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Abstract

Studies of trace metal mobilization in sediments are generally performed using sequential extraction schemes at equilibrium. In the preser
work, a kinetic fractionation of trace metals in sediments has been developed to assess that information. The extraction rate data have be
obtained using a single extraction scheme with EDTA and following a protocol previously optimized. Two kinetic equations and two kinetic
models were used to fit the experimental data. i@ constants equatiofits well the extraction rate data used in this work but does not
present any physico-chemical meaning. Tiftusion modelnd thetwo first-order reactions modelllow determining which parameter (the
reaction between the metal M and the EDTA or the diffusion of the complex M/EDTA) is rate limiting in the trace metal extraction by EDTA.

It appears that thavo first-order reactions modét more efficient than thdiffusion modeto fit the present extraction rate data so it can be
deduced that the diffusion of the complex M/EDTA is not the limiting step of the trace metal extraction by EDTA in estuarine sediments. In a
second part, relationships between the fraction of metals determined with the two first-order reactions model and the sediments compositio
were established.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction not give sufficient information about mobility and bioavail-
ability of trace metals. Therefore, various approaches have
Sediments are usually considered as a sink for trace metaldeen used to quantify the different forms of metals in sedi-
but they can also become a source under certain conditionsments that can have significance for assessment of the metals
Then, trace metals are able to move towards the water col-mobility.
umn or accumulate in plants and, consequently, contaminate Sequential extraction schemes are commonly used to de-
the food chain. The reactivity of trace metals in sediments, in scribe the distribution of trace metals in soils or sediments
directrelation with their physico-chemical form and localiza- [1-3]. These methods consist of using different chemical
tion in different sediment components, is the main parameter reagents for the extraction of trace elements in a specific sed-
ruling their bioavailability and mobility. The determination iment or soil compartment resulting in their quantification in
of the total concentration of metal ions in sediments does the extraction phase at equilibrium. However, these protocols
have been criticized by many authd4s-6] pointing out var-

* Corresponding author. Tel.: +351 234 370 200; fax: +351 234 370 084. 10US pitfalls including the lack of specificity of the reagents
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Table 1
Chemical characteristics of sediments sampled in “Ria de Aveiro”

Sediment Organic carbon (g/kg) Organic matter (g/kg) Ca@xg) Fe (9/100gq) Cu (mg/kg) Cd (mg/kg) Pb (mg/kg)

| 51.9 89.3 4 3.94 176.6 9.21 218.2
Il 43.4 74.6 6 0.478 29.8 1.08 47.3
I} 31.6 54.4 4 2.58 33.8 2.15 53.6

ter release. Furthermore, the reactions in the environment areated in terms of the effective information regarding the mo-
rarely at equilibrium as is considered in these protocols; in- bilization of the studied heavy metals in sediments. Finally,
stead, they are in a state of continuous change because ofelationships between the fractions of metal determined with

the dynamic nature of environmental proceg5e8]. Con- thetwo first-order reactions modébr the various sediments
sequently, methodologies involving kinetic fractionation of under study were considered and the influence of the sedi-
trace metals in sediment have been developed. ment composition on the metals fractionation was evaluated.

The kinetic approach is based on the study of the des-
orption fluxes of the metals from the sediment caused by
the action of one specific added chemical reagent. This time-2. Materials and methods
based fractionation highlights the differences in the lability of
complexes with similar stability constants. Indeed, mobiliza- 2.1. Sampling and sample treatment
tion and bioavailability of metal ions depend not only on their
concentrations in sediment, but also on the sediment capacity Sediments were collected from a contaminated coastal la-
to release those metal ions. The kinetic approach has alreadyoon, “Ria de Aveiro”, located in the West Northern coast
been used to study the short-term kinetics of the EDTA ex- of Portugal at three different sites (I, 1l and IIl) with dis-
traction of copper and zinc from contaminated sedimf&ijts tinct metal concentrations (site | closer to the discharge of
Researchers interested in metal speciation in Eiild 1]and an industrial effluent). A plastic trowel and sampling bags or
in sediment$12,13]have already preferred the application of plastic boxes, previously acid washed, were used to collect
kinetic methodologies rather than the traditional sequential samples from the superficial layer (ca. 10 cm) of sediments
extraction schemes. The feasibility of the kinetic extraction covered by approximately 20 cm of water. Then, the sediment
of C#*, Ci?* and PB* from contaminated sediments using samples were dried at 5C and sieved with a 200m mesh
EDTA as the complexing agent has been previously studiedsieve. The content in organic carbon measured as the total
and an optimized experimental protocol has been proposedorganic carbon, organic matter, Cag;@nd total Fe, Cu, Cd
[13]. This same protocol has also been used here to obtainand Pb of the sediments have been determined in the INRA
the kinetic extraction curves for different metal ions. laboratory (Laboratoire d’Analyse des Sols — Arras, France)
The time-based metal extraction curves are commonly and are presented ifable 1.
used to distinguish two or more fractions of metal based on
differences of extraction or desorption rates. Lehman and 2.2. Extraction rate data
Harter[14] have directly used the extraction curves without
any model fitting to study the copper desorption from en-  The extraction rate data of metals from sediments were
riched sediments. However, kinetic models and kinetic equa- obtained using the following protoc§l3]: several flasks,
tions have been applied to the metal extraction data in order toeach containing 6.0g of sediment and 40.0 mL of the ex-
identify both qualitatively and quantitatively the various frac- tracting solution (0.05M EDTA, pH 6.0), were stirred with
tions of metald9,11,15-17]. Nevertheless, it is frequent to an end-over-end shaker for different time periods (5min to
find simple fitting equations used as kinetic models, without 24 h). Samples were then filtered through a Quabcellulose
any associated conceptual support with a physical meaning.acetate membrane (Millipore). For longest extractions times,
Moreover, kinetics models are sometimes used with many the suspensions were centrifuged for 10 min at 6000 rpm be-
inaccuracies namely wrong approximations. fore filtration. The pH was recorded and solutions were stored
The aim of the present work is to achieve a fractionation at4°C before analysis by air—acetylene flame-atomic absorp-
of Cu, Cd and Pb in estuarine sediments using time-basedtion spectrometry (F-AAS). For each sediment, four repli-
extraction experiments with EDTA as the added extractant. cates of the extraction procedure were made. All reagents
Two kinetic models adapted to the sediment system (diffusion were of analytical-reagent grade and purchased from Merck.
modeland two first-order reactions model) and two com- All experiments were performed at room temperature (ca.
monly used empirical kinetic equations are presented and20°C).
inaccuracies related to their utilization by other authors are
pointed out. The EDTA extractions curves of Cu, Cd and Pb 2.3. Determination of the concentration of metals
were initially fitted using the two kinetic equations. Secondly,
the diffusion modeklnd thetwo first-order reactions model The concentration of metals, Cd, Cu, Pb and Fe, extracted
were applied to the experimental data and the results evalu-with EDTA, was measured with a Varian (Palo Alto, CA,
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USA) Spectra 250 Plus FAAS. Instrumental calibration was limiting step is the intra-particle diffusion of the complex
performed with standard solutions prepared from 1000 ppm ML [9,22]. This model is based on the second Fick’s law of
Titrisol standards (Merck) and ultra-pure water (Milli-Q sys- diffusion.
tem — Millipore). In most studies, sediment particles are assumed to be
spherical9,23]or cylindrical[16,22,24]. Infact, according to
Rao et al[25], cubic and cylindrical aggregates such as sed-
3. Theorical consideration for metal extraction rate iment particles might be considered equivalent to spherical
data fitting aggregates. Therefore, inthe presentwork, sediment particles
have been assumed as spherical andiiffiesion modelvas
According to Martin et al[18], surface sediments can be applied to the mass transportation of the ML complex from
considered as a heterogeneous complex mixture of dissimilarthe inner parts of the spherical particle to the solution inter-
particles, generally covered by organic material and Fe-, Mn- face where the ML complex is instantaneously removed to
, Al- and Si-oxides that provide a high adsorption capacity the bulk of the solution by convection (well-stirred solution).
[19]. Therefore, particulate sediment may be viewed as a Thus, for a spherical system, the Fick’s law is mathematically
loose heterogeneous system. Consequently, studies of tracexpressed g&6]:
metal mobility in sediments may have to consider both inter-
and intra-particle transfer processes. L _ ( 82_C E o )
i ey ) . = + )
From a physicochemical viewpoint, metal ion adsorp- ¢ a? - ror

tion/desorption processes are composed of a number of basit\:NhereC is the concentration of the diffusive substanbe,
steps, namel{20}: the corresponding diffusion coefficientthe radius of the

e Transport to or from the adsorbent interface. sediment particle andthe time.
o Partial dehydration/hydration reactions. The equations proposed by Crafi@6] to describe diffu-
e Surface association/dissociation reactions. sion phenomena (solutions of §d)) depend on the bound-

. ary conditions that can be associated to the structure and
Other steps may be involved and not all the steps may be y

. . . shape of sediment particle considered.
relevant in every metal ion adsorption processes.

Th I i ¢ q d i thlead According to CranK26], the total amouni; of the com-
. € overall Sorption rate process depends on € path iea plex ML (diffusive substance) entering or leaving a sphere of
ing from the initial to the final stat@1]. In the present case

I ) ) radiusa at timet is given by:
where a porous media is considered, that path includes events 9 y

that are controlled either chemically or by molecular-level /. 6 1 — D27t
mass transportatig21]. The theoretical aspects of the sorp- Vo = 1- 2 Z 2 eXP<T>
tion processes, the mathematics of mass transfer and of sorp-~ > n=1

tion kinetics, as well as the applicabilit_y of several different whereM,, is the amount of complex ML entering or leaving
approaches to real samples were reviewed by Weber et aly,, sphere after infinite time.

[21]. As these authors pointed out, the simplest way to work-
out experimental data is by selecting a probable rate deter-
mining step, which controls the kinetics of the overall sorp- C=0 r=0 t>0
tion process. However, working with complex systems such ¢ = ¢, r=a t>0
as particulate sediments implies to work with very complex C=0y
mathematical equations.

Various models, which consider the reaction rate or the where Cy is the constant concentration of complex at the
mass transfer as rate limiting have been proposed by manysurface of the sphere (sediment particle) &dthe initial
authors[21]. However, the proposed models are generally uniform concentration inside the sphere.
very complex and the associated equations are not easily ap- Yu and Klarup[9] also used the above equation to fit the
plied. In consequence, the most common models and fitting extraction rate data of Cu by EDTA in sediments. However,

()

The boundary conditions used were:

O<r<a t=0

equations used to fit the extraction rate data arediffa- they used this model displaying only the Ef§.and (2)with
sion model, thanodel of multiple first-order reactions, the no indication of the boundary conditions used or any descrip-
Elovich equatiorand thetwo constants equatiof®,15-17]. tion of the physical meaning of the model. The other main

A discussion of these models and fitting equations, as well asproblem related to the presentation of this model by Yu and
a detailed description of inaccuracies related to their utiliza- Klarup[9] is the fact that they did not explain how to obtain

tion, is presented in the following sections. the various constants (I, a) of Eq. (2). As can be seen, the
relation betwee; andt is an infinite series of ordar. So,
3.1. The diffusion model prior to the adjustment of this equation to the experimental

data, a finite relation betwedw andt must be found out. In
Thediffusion modehssumes that the complexation reac- the present work, Eq2) has been developeds= 10, using
tion of metals by an added ligand L is fast and that the rate for (D/a?) the value 1.5 10~°min~1. This value of (D/&)
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has been determined by Yu and Klarig) and used in the  chemical meaning and seems to be efficient to fit extraction
present work as an estimate for typical estuarine sedimentsrate data. In this model, different first-order reactions are at-
In fact, consideringa=200um (the sediments used in the tributed to discrete types of binding sites available in the sed-

present work have been sieved with a 200 mesh sieve),  iments. Thus, metals are classified into fractions associated
theD value turns out to be 5.0 10 ' m?/s. AstheD values  to specific compartments of the sediment to which metals
found in the literature for copper vary between 2.20-12 were bounded. Hence, it is assumed that there are multiple

and 1.0x 10-19m?/s[27,28], it can be considered that the first-order reactions concurrently taking place and that their
value used here as an example is reasonable. Further, it hagates are independent on each other, i.e. each reaction can be
been verified that fon> 8, the term 1/# exp(— Di#w%t/a?) described by:

contributes in less than 1% to the overall valueMyfM .

Hence, the following equation was derived: % — k(00 — 0) %
M 6 1 1 !
—— =1— — | exp(—ki) + - exp(—4ki) + - exp(—9k) _
M 4 4 9 whereQ; represents the quantity of desorbed metal from com-
1 partment per gram of sediment at tirneQ? represents the
+ -t 64 exp(—64ct)) ®3) quantity of desorbed metal per gram of sediment in compart-
menti at equilibrium (=24 h) andk; is the rate constant of
where ) the first-order reaction for each compartmenAccording
k= Dr to Fangueiro et al[13], 24 h of extractions allows reaching
a? a stationary state that can be considered as an equilibrium
The main advantage of this equation is the need for On|y oneState. The model of multlple first-order reactions allows de-
fitting parameter with a clear physical meaning. termining the quantity and the extraction rate of metal cations
The most important inaccuracies found in other ap- associated to each fraction. o
proaches of the diffusion mod@]_6,22] appear when the In the present work, the model has been Slmp“fled to a

authors consider diffusion in a cylinder sediment particle two first-order reactions modéh order to classify the metal
(parabolic model). According to Crar{R6], the equation, cations presentin the sedimentinto three fractions. Therefore,

which describes the diffusion in and out a cylinder is: the following equations apply:
M, > 4 dO1
1 =172 s exp(=D) @) = =hki(0] - 01) (8)
© n=1 n
whereay, represents the positive roots @f(aca,,) = 0, with and
Jo(x) being the Bessel function of the first kind of zero order.
For small times, this equation can be simplified to: d_t2 = kz(Qg - 0») (9)
My 4 (D\Y? Dr
o= AaE\2) T2 () Inthe present model, it has been assumed that the reactions
o

leading to desorption of each fraction are independent. Inte-
grating Eqgs(8) and (9)for the initial conditiongyt=0)=0
andQy¢=0)=0, and rearranging the solutions yields:

Studying metal desorption from sediments, Chen g2l
considered that, for the initial stages of the desorption pro-
cess, Eq(5) could be simplified to:

% = kvt 6 Q=031 —exp )+ 051 —exp ) (10)
oo
wherek is a constant. The application of the former equation to the metal extraction

Jardine and Spark&6] have also used E¢p) in the study rate data allows the definition of three fractions characterized

of the kinetics of the potassium—calcium exchange in a mul- as follows:
tireactive soil system. However, according to Cr§2®, Eq.

(6) can be used only when the diffusion coefficient is not
constant whereas, in their studies, Chen ef24] and Jar- 0 i )
dine and Sparkid 6] assumed thdd was constant. Moreover, ~ ® Q5 (ng/g), fraction of metal less extractable, associated to

these authors did not present the time range for which these thg rate constart_tg. 0
equations were valid., e 03 (n0/9), fraction of metal not extractable at af); is

obtained by difference between the total concentration of
3.2. The two first-order reactions model metal in sedimen@;o; and the concentration extracted at
equilibrium: 03 = Qtot — 09 — 0.

. Q? (rg/9), fraction of metal readily extractable, associated
to the rate constark.

According to previous studig8,12], the model of multi- _ _ _ .
ple first-order reactions gives information with real physico- ~ Fig. lillustrates the interrelation of these parameters.
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Fig. 1. Fraction of metal obtained using ttveo first-order reactions model

3.3. Fitting empirical equations

Thetwo constants equatio®,15,17,29]and theElovich
equation29—-32]are frequently used to fit the extraction rate
data.

The two constants equatiorproposed by Kuo and
Mikkelsen[15] is written as:
C = A8 (11)
whereC is the concentration of metal in solutioA,andB
are the constants amthe time. This expression can be easily
linearized as follow:
INC=BInt+In A (12)
TheElovich equatiorapplied to metal extraction is expressed
as:

—bC

dc
=ae

T (13)
whereC is the concentration of M in solution at timeand

a and b are constant$33]. This equation is based on the
Elovich modeln which a continuous and specific range of
site reactivities are hypothesiz§2il]. According to Stucki
and Lee ([34]), the integrated form of E{.3) is:

1
C= 5 In(1 + abr) (14)
If abt>> 1, then Eq(14) can be simplified to
C= % In(adb) + % In(z) (15)

Thus, a plot ofC versus In (t), according to E€L5), should
be linear with slope I/land intercept 1/ (ab).

In both fitting equations, the meaning of the constants
is very unclear. In addition, no physicochemical model is
associated to thievo constants equation. Therefore, the use
of those equations is essentially empirical.

4. Results and discussion
4.1. Extraction rate data

Fig. 2 presents the extraction rate data of Cu, Cd and Pb
with EDTA for sediment I. The presented results are mean
values of four replicates. The curves for all three metals were
similarin shape and two regions could be distinguished: a first
one for short extraction times<tl h), corresponding to faster
extraction of metals and a second for higher extraction times
(1 <t< 24 h)where the extraction kinetics is slower. This sort
of extraction rate data with two well-defined extraction stages
has been also observed in other studies dealing with metals
in sediment$9,22,35]. The metals extracted in the first stage
are the fraction easily extracted by EDTA and itis likely that
this fraction is composed by the water soluble, exchangeable
and weakly adsorbed metds 36]. In the second extraction
stage, the extracted metals should be involved in complexes
needing more time to dissociate.

In terms of environmental significance, the more readily
extractable fraction is the mostimportant because it may read-
ily move to the liquid phase (pore water and water column)
and contaminate the food chains. Hence, this fraction will be
analyzed in more detail in next paragraph.

Table 2shows that after 1 h, EDTA extracted more than
55% of Cd* and 70% of Pb for the three sediment samples
studied. For Cu, lower extraction percentages were obtained,
i.e.only ca. 35% for sediments | and Il and 61% for sediment
Il. Hence, Cu is the slower extractable of all three metals. Dif-
ferences in the bindings of these three metals should explain
this dissimilarity. In a first glance, it can be said that copper
establishes less labile bindings with the sediment constituents

Table 2

Percentage of metal extracted with EDTA at 1 h extraction

Metal Sediment | Sediment Il Sediment Il
Pb (%) 91.6 74.5 73.7

Cu (%) 33.7 60.9 35.9

Cd (%) 56.9 91.3 66.0

Fe (%) 58.2 49.2 37.4
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Fig. 2. Extraction rate data of Cu, Cd and Pb from sediment | with EDTA (0.05 M; pH =6) — mean values and standard deviations of four replicates.

than lead or cadmium. According to Fan et[8l7], Cu can al.[13] using HNG; as extractant also obtained identical re-
easily form complexes with organic matter due to high sta- sults in sediment samples with similar quantities of organic
bility constants and Pb is mostly associated with the Fe and matter and Fe as in sediment Il. It is still to notice that the
Mn oxides and carbonate. Cu and Cd can also be complexedquantities of lead extracted by EDTA in the first hour are
by carbonatg38]. On another hand, EDTA is very efficient similar in sediments Il and Il but lower than in sediment I,
to extract cations associated to carbonates but hardly extractsn which more than 90% of lead was extracted. In the case of
metals bounded to Fe-oxidig9]. sediments | and Ill, copper and cadmium are less efficiently
Important variations of the quantity of metal extracted in extracted than in sediment II.
1 h appear between sediments. For sediment Il the results dis- It can be concluded that the efficiency of the EDTA ex-
played inTable 2are similar to those obtained by Bordd6)] traction of metals in sediments depends both on the metal and
with EDTA (1072 M), i.e. %Cd > %Pb > %Cu. Fangueiro et on the sediment composition.
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Table 3
Coefficient of correlation (r) and standard error of estimate (S.E.) associatedteaticenstantendElovich equationgor Cu, Cd and Pb extraction by EDTA
in sediments I, Il and Il

Sediment Parameter Equation Pb Cu Cd
| r Two constants 0.952 0.992 0.987
Elovich 0.953 0.965 0.980
S.E. (n0/g) Two constants 2.77 2.45 9.87x 1072
Elovich 1.11 5.13 12.1x 1072
1l r Two constants 0.989 0.995 0.878
Elovich 0.962 0.987 0.744
S.E. (no/9) Two constants 0.444 0.292 3.88x 1072
Elovich 0.750 0.309 1.20x 1072
1 r Two constants 0.810 0.968 0.964
Elovich 0.800 0.933 0.956
S.E. (ro/q) Two constants 2.18 1.05 3.74x 1072
Elovich 1.09 1.38 2.08x 1072

P value was always lower than 0.0001.

4.2. Fitting of the extraction rate data Comparing the values of S.E. andP obtained with the
two constants equaticend with theElovich equation, it can
Each of the kinetic equations and models previously de- be concluded that those two equations are quite comparable
scribed was used for fitting the extraction rate data of Cu, Cd in terms of efficiency in the fitting process the curves of metal
and Pb from the estuarine sediments. The statistical param-extraction by EDTA even if higher values pfvere obtained
eters used to access the quality of the fitting process werewith thetwo constants equation.
the standard error of estimate (S.E.), the coefficient of cor-  However, the utility of these kinetic equations has not been
relation (r), and theP value. A relatively high value of the  demonstrated. Considering that they have no clear physical
coefficient of correlation and low values®find of S.E. were ~ meaning, they should be used only to predict the quantity of
used as criteria for the best fit. The fitting of the extraction rate metal extracted at times not studied experimentally. Hence,
data has been performed using the SigmaSRoftware. For the usefulness of these equations remains questionable.
each sediment, the fitting parameters were calculated using
the whole set of extraction data (four replicate values for each 4.2 2. Diffusion model

extraction time). The equation of theliffusion modelised in this work al-
lows to determing& = Dx?/a?, thus the coefficient of dif-
4.2.1. Comparison of the fitting results obtained withthe  fusionD could be calculated only if the value of the radius of
kinetic equations the sediment particla is known. In this work, the diffusion
Thetwo constants equaticand theElovich equationwere model has been used to fit the extraction rate data and test if
used to fit the kinetic curves of EDTA extractions of Cu, Cd diffusion of the complexe M/EDTA is the determining rate
and Pb in the three sediments studied. The valuesaoid of metal extraction by EDTA in sediment.
S.E. are presented iFable 3. As can be seen iable 4, the values af obtained with
For thetwo constants equation, the mean value ofas this model were generally low; the mean value for all met-
equal to 0.948 and most values are higher than 0.95. On theals and sediments studied is 0.740. Nevertheless, in all cases,
other hand, with th&lovich equation, the mean valuerafias theP value was always lower than 0.0001. On another hand,
equal to 0.920. For both equations, tealues were always  the standard error S.E. obtained was especially high in the
lower than 0.0001. Concerning the standard error of estimate,case of sediment 1 arfelg. 4 clearly shows the lack of cor-
it can be seen iffable 3that the values of S.E. associated to
the Elovich equationare close to the values associated t0 Taple 4
thetwo constants equatidout no conclusion can be reached Coefficient of correlation (r) and standard error of the estimate (S.E.) of
considering this parametefig. 3 shows the experimental  diffusion model for Pb, Cu and Cd extraction by EDTA in sediments |, II

extraction rate data and the fitted curves obtained with the 2" "

two constants equatioand theElovich equatiorfor Cu, Cd Sediment Parameter Pb Cu Cd

and Pb in sediment I. It can be seenFiy. 3 that there is I r 0.522 0.979 0.868
a good agreement between the fitted and the experimental S.E. (ng/g) 7.74 3.87 0.310
results for all metals in sediment | when ttveo constants i r 0.662 0.911 0.514
equationis used in accordance to the low values of S.E. (see S.E. (rg/g) 2.23 1.16 0.07

Table 3). However, with th&lovich equation, experimental r 0.442 0.922 0.837
and fitted results are well correlated only in two cases. Similar S.E. (ug/g) 3.35 1.63 0.08

results have been obtained for the others sediments. P value was always lower than 0.0001.
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Fig. 3. Experimental®) and fitted extraction rate data of Cu, Pb and Cd from sedimémtd.constants equatiaf—) andElovich equatior(- - - -).

relation between experimental and fitted results. Hence, it Taking this into account, the extraction curves of Cu, Cd and
can be concluded that, in the studied sedimentg]iffiesion Pb were re-calculated fok 1 h (sed-ig. 5). Table 5presents
modelis not adequate to describe the EDTA extraction of Cu, the values of, S.E. andP. Low values of S.E. were obtained
Cd and Pb in the all range of extraction times (0—24 h). Yu but the values of are low too. However, thE value was in
and Klarup[9] used the same model in a study of Cu, Zn, most cases lower than 0.05. The results show that<fdrh,
Fe and Mn extraction from contaminated sediments with a the diffusion modefits correctly the EDTA extraction rate
shorter time range (0-10 h). They showed that, in this time data in most cases; exceptions are lead in sediment Il and
range, thaliffusion modefits well only to the Fe extraction = cadmium in sediment Ill. Consequently, it can be concluded
rate data. that diffusion of the complex M/EDTA may be the rate limit-
In a previous section, it has been demonstrated that oneing step for the extraction of metals by EDTA for short times.
fraction of metals was quickly extracted within the first hour. However, it is necessary to keep in mind that a good fitting
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Fig. 4. Experimental®) and fitted (—) extraction rate data of Cu, Pb and Cd from sedimentdiffasion model.

is not enough evidence for the suitability of the proposed Table 6presents the paramete{rgi, Qg, the coefficient

model. of correlationr and the standard error of estimate S.E. for
Cu, Cd and Pb in sediments I, Il and lll. The vaIuesijf
4.2.3. Two first-order reactions model and Qg had all relative standard deviations values (R.S.D.)

Thetwo first-order reactions modg@recludes two stages lower than 10% (except foQg (Cd) in sediment I). Thé®
of metal extraction: a first one corresponding to metal quickly value associated to each fit was always lower than 0.0001
extracted and a second one corresponding to metal slowlyand, as shown iffable 6, the coefficient of correlation was
extracted. As described previously, the extraction rate dataalways higher than 0.95 (except for Cd in sediment Il). The
present two distinct regions most probably corresponding to values of S.E. were low if compared with values obtained
fractions extracted with different rates. Therefore, the extrac- with thediffusion modelFig. 6 shows representative curves
tion rate data should be well fitted with this model. calculated from théwo first-order reactions modehat fits
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Table 5

Coefficient of correlation (r), standard error of the estimate (S.E.Pamdue

of diffusion modefor Pb, Cu and Cd extraction by EDTA for extraction times

lower than 1 hin sediments | and Ill

Sediment Parameter Pb Cu Cd

| r 0.543 0.853 0.668
S.E. (ro/g) 3.997 1.824 0.066
P 0.0034 <0.0001 0.0001

Il r 0.136 0.629 0.674
S.E. (no/g) 2.236 0.737 0.044
P 0.4903 0.0003 0.0002

1l r 0.728 0.870 0.326
S.E. (no/g) 0.654 0.481 0.038
P <0.0001 <0.0001 0.1115

Table 6

well the extraction rate data of all metals. In conclu-
sion, the two first-order reactions model can be used to
describe the EDTA extraction of Pb, Cu and Cd in all studied
estuarine sediments.

4.3. Interpretation of the results obtained with the two
first-order reactions model

The two first-order reactions modadllows the classifi-
cation of the metals present in sediments in three fractions
characterized by the rate of extraction and quantifie@@y
Qg and Qg. In order to facilitate the comparison of the value
of 09, 09 and Q3 obtained for different metals in different
sediment samples, those values were re-calculated as frac-
tionsF1, Fo> andF3 of the total content, i.e.:

100
FL = Q‘{%% (16)

Q(l’, Qg (rg/g), coefficient of correlation (r) and standard error of estimate (S.E.) (ng/y)mfirst-order reactions modébr Pb, Cu and Cd extraction by

EDTA in sediments I, Il and 11l

Sediment Parameter Pb Cu Cd

| Q(l) 119.6+1.1 15.884+0.58 1.5124+0.032
Q(z’ 20.78+1.22 57.50+ 1.69 1.686+0.062
r 0.954 0.992 0.986
S.E. 2.767 2.446 0.104

1l Q? 17.69+0.14 7.217+0.121 0.76440.008
Qg 7.99340.343 7.0434+0.20 0.17840.018
r 0.984 0.990 0.864
S.E. 0.539 0.403 0.042

1] Q? 16.83+1.27 4.496+0.343 0.457+0.011
Qg 7.999+0.433 13.63+1.25 0.364+0.019
r 0.968 0.992 0.959
S.E. 0.890 1.447 0.040

P value was always lower than 0.0001.
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P — 00 1000/ 17 the influence of the amount of organic matter and Fe on the
2= 2% ° a7 mobility of metals is considered.
100 striby it
F3=03"—% (18) 4.3.1. Distribution of Cu, Cd and Pb betweep F, and

Otot F3 in the sediments studied
As shown inFig. 7, copper has the same distribution be-
with Qo = total content of metal. The sediments used in this tweenF, F» andF3 in all sedimentsF; andF» <F3. Fur-
study have distinct quantities of organic mater, carbonate andthermore, fractior-3 always represented50%. So it can be
Fe (se€Table 1). In the next sections the distribution of Cu, inferredthat, in all cases, copper is slowly extracted by EDTA
Cd and Pb between the different fractions is analyzed andand only about one half of the total content is extracted.
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; Fig. 8. Influence of organic matter, carbonate and Fe on the mobilization of
sediments |, Il and IlI.

Cuand Pb by EDTA,; the fraction Fn are expressed in % and the total amounts
of metal. Organic matter (OM), carbonate £€&hd Fe are expressed relative

The fractionF, of lead was always lower thaR; or to their highest amounts.

F3 and the fractior3 represented between 36 and 53% of

the total contents. Consequently, the extraction of lead by influence on their extraction by a complexing agent such as
EDTA is faster than that of copper {Fvery low). The re- EDTA. Relationships between the distribution of Cu, Cd and
sults for cadmium do not allow any general conclusion be- Pb betweerf;, F» or F3 and the amount of organic matter,
cause the distribution in sediment Il is much different from carbonate or Fe in sediments may be established. The results
the ones obtained for the other two sediments. In fact, cad-obtained in this work allow considering only the case of Pb
mium is usually considered as an easily extractable metaland Cu.

due to the low stability constants and high lability of the

complexes formed with various natural ligar{dd]. Thus, 4.3.2.1. Case of PbThe distribution of Pb betweelfy, F»
the distribution observed in sediment Il seems to be the moreandF3 and the relative concentrations of organic matter, car-
“usual’. bonate and Fe (relative to the highest value of each parameter)
In all three sediments studied; (Cu) was always lower  gre plotted irFig. 8for each sediment.
thanF; (Cd) orFy (Pb) andF; (Cu) is always higher than Some correlations can be made. For instance, when the
F2 (Cd) orF; (Pb). Therefore, Cu is the metal more slowly amount of organic matter decreasesjncreases an de-
extracted by EDTA. In terms of bindings, it may be assumed creases. Thereforé; is directly correlated to the amount
that copper is more strongly bounded to the sediment thanof organic matter whilds is inversely correlated. Concern-
lead or cadmium. PoBk and Hlavay42] reached the same ing F,, this fraction is apparently correlated directly to the
conclusion by comparing the bindings of copper and lead to carbonate content and inversely correlated to the Fe content.
sediments. Consequently, EDTA readily extracts Pb in sediments rich in
organic matter but with low concentrations of carbonate and
4.3.2. Influence of the sediment composition on copper Fe-oxides.
and lead extraction by EDTA These considerations suggest that the fradtipimcludes
Organic matter, carbonate and Fe-oxide can complex or mainly Pb complexes with organic ligands, and that the frac-
adsorb metals in sediments and consequently have a direction F2 consists of Pb bounded to carbonate.
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It has been already shown that Pb is strongly adsorbed bythe metals more easily extracted are the more mobile in
Fe-oxidg37]. So, itmay be assumed that fractiesincludes the sediment, it could be possible to estimate the mobil-
Pb species with that type of bindings, i.e. Pb bounded to Fe-ity of metals in sediments using this model: the higher the
oxides, even though no immediate correlation betwegn  quantity of metal belonging to the first fraction “readily
and the amount of Fe could be established. extractable”, the higher the mobility of this metal in the

sediment.
4.3.2.2. Case of CuThe distribution of Cu betweeh,, F»
andF3 were also plotted ifrig. 8. For this metal cation, the
fraction F1 is inversely correlated to the Fe content and di- References
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