Certified metals.

observations for Ca and Fe, noting that with these metals, 3.3.2. Test with constant temperature
microwaves produce a reabsorbtion effect. In these tests, we investigated the effects of temperature
Readers should note that data shown in italics was ob-and length of exposure. In initial trials, we used a maximum
tained using BCR701 rather than BCR601. For most metals, power of 250 W. However, this did not allow immediate es-
extraction efficiencies were similar for both reference mate- tablishment of the desired temperature profile. In subsequent
rials. However, in some cases, such as Fe and Cu, there wergests, maximum power was set to 500 W. As in the tests re-
significant differences. These were probably due to differ- ported earlier, the percentages of metal extracted were com-
ences in the way the composition of the materials affected pared with those from the BCR procedurable 6shows that
reactivity under the test conditions. the results for Mn, Mg, Cd, Zn, Ni and Pb, were relatively in-
Itwas not possible to identify a single set of conditions op- sensitive to changes in the experimental conditions. For these
timal for all metals but, in nearly all cases, 70 W of power for metals, it was possible to identify plateau conditions under
60 min produced acceptable results. It was these conditionswhich the percentages of metal extracted were very close to
that were used for later comparisons. 100%.
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Table 6
Recovery percentages with microwave at constant temperature as function of teperature and erogation time periods set in the second digestion step

T(°C) Time (min)

5 8 10 15 30 60
(a) Certified metals

Cd
50 84+3 B+ 2 87+2 97.2+ 0.4 99+ 3 104+ 6
60 99+ 2 HA+3 B+l 100+ 1 104+ 3 107+ 1
70 103+ 2 BV+1 105+ 2 102+ 2 R+3 PV+1
90 99+ 9 103+ 1 BV+8 102+ 2

Cr
50 35+ 2 B+1 40 + 2 M +1 46 + 2 5 + 3
60 42+ 1 4a+1 45+ 2 50+1 5+7 60 + 4
70 47+ 4 2+1 57+2 53+1 54+2 53+1
90 53+ 5 65+ 3 68+ 6 8+5

Ni
50 74+ 2 80+1 82+ 3 NVD+1 W+ 3 106+ 7
60 95+2 89+ 2 % + 3 102+ 3 110+ 5 116+ 6
70 103+3 %5 +3 116+ 3 110+ 3 106+ 5 112+ 2
90 106 +9 117+ 3 113+ 8 121+ 2

Pb
50 70+ 5 80 +5 71+ 3 97 + 2 91+ 6 110+ 6
60 99+ 7 9a+7 71+ 6 100+ 8 109+ 6 112+ 6
70 87+8 103+ 7 %6+ 4 N+3 A +8 %+ 4
90 100+ 9 74+ 1 8&+1 8l + 10

Zn
50 82+ 3 8+3 2+2 NV+2 R+3 B+ 6
60 91+ 2 87+ 2 8+1 BVB+1 97+ 4 101+ 1
70 96+ 3 N0+ 2 100+ 2 B+1 8+ 3 W+1
90 88+ 7 B+2 87+6 B+3

Cu
50 72+ 3 7s+1 78+3 82+ 2 86 + 4 RNR+6
60 82+ 1 B+1 8l+1 86 + 2 89+ 4 B+1
70 86+ 4 80 +2 8 +3 87 +2 8+ 4 &s+1
90 62+ 4 54+2 B+7 36+8

(b) Uncertified metals

Al
50 41+ 3 0+2 46 + 4 2+1 43+ 2 2+3
60 36+1 BH+2 B+1 Ir+1 40+ 2 43 +2
70 35+ 3 B+2 53+2 2+2 9+3 2+1
90 30+ 2 a3+1 31+5 47 £ 8

As
50 74+ 3 68+ 6 8B+6 8+ 6 NV+5 105+ 4
60 96+ 8 NV+5 100+ 5 100+ 8 117+ 7 129+ 9
70 103+ 8 |+ 1 123+ 1 123+ 3 138+ 7 129+ 2
90 168+ 10 179+ 11 183+ 11 183+ 5

Co
50 62+ 3 68+ 1 1+2 7%+ 1 80+ 4 A +7
60 84+ 2 7+1 8+ 2 91+ 4 P+9 107+ 9
70 101+ 3 RN+2 119+ 3 113+ 4 101+ 6 101+ 1
90 100+ 8 113+ 3 111+ 10 122+ 1

Fe
50 22+1 28+1 29+2 B+l 9 +3 57+5
60 46+ 5 30+3 49+ 3 55+ 3 68 + 14 61+ 6
70 50+ 2 3+6 72+ 4 66 + 3 80 +4 73+5
90 94+ 9 115+ 6 117+ 9 134+ 6

Mg
50 76+ 4 81+ 1 8 +2 88.1+ 0.4 91+ 3 100+ 4
60 86+ 3 8B+2 88 +2 HA+1 B+ 3 102+ 3
70 90+ 5 84 +2 97+ 2 B+2 91+ 2 R+2
90 89+ 7 ND+2 95+ 8 102+ 1

Mn
50 81+3 86+ 1 8+ 2 89 +1 R+3 N+5
60 94+ 2 89+1 RN+3 6+ 2 100+ 4 104+ 3
70 102+ 2 97 +2 107+ 3 105+ 3 % +4 P+1

90 100+ 8 109+ 3 106+ 9 111+ 2
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With Co, Fe and As, extraction efficiency was tightly Readers will note that for some metals there are discrepan-
dependent on the test conditions. The application of high cies between the results with constant temperature and those
temperatures for prolonged periods gave values in excess ofwvith constant power (s€kable 5). There are several possible
100%. For Aland Cr, on the other hand, extraction efficiencies reasons. First, the tests did not use the same reference mate-
were very low. In the case of Cu, tests at high temperaturesrials; in these conditions the same extraction technique can
led to reabsorbtion (as already observed during the tests withproduce different results. Unfortunately, a further comparison
constant power). At 60 and 7C, on the other hand, it was between two materials was not possible because the BCR601

possible to extract about 80% of metal. material is now not commercially available. Second, the first
For all metals, standard deviations were significantly series of tests used constant, relatively low power while the
lower than those for the other procedures discussed. second series involved pulses at high power. These alterna-

As with the tests at constant power, it was not possible to tive modes of operation may have produced different pattern
identify a single set of test conditions, optimal for all metals. of collisions between molecules in the solvent and the refer-
A good compromise was to uge= 70°C andt =10 min. Un- ence material. This would produce significant effects on the
der these conditions, it was possible to achieve close to 100%dissolution process.
extraction and/or plateau extraction values for the majority
of metals.

The use of constant temperatures made it possible to sepaz  conclusions
rate the effects of time and temperature on dissolution. In this
way we were able to obtain information on the solubilization g evaluate the practical usefulness of the techniques we
of the metals under investigation. have been discussing, we compared extraction efficiency and

An analysis of extraction efficiency as a function of tem-  yeproducibility (under optimal test conditions) with the cer-
perature and time shows that for some metals (Al, and Zn), tified BCR values, the values obtained by laboratories par-
extraction efficiency was nearly constant over the range of tjcipating in the certification process, and our own resullts for
values used in the tests. We hypothesize that in these caseg,e BCR procedure.
equilibrium was achieved rapidly and that enthalpic effects iy 1 compares normalized with the certified values ex-
were small. _ o _ traction efficiency and standard deviations. The normaliza-

For all other metals extraction efficiency increased to a jon of the extraction efficiency made it possible to compare
plateau. The higher the temperature the less time was requiregnhe data from the two distinct reference materials used in
to reach the plateau. This behavior is typical of processes withipe tests. The comparison was then extended to non-certified
slow kinetics, where reactions become faster with increasesmetals. In this case, the extraction efficiency were normalized
In temperature. _ with respect to the average values obtained by our laboratory

For some metals (Ni, Cd, Mg and Mn) the percentage qyring the application of the BCR procedure (Fig. 2). The
of metal recovered increased over time until it reached a gyg1uation focussed on the percentages of metal recovered

plateau. This behavior was nearly independent of tempera-ysing different techniques and on the reproducibility of the
ture. This suggests that temperature had little effect on the ggits.

equilibrium state and that the enthalpic contribution was
small.

In some cases (Pb, As and Co), the plateau for extraction 250
efficiency varied with temperature. It was observed that in W BCR our lab
the case of As, extraction became significantly more efficient 4] mhrsibi i e
at higher temperatures. This suggests endothermic behavior. S MW constanttsmperature
Similar, though weaker effects were observed for Co. With
Pb, on the other hand, maximum extraction efficiencies fell
with increasing temperature — suggesting that the dissolution

process is exothermic. 100 s § i g . E
The results for Cuand Fe are particularly interesting. Here, N i _‘I § ‘ N N i
the results at 90C were very different from those at other 50 § I3 § § § I § l
temperatures. At temperatures below @xresults were sim- § NI § § § §
ilar to those for other metals. At 9€, however, they were \ § N § § N
very different, suggesting differences in the underlying pro- & scrlecrlserlser] serleerlserlscrlserlserlBer|BeR
cesses. 701|601 | 701|601/ 701|601 | 701|601 | 701 | 601 | 701 | 601
In the case of Fe, we observed a significant increase in Cd Cr Ni Pb Zn Cu*

the quantity of dissolved metal, while with Cu, the efficiency Fio 1 C ) . ies obtained with the MW (constant
. . e . 1g. 1. Comparison of recoveries optainea wi e constant power:
of the extraction process was significantly lower. This was power, 70 W= 60 min — constant temperatufB= 70°C: =10 min), US

probably (;Iue to reabsqrbtion or precipitation — effects also ;= 30 min) and BCR protocol from reference materials 601 and 701 — cer-
observed in the tests with constant power. tified metals.
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250 ature eliminates most sources of random error. We are there-
WECRoar b fore hopeful that it will be possible to obtain low variability
S0 = ﬂft,“;;’ﬁu”ﬁ;im per in inter-laboratory as well as inter-laboratory comparisons.
ifi i 0 -
] SIMW Gonstant temperstirs For certified metals, we achieved close to 100% recov
ery for Cd, Zn, Cu and Ni and around 80% for Pb and Cr.
.o 1501 Mi . .
= icrowave testing with constant temperature could thus rep-
] 3 & resent a valid alternative to the BCR method, though further
N g L _H . . . .. .
§ 100 § R 3| 3 'T work will be required to ensure that extraction efficiencies do
= N § | P y & NI not vary between different materials.
N N R \ \
sl -8 S N N N N
i \ N \ \ N
RN RERY T
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