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Abstract

In an earlier paper (Anal. Chim. Acta 514 (2004) 137) we claimed that the maximal extractability of a metal from soil or sediment for
a user-defined extractant, i.e. the chemical availability in that particular extractant, may be biased as a result of inadequate volume to mass
(V/m) ratios. Correcting for that artifact using an implementation of the simple linear isotherm model gave good results although we cautioned
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he general applicability. In this paper we will theoretically derive the limitations of that approach based on the more general assum
orption processes are described by a Langmuir isotherm.
NIST reference material 8704 was extracted with 1 mol l−1 NaOAc (adjusted to pH 5) to experimentally verify the applicability of

angmuir isotherm approach and illustrate the deviations obtained for some metals using the linear isotherm approach. Of the s
easured (Cr, Co, Ni, Cu, Zn, Cd, and Ba) only for Cr and Cu severe discrepancies between both approaches were found, whi

raced back to non-linear isotherm behaviour. Moreover, the Langmuir isotherm approach showed that the above mentioned e
rtifact is even more serious than earlier assumed applying the linear isotherm approach.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The chemical availability of metals in soil and sediment
s generally associated with the sorption between metal ions
nd surface soil particles and may be derived from extraction
rocesses. Weak extractants relate to a lower chemical
vailability than strong extractants and therefore the chem-

cal availability is a function of the type of extractant. An
xtractant such as, e.g. 0.01 mol l−1 CaCl2 is thought to
esemble the chemical composition of the soil or sediment
ore water[1] and as such gives an indication of the possible
etal equilibrium concentration in soil or sediment pore
ater via ion exchange processes. Stronger extractants such
s e.g. 1 mol l−1 NaOAc (adjusted to pH 5) and 0.5 mol l−1
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NH2OH·HCl target metals bound to carbonate[2] and iron
and manganese oxide phases[3], respectively.

In a previous paper[4] it was reported that the chemic
availability of metals in soil determined via the above m
tioned procedures may be subject to incomplete extra
due to an insufficient extractant volume (V) to soil mass
ratio. Using 0.1 mol l−1 HNO3 as an extractant it was fou
that commonly usedV/mratios in the range of 10–40 ml g−1

may give as much as 50% too low extraction yields. A v
able volume to mass ratio extraction procedure based o
sumption of a linear isotherm was applied to derive the co
chemical availability (=maximal extractability for that part
ular extractant) for seven metals in an urban soil. Howe
it is feasible that with other extractant or sample comp
tions no linear isotherm behaviour is found. Commonly
assumed that a Langmuir isotherm is able to describe
extreme sorption behaviour[5,6] since a Langmuir isother
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takes into account a finite amount of soil or sediment sorption
sites, denoted by the capacity of the soil or sediment, whereas
a linear isotherm assumes an infinite amount of sorption sites.

A theoretical model will be developed for retrieval of the
chemical availability based on assumption of a Langmuir
isotherm. The limitations of the earlier developed variable
volume extraction approach based on linear isotherm be-
haviour will be demonstrated. The applicability of the model
will be illustrated by determining the chemical availability of
seven metals in NIST reference material 8704 (Buffalo river
sediment) using 1 mol l−1 NaOAc (adjusted to pH 5) as an
extractant. The findings will be compared with these obtained
when treating the data according to the previous model.

2. Model

In Fig. 1a generalization of the chemical availability and
extractability of a metal in a solid using a variable volume
to mass ratio approach is given. The chemically available
metal concentrationa0 (mg kg−1) in a solid differs from the
total metal concentrationat (mg kg−1) and is dependent on
the extraction conditions used. However, under non-digestive
conditions the “inert” metal concentration (at − a0) must be
attributed to mineralogical parameters. In many instances
[
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In a previous paper[4] we reported on the successful use
of the variable volume to mass ratio procedure based on an
linear isotherm approach to retrieve the chemically available
concentration. Using the mass balance:

ma0 = c1V + ma1 (1)

and, after substitution of the linear isotherm relationship
a1 =KDc1 into this mass balance, withKD (l kg−1) the parti-
tioning coefficient between solid and liquid, the followingc1
versusV/mcorrelation is obtained

c1 = a0

V/m + KD
(2)

In this paper we will elaborate on the limitations of this
approach by assuming a Langmuir isotherm relationship
a1 = (KLc1acap)/(1 +KLc1), with KL (l mg−1) the Langmuir
coefficient andacap(mg kg−1) the capacity of the solid. Sub-
stitution into the mass balance and solving forc1 gives the
following c1 versusV/mcorrelation:

c1 = −

V/m − KLacap+ KLa0

+
√

(V/m + KLacap+ KLa0)2 + 4KLV/ma0

2V/mKL
(3)
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7] we notice an extractability dependence withV/m ratio
s illustrated by thec1V/m curve which asymptotically ap
roachesa0, wherec1 (mg l−1) denotes the metal concent
ion in the extract after equilibration. This leads to a rem
ng chemically available metal concentrationa1 =a0 − c1V/m
mg kg−1) in the solid which decreases withV/mratio. High
/m ratios should give an adequate measure of the ch
ally available metal concentration in the solid; however,
s potentially invalidated by an inmeasurably low metal c
entration in the extract.

ig. 1. Generalized concept of chemical availability and extractability
unction ofV/m ratio; concentrations are expressed as (corresponding
oncentrations.
. Experimental

.1. Materials

Millipore (Milford, MA, USA) Milli-Q-Plus water
18.2 M�cm), denoted as MQ water, was used for
reparations of solutions. All chemicals used were at lea
nalytical reagent grade. A multi-element standard solu
ith a 1000± 10 mg l−1 concentration for 23 elements (A
l, B, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, In, K, Li, Mg, M
a, Ni, Pb, Sr, Tl, Zn) in 1 mol l−1 HNO3 was purchase

rom Merck (Merck #11355 Multi-Element-Standard IV
stable 10 mg l−1 stock solution in a poly(propylen

ask was prepared by dilution with 0.1 mol l−1 HNO3. For
CP-MS analysis, working solutions were made fresh
urther dilution of the stock solution with 0.1 mol l−1 HNO3
o create calibration curves in the range 0–500�g l−1. A
ediment standard reference material (NIST 8704, Bu
iver sediment) was used in the extraction experiments.
rence concentration values for (most of) the elements u
tudy: Cr, 121.9± 3.8 mg kg−1; Co, 13.57± 0.43 mg kg−1;
i, 42.9± 3.7 mg kg−1; Zn, 408± 15 mg kg−1; Cd,
.94± 0.29 mg kg−1; Ba, 413± 13 mg kg−1.

.2. Extraction procedure

Varying amounts of soil sample (0.1–1.0 g dw) were
urately weighed into 50 ml “Falcon” poly(propylene) c
rifuge tubes to give an as even as possible spacing i
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Table 1
ICP-MS operating conditions

Nebulizer Babington
Spray chamber Scott, 2◦C
rf power 1300 W
Sampling depth 6.4 mm
Plasma gas flow rate 15.0 l min−1

Auxillary gas flow rate 1.0 l min−1

Nebulizer gas flow rate 1.05 l min−1

Sampler 0.5 mm, Ni
Skimmer 0.5 mm, Ni
Masses measured 53Cr, 59Co,60Ni, 65Cu,66Zn, 111Cd,137Ba
Integration time 0.3 s/channel (three channels per mass)
Repetitions 5

V/m range from 25 to 250 ml g−1 (for in total tenV/m ra-
tios). To each tube, 25.0 ml of a 1 mol l−1 NaOAc solution
(adjusted to pH 5.0) was added (the pH in the tubes did not
change withV/m ratio). A blank containing only this solu-
tion was taken through the extraction procedure as well. The
tubes were shaken in an end-over-end custom-made shaker
(Spes, Slovenia) with a rotation speed of 30± 1 rpm for 5 h
in a thermostatted room at 22◦C; 5 h is supposed to be suffi-
cient to yield complete extraction of metals from river sedi-
ments with the extractant used[8]. After the required shak-
ing time the soil samples were immediately centrifuged at
3200 rpm for 20 min. The solutions were carefully removed
with a poly(propylene) pasteur pipette and diluted 1 + 9 with
0.1 mol l−1 HNO3. They were kept in poly(propylene) mea-
suring vials with screw cap and no variation in metal concen-
trations was found due to storage up to at least one month.

3.3. ICP-MS analysis

The ICP-MS analysis for seven elements (Cr, Co, Ni, Cu,
Zn, Cd and Ba) was carried out using a Hewlett-Packard 4500
PLUS ICP-MS spectrometer equipped with a Cetac ASX-500
autosampler. The operating conditions are given inTable 1.
Calibration solutions (nine points) were run before and after
each sample series consisting of 10–15 samples (including
b med
a n so-
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Fig. 2. Illustration of the volume to mass ratio model for a Langmuir
isotherm approach assuming a chemically available metal concentration
of 1000 mg kg−1 and soil or sediment capacities in the range from 100 to
5000 mg kg−1. Both the metal concentration in extract (A) and the corre-
sponding extractability (B) as a function ofV/mratio are shown.

view, the fact that the extractant is in general much “stronger”
than the soil or sediment pore solution may lower the capacity
of the soil or sediment drastically, probably below the chem-
ically available concentration. This implies that the fraction
given by (a0 − acap)/a0 is readily available without being sub-
ject to any isotherm. What this means for the extractability
c1V/m is shown inFig. 2B, where the lowest capacity logi-
cally results in the highest extractability, closest to the chem-
ically available concentration. To illustrate the limitation of
the linear isotherm approach the ten data points (for each ca-
pacity) in Fig. 2A, which were generated with a Langmuir
isotherm, are fitted with a linear isotherm according to Eq.
(2) (non-linear least square curve fitting with Origin® 6.1
software, OriginLab Corporation, MA, USA). FromTable 2
it can be seen that the largest deviation from the theoretical
chemically available concentration of 1000 mg kg−1 is found
for a capacity of 1000 mg kg−1. To get a better insight into
the parameters influencing this deviation, in the next section
a generalized concept is given to apply it for all possible sit-
uations, i.e. all combinations ofa0, acap andKL.

4.2. Limitations of linear isotherm model

If we assume that a Langmuir isotherm correctly describes
metal extraction from a soil or sediment, by definition a linear
lanks) and in-between calibration checks were perfor
fter each four samples. Metal concentrations in unknow

utions were calculated based on external calibration cu

. Results and discussion

.1. Model calculations for Langmuir isotherm model

In order to visualize the influence of the soil or sedim
apacityacap on the metal extraction behaviour, inFig. 2A
raphs are given for the metal concentrationc1 in an extrac
s a function ofV/m ratio for several capacities with equ
angmuir coefficients. The capacity range is chosen
0 to 500% of the chemically available metal concentra
0. Although a capacity below the chemically available c
entration may seem extraordinary from an isotherm poi
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Table 2
Results of non-linear least square curve fitting of data generated with a
Langmuir isotherm (Fig. 2A) on a linear isotherm (Eq.(2)) to yield the
chemically available concentrationa0; the theoretical chemically available
concentration was in all cases 1000 mg kg−1 and the capacityacap ranged
from 100 to 5000 mg kg−1

acap (mg kg−1) a0 (mg kg−1) S.D. (mg kg−1)

100 961.20 3.40
250 910.23 7.96
500 845.60 13.91

1000 787.65 19.10
5000 874.77 4.94

Standard deviations represent fitting errors ina0.

isotherm is not able to accurately fit such extraction data. In
order to get a grip on the limitations of the linear isotherm
model, which is easy to apply and has shown its potential for
certain sample/extractant/metal combinations[4], we have
to look at the key parameters affecting linear isotherm be-
haviour. Linear isotherm behaviour is governed byKD only
and Langmuir isotherm behaviour by bothKL andacap. We
may see theacapKL product as a kind of pseudo-KD, very
closely resembling theKD in the case of samples which have
a high surplus of unsaturated sites. In that instance the ca-
pacity of the soil is much higher than the chemical availabil-
ity (acap/a0 � 1) and linear and Langmuir isotherms fit ex-
traction data equally well. When the extraction data become
sorption-site limited, i.e. when the capacity approaches the
chemical availability (acap/a0 = 1), a linear isotherm no longer
suffices to fit the extraction data. In case strong extractants
are used, extracting much more metals than anticipated in
soil or sediments pore waters, the capacity goes well be-
low the chemical availability (acap/a0 	 1). Since bothKD
andacapKL approach zero then, this results in extraction data
which fit linear and Langmuir isotherms equally well. These
qualitative features marking the extraction behaviour discrep-
ancies under linear and Langmuir isotherm behaviour may be
quantified in the form of universally valid graphs. To this end,
ten c1 versusV/mdata points were generated with a Lang-
muir isotherm and fitted on a linear isotherm via non-linear
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Fig. 3. Demonstration of the limitations of the linear isotherm model for re-
trieval of a theoretical chemically available concentrationa0,th for c1 vs.V/m
data points generated via a Langmuir isotherm. Plotted is how theacap/a0,th

ratio influences the chemically available concentrationa0 deduced via the
linear isotherm approach for differentacapKL values.

4.3. Application of the Langmuir isotherm model

The experimentalc1 versus V/m extraction data for
seven metals (for NIST 8704 extracted with 1 mol l−1

NaOAc solution (adjusted to pH 5)) have been fitted on
Langmuir and linear isotherms and the results of the fits
are given inTable 3. It can be seen that the chemically
available concentrations for both approaches yield varying
results, depending on the metal; for chromium and copper
the worst correlations are obtained, whereas for the other
metals the differences are less than ca. 20%, with cobalt and
cadmium giving almost identical results. It should be noted
that the capacity of the sediment is less than the available
concentration for all metals studied; this is in agreement with
the hypothesis given above. Looking at the worst correlation
(chromium), it is obvious, from the highacapKL product
(1468 l kg−1) and a acap/a0(KL) ratio of 0.88, why the
correlation is so bad (seeFig. 3). A plot of thec1 versusV/m
extraction data for chromium is given inFig. 4A, including
the fits obtained with both isotherms. It is clear that the linear
isotherm approach gives a fit that considerably deviates
from the experimental data whereas the Langmuir isotherm
approach gives a near perfect fit. For copper a similar
behaviour is observed although not so strong; for the other
metals it is very difficult to visualize the difference between
the fits. InFig. 4B thea versusc plots, calculated from
a es
a ium
o
a h
w what
c The
east square curve fitting according to Eq.(3). The universall
alid fits giving the chemically available concentrationa0 ob-
ained by this fit (related to the theoretical chemically av
ble concentrationa0,th, as input for the Langmuir isotherm
s a function of theacap/a0,th ratio for differentacapKL prod-
cts is given inFig. 3. From this figure we can see that wh

he capacity of the soil or sediment approaches 0 or infi
he linear isotherm approach (Eq.(2)) generates similara0
ata then the Langmuir isotherm approach (Eq.(3)). Further
ore, we see that a lowerKL results in retrieval of highe

0/a0,th ratios and thus better linear isotherm behaviour.
ips in the graphs are in all cases positioned atacap/a0,th ra-

ios ≤1, closer to 1 for largerKL values.Fig. 3 may be a
ood starting point in explaining why certainc1 versusV/m
xperimental data point profiles can not be fitted with a li

sotherm approach as given in Eq.(2).
1 1

1 =a0 (Langmuir or linear)− c1V/m, for both approach
re given to illustrate the bad fitting behaviour of chrom
n the linear isotherma1 =KDc1. The Langmuir isotherm
1 = (KLc1acap)/(1+KLc1) shows a perfect fit, in line wit
hat we would expect to see, viz. saturation behaviour
ontradicts fitting with the linear isotherm approach.
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Table 3
Non-linear least square curve fitting results for experimentalc1 vs.V/mdata under assumption of two different isotherms; in parentheses the fitting errors are
given, expressed as relative standard deviations in the respective parameters

Langmuir sorption isotherm Linear isotherm Comparison

a0 (mg kg−1) acap (mg kg−1) KL (l mg−1) a0 (mg kg−1) KD (l kg−1) a0 (linear)/a0 (Langmuir)

Cr 19.6 (35.8) 17.3 (40.1) 84.8 (55.2) 6.80 (4.9) 23.1 (13.1) 0.347
Co 1.41 (4.5) 0.33 (57.2) 19.4 (179) 1.38 (1.2) 2.51 (16.4) 0.979
Ni 4.10 (21.2) 1.64 (24.4) 18.2 (193) 3.63 (2.9) 5.55 (19.4) 0.885
Cu 31.6 (7.1) 27.8 (6.0) 8.20 (19.8) 20.1 (3.9) 25.0 (10.1) 0.636
Zn 132 (9.9) 48.7 (21.8) 1.27 (62.5) 109 (1.7) 4.83 (13.1) 0.826
Cd 1.68 (3.1) 0.47 (55.2) 12.6 (137) 1.64 (0.9) 2.72 (10.6) 0.976
Ba 32.3 (2.1) 19.8 (3.3) 1.55 (19.5) 28.8 (1.5) 9.17 (6.9) 0.891

chemical metal availabilitya0 in 1 mol l−1 NaOAc solution
(adjusted to pH 5), as derived from the Langmuir isotherm
approach, and expressed as a fractiona0/at of the total
certified metal concentration in NIST 8704 is as follows
for the metal studied: Cr, 16.1%; Co, 10.4%; Ni, 9.56%;
Zn, 32.4%; Cd, 57.1%; Ba, 7.82% (for Cu no certified total
concentration is given). It should be emphasized that these

F
m
s

fractions would have been much lower using the generally
acceptedV/m ratio of 40 l kg−1 [9]; for chromium e.g. only
3.4% would have been found. This is in agreement with
the findings in an earlier paper[4], but now even more pro-
nounced because of the fact that the extractability (c1V/m)/a0
is governed by the chemically available concentrationa0
which is always higher for the Langmuir isotherm approach
than for the linear isotherm approach (seeTable 3).

5. Conclusions

This work gives a testimony of the strength of the Lang-
muir isotherm approach, in the form of a variable volume to
mass extraction setup (metal concentration in extract versus
V/m), for retrieval of the chemically available metal fraction
in soil or sediment. At the same time the limitations of an ear-
lier linear isotherm approach could be identified and traced
back to soil or sediment saturation behaviour, i.e. a combined
effect of a soil or sediment capacity (for a particular extrac-
tant) similar to the chemically available metal concentration
and a high value for the Langmuir coefficient.

It was shown that the Langmuir isotherm approach
yields excellent fits for metal extraction data generated with
1 mol l−1 NaOAc solution (adjusted to pH 5) and NIST
reference material 8704 (Buffalo river sediment), in con-
t Non-
l met-
a t the
L near
i .

ap-
p tions
ig. 4. Langmuir (solid line) and linear (dashed line) isotherm fits on experi-
ental data for chromium extracted from NIST 8794 with 1 mol l−1 NaOAc

olution (adjusted to pH 5).

t ion
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rast to some fits using the linear isotherm approach.
inear isotherm behaviour was especially evident for the
ls chromium and copper. Concluding we can say tha
angmuir isotherm approach is more robust than the li

sotherm approach and seems to have a greater validity
It should be emphasized that the Langmuir isotherm

roach, even more than the linear isotherm approach, cau
he use of lowV/mratios in single and sequential extract
rotocols.
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[4] J.T. van Elteren, B. Budič, Anal. Chim. Acta 514 (2004) 137.
[5] I.A. Salim, C.J. Miller, J.L. Howard, Soil Sci. Soc. Am. J. 60 (1996)

107.
[6] J.C.N. Lourenco, M.C.M. Alvim-Ferraz, Int. J. Environ. Anal. Chem.

75 (1999) 33.

[7] V.H. Kennedy, A.L. Sanchez, D.H. Oughton, A.P. Rowland, Analyst
122 (1997) 89.

[8] A. Tessier, P.G.C. Campbell, M. Bison, Anal. Chem. 51 (1979)
844.

[9] P. Quevauviller, Trends Anal. Chem. 17 (1998) 289.


