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Studies of trace metal mobilization in sediments are generally performed using sequential extraction schemes at equilibrium. In
work, a kinetic fractionation of trace metals in sediments has been developed to assess that information. The extraction rate dat
obtained using a single extraction scheme with EDTA and following a protocol previously optimized. Two kinetic equations and tw
models were used to fit the experimental data. Thetwo constants equationfits well the extraction rate data used in this work but does
present any physico-chemical meaning. Thediffusion modeland thetwo first-order reactions modelallow determining which parameter (t
reaction between the metal M and the EDTA or the diffusion of the complex M/EDTA) is rate limiting in the trace metal extraction b
It appears that thetwo first-order reactions modelis more efficient than thediffusion modelto fit the present extraction rate data so it ca
deduced that the diffusion of the complex M/EDTA is not the limiting step of the trace metal extraction by EDTA in estuarine sedim
second part, relationships between the fraction of metals determined with the two first-order reactions model and the sediments c
were established.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Sediments are usually considered as a sink for trace metals
but they can also become a source under certain conditions.
Then, trace metals are able to move towards the water col-
umn or accumulate in plants and, consequently, contaminate
the food chain. The reactivity of trace metals in sediments, in
direct relation with their physico-chemical form and localiza-
tion in different sediment components, is the main parameter
ruling their bioavailability and mobility. The determination
of the total concentration of metal ions in sediments does
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not give sufficient information about mobility and bioav
ability of trace metals. Therefore, various approaches
been used to quantify the different forms of metals in s
ments that can have significance for assessment of the m
mobility.

Sequential extraction schemes are commonly used
scribe the distribution of trace metals in soils or sedim
[1–3]. These methods consist of using different chem
reagents for the extraction of trace elements in a specific
iment or soil compartment resulting in their quantificatio
the extraction phase at equilibrium. However, these proto
have been criticized by many authors[4–6] pointing out var
ious pitfalls including the lack of specificity of the reage
used and the occurrence of re-adsorption of metals ion
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Table 1
Chemical characteristics of sediments sampled in “Ria de Aveiro”

Sediment Organic carbon (g/kg) Organic matter (g/kg) CaCO3 (g/kg) Fe (g/100g) Cu (mg/kg) Cd (mg/kg) Pb (mg/kg)

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

ter release. Furthermore, the reactions in the environment are
rarely at equilibrium as is considered in these protocols; in-
stead, they are in a state of continuous change because of
the dynamic nature of environmental processes[7,8]. Con-
sequently, methodologies involving kinetic fractionation of
trace metals in sediment have been developed.

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-
based fractionation highlights the differences in the lability of
complexes with similar stability constants. Indeed, mobiliza-
tion and bioavailability of metal ions depend not only on their
concentrations in sediment, but also on the sediment capacity
to release those metal ions. The kinetic approach has already
been used to study the short-term kinetics of the EDTA ex-
traction of copper and zinc from contaminated sediments[9].
Researchers interested in metal speciation in soils[10,11]and
in sediments[12,13]have already preferred the application of
kinetic methodologies rather than the traditional sequential
extraction schemes. The feasibility of the kinetic extraction
of Cd2+, Cu2+ and Pb2+ from contaminated sediments using
EDTA as the complexing agent has been previously studied
and an optimized experimental protocol has been proposed
[13]. This same protocol has also been used here to obtain
the kinetic extraction curves for different metal ions.

The time-based metal extraction curves are commonly
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ated in terms of the effective information regarding the mo-
bilization of the studied heavy metals in sediments. Finally,
relationships between the fractions of metal determined with
thetwo first-order reactions modelfor the various sediments
under study were considered and the influence of the sedi-
ment composition on the metals fractionation was evaluated.

2. Materials and methods

2.1. Sampling and sample treatment

Sediments were collected from a contaminated coastal la-
goon, “Ria de Aveiro”, located in the West Northern coast
of Portugal at three different sites (I, II and III) with dis-
tinct metal concentrations (site I closer to the discharge of
an industrial effluent). A plastic trowel and sampling bags or
plastic boxes, previously acid washed, were used to collect
samples from the superficial layer (ca. 10 cm) of sediments
covered by approximately 20 cm of water. Then, the sediment
samples were dried at 50◦C and sieved with a 200�m mesh
sieve. The content in organic carbon measured as the total
organic carbon, organic matter, CaCO3, and total Fe, Cu, Cd
and Pb of the sediments have been determined in the INRA
laboratory (Laboratoire d’Analyse des Sols – Arras, France)
and are presented inTable 1.

2

ere
o ,
e ex-
t ith
a in to
2
a es,
t be-
f ored
a orp-
t pli-
c ents
w erck.
A (ca.
2

2

cted
w A,
sed to distinguish two or more fractions of metal base
ifferences of extraction or desorption rates. Lehman
arter[14] have directly used the extraction curves with
ny model fitting to study the copper desorption from
iched sediments. However, kinetic models and kinetic e
ions have been applied to the metal extraction data in ord
dentify both qualitatively and quantitatively the various fr
ions of metals[9,11,15–17]. Nevertheless, it is frequen
nd simple fitting equations used as kinetic models, with
ny associated conceptual support with a physical mea
oreover, kinetics models are sometimes used with m

naccuracies namely wrong approximations.
The aim of the present work is to achieve a fractiona

f Cu, Cd and Pb in estuarine sediments using time-b
xtraction experiments with EDTA as the added extrac
wo kinetic models adapted to the sediment system (diffu
odeland two first-order reactions model) and two co
only used empirical kinetic equations are presented

naccuracies related to their utilization by other authors
ointed out. The EDTA extractions curves of Cu, Cd and
ere initially fitted using the two kinetic equations. Secon

hediffusion modeland thetwo first-order reactions mod
ere applied to the experimental data and the results e
.2. Extraction rate data

The extraction rate data of metals from sediments w
btained using the following protocol[13]: several flasks
ach containing 6.0 g of sediment and 40.0 mL of the

racting solution (0.05 M EDTA, pH 6.0), were stirred w
n end-over-end shaker for different time periods (5 m
4 h). Samples were then filtered through a 0.45�m cellulose
cetate membrane (Millipore). For longest extractions tim

he suspensions were centrifuged for 10 min at 6000 rpm
ore filtration. The pH was recorded and solutions were st
t 4◦C before analysis by air–acetylene flame-atomic abs
ion spectrometry (F-AAS). For each sediment, four re
ates of the extraction procedure were made. All reag
ere of analytical-reagent grade and purchased from M
ll experiments were performed at room temperature
0◦C).

.3. Determination of the concentration of metals

The concentration of metals, Cd, Cu, Pb and Fe, extra
ith EDTA, was measured with a Varian (Palo Alto, C
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USA) Spectra 250 Plus FAAS. Instrumental calibration was
performed with standard solutions prepared from 1000 ppm
Titrisol standards (Merck) and ultra-pure water (Milli-Q sys-
tem – Millipore).

3. Theorical consideration for metal extraction rate
data fitting

According to Martin et al.[18], surface sediments can be
considered as a heterogeneous complex mixture of dissimilar
particles, generally covered by organic material and Fe-, Mn-
, Al- and Si-oxides that provide a high adsorption capacity
[19]. Therefore, particulate sediment may be viewed as a
loose heterogeneous system. Consequently, studies of trace
metal mobility in sediments may have to consider both inter-
and intra-particle transfer processes.

From a physicochemical viewpoint, metal ion adsorp-
tion/desorption processes are composed of a number of basic
steps, namely[20]:

• Transport to or from the adsorbent interface.
• Partial dehydration/hydration reactions.
• Surface association/dissociation reactions.

Other steps may be involved and not all the steps may be
relevant in every metal ion adsorption processes.
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limiting step is the intra-particle diffusion of the complex
ML [9,22]. This model is based on the second Fick’s law of
diffusion.

In most studies, sediment particles are assumed to be
spherical[9,23]or cylindrical[16,22,24]. In fact, according to
Rao et al.[25], cubic and cylindrical aggregates such as sed-
iment particles might be considered equivalent to spherical
aggregates. Therefore, in the present work, sediment particles
have been assumed as spherical and thediffusion modelwas
applied to the mass transportation of the ML complex from
the inner parts of the spherical particle to the solution inter-
face where the ML complex is instantaneously removed to
the bulk of the solution by convection (well-stirred solution).
Thus, for a spherical system, the Fick’s law is mathematically
expressed as[26]:

∂C

∂t
= −D

(
∂2C

∂r2
+ 2

r

∂C

∂r

)
(1)

whereC is the concentration of the diffusive substance,D
the corresponding diffusion coefficient,r the radius of the
sediment particle andt the time.

The equations proposed by Crank[26] to describe diffu-
sion phenomena (solutions of Eq.(1)) depend on the bound-
ary conditions that can be associated to the structure and
shape of sediment particle considered.
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The overall sorption rate process depends on the path
ng from the initial to the final state[21]. In the present cas
here a porous media is considered, that path includes e

hat are controlled either chemically or by molecular-le
ass transportation[21]. The theoretical aspects of the so

ion processes, the mathematics of mass transfer and of
ion kinetics, as well as the applicability of several differ
pproaches to real samples were reviewed by Weber

21]. As these authors pointed out, the simplest way to w
ut experimental data is by selecting a probable rate d
ining step, which controls the kinetics of the overall so

ion process. However, working with complex systems s
s particulate sediments implies to work with very com
athematical equations.
Various models, which consider the reaction rate or

ass transfer as rate limiting have been proposed by
uthors[21]. However, the proposed models are gene
ery complex and the associated equations are not eas
lied. In consequence, the most common models and fi
quations used to fit the extraction rate data are thediffu-
ion model, themodel of multiple first-order reactions, t
lovich equationand thetwo constants equation[9,15–17].
discussion of these models and fitting equations, as w
detailed description of inaccuracies related to their uti

ion, is presented in the following sections.

.1. The diffusion model

Thediffusion modelassumes that the complexation re
ion of metals by an added ligand L is fast and that the
-

According to Crank[26], the total amountMt of the com-
lex ML (diffusive substance) entering or leaving a sphe
adiusa at timet is given by:

Mt

M∞
= 1 − 6

π2

∞∑
n=1

1

n2
exp

(−Dn2π2t

a2

)
(2)

hereM∞ is the amount of complex ML entering or leavi
he sphere after infinite time.

The boundary conditions used were:

C = 0 r = 0 t > 0

C = C0 r = a t > 0

C = C1 0 < r < a t = 0

hereC0 is the constant concentration of complex at
urface of the sphere (sediment particle) andC1 the initial
niform concentration inside the sphere.

Yu and Klarup[9] also used the above equation to fit
xtraction rate data of Cu by EDTA in sediments. Howe
hey used this model displaying only the Eqs.(1) and (2)with
o indication of the boundary conditions used or any des

ion of the physical meaning of the model. The other m
roblem related to the presentation of this model by Yu
larup [9] is the fact that they did not explain how to obt

he various constants (D,n,a) of Eq. (2). As can be seen, t
elation betweenMt andt is an infinite series of ordern. So,
rior to the adjustment of this equation to the experime
ata, a finite relation betweenMt andtmust be found out. I
he present work, Eq.(2) has been developed ton= 10, using
or (D/a2) the value 1.5× 10−5 min−1. This value of (D/a2)
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has been determined by Yu and Klarup[9] and used in the
present work as an estimate for typical estuarine sediments.
In fact, consideringa= 200�m (the sediments used in the
present work have been sieved with a 200�m mesh sieve),
theD value turns out to be 5.0× 10−11 m2/s. As theD values
found in the literature for copper vary between 2.2× 10−12

and 1.0× 10−10 m2/s[27,28], it can be considered that theD
value used here as an example is reasonable. Further, it has
been verified that forn> 8, the term 1/n2 exp(−Dn2π2t/a2)
contributes in less than 1% to the overall value ofMt/M∞.
Hence, the following equation was derived:

Mt

M∞
= 1 − 6

π2

(
exp(−kt) + 1

4
exp(−4kt) + 1

9
exp(−9kt)

+ · · · + 1

64
exp(−64kt)

)
(3)

where

k = Dπ2

a2

The main advantage of this equation is the need for only one
fitting parameter with a clear physical meaning.

The most important inaccuracies found in other ap-
proaches of the diffusion model[16,22] appear when the
authors consider diffusion in a cylinder sediment particle
(parabolic model). According to Crank[26], the equation,
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chemical meaning and seems to be efficient to fit extraction
rate data. In this model, different first-order reactions are at-
tributed to discrete types of binding sites available in the sed-
iments. Thus, metals are classified into fractions associated
to specific compartments of the sediment to which metals
were bounded. Hence, it is assumed that there are multiple
first-order reactions concurrently taking place and that their
rates are independent on each other, i.e. each reaction can be
described by:

dQi

dt
= ki(Q

0
i − Qi) (7)

whereQi represents the quantity of desorbed metal from com-
partmenti per gram of sediment at timet, Q0

i represents the
quantity of desorbed metal per gram of sediment in compart-
menti at equilibrium (t= 24 h) andki is the rate constant of
the first-order reaction for each compartmenti. According
to Fangueiro et al.[13], 24 h of extractions allows reaching
a stationary state that can be considered as an equilibrium
state. The model of multiple first-order reactions allows de-
termining the quantity and the extraction rate of metal cations
associated to each fraction.

In the present work, the model has been simplified to a
two first-order reactions modelin order to classify the metal
cations present in the sediment into three fractions. Therefore,
t
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hich describes the diffusion in and out a cylinder is:

Mt

M∞
= 1 −
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a2α2
n

exp(−Dα2
nt) (4)

hereαn represents the positive roots ofJ0(aαn) = 0, with
0(x) being the Bessel function of the first kind of zero or
or small times, this equation can be simplified to:

Mt

M∞
= 4

π1/2

(
Dt

a2

)1/2

− Dt

a2
(5)

tudying metal desorption from sediments, Chen et al.[22]
onsidered that, for the initial stages of the desorption
ess, Eq.(5) could be simplified to:

Mt

M∞
= k

√
t (6)

herek is a constant.
Jardine and Sparks[16] have also used Eq.(6) in the study

f the kinetics of the potassium–calcium exchange in a
ireactive soil system. However, according to Crank[26], Eq.
6) can be used only when the diffusion coefficient is
onstant whereas, in their studies, Chen et al.[22] and Jar
ine and Sparks[16] assumed thatDwas constant. Moreove
hese authors did not present the time range for which
quations were valid.

.2. The two first-order reactions model

According to previous studies[9,12], the model of multi
le first-order reactions gives information with real phys
he following equations apply:

dQ1

dt
= k1(Q0

1 − Q1) (8)

nd

dQ2

dt
= k2(Q0

2 − Q2) (9)

n the present model, it has been assumed that the rea
eading to desorption of each fraction are independent.
rating Eqs.(8) and (9)for the initial conditionsQ1(t = 0) = 0
ndQ2(t = 0) = 0, and rearranging the solutions yields:

= Q0
1(1 − exp−k1t) + Q0

2(1 − exp−k2t) (10)

he application of the former equation to the metal extrac
ate data allows the definition of three fractions characte
s follows:

Q0
1 (�g/g), fraction of metal readily extractable, associa

to the rate constantk1.
Q0

2 (�g/g), fraction of metal less extractable, associate
the rate constantk2.
Q0

3 (�g/g), fraction of metal not extractable at all.Q0
3 is

obtained by difference between the total concentratio
metal in sedimentQtot and the concentration extracted
equilibrium:Q0

3 = Qtot − Q0
2 − Q0

1.

Fig. 1 illustrates the interrelation of these parameters
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Fig. 1. Fraction of metal obtained using thetwo first-order reactions model.

3.3. Fitting empirical equations

The two constants equation[9,15,17,29]and theElovich
equation[29–32]are frequently used to fit the extraction rate
data.

The two constants equationproposed by Kuo and
Mikkelsen[15] is written as:

C = AtB (11)

whereC is the concentration of metal in solution,A andB
are the constants andt the time. This expression can be easily
linearized as follow:

ln C = B ln t + ln A (12)

TheElovich equationapplied to metal extraction is expressed
as:

dC

dt
= a e−bC (13)

whereC is the concentration of M in solution at timet, and
a and b are constants[33]. This equation is based on the
Elovich modelin which a continuous and specific range of
site reactivities are hypothesized[21]. According to Stucki
a

C
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C

T
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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
similar in shape and two regions could be distinguished: a first
one for short extraction times (t< 1 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 sediments[9,22,35]. The metals extracted in the first stage
are the fraction easily extracted by EDTA and it is likely that
this fraction is composed by the water soluble, exchangeable
and weakly adsorbed metals[5,36]. 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 most important 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 Cd2+ and 70% of Pb for the three sediment samples
s ined,
i ent
I Dif-
f plain
t per
e uents

T
P

M III

P
C
C
F

nd Lee ([34]), the integrated form of Eq.(13) is:

= 1

b
ln(1 + abt) (14)

f abt� 1, then Eq.(14)can be simplified to

= 1

b
ln(ab) + 1

b
ln(t) (15)

hus, a plot ofC versus ln (t), according to Eq.(15), should
e linear with slope l/band intercept 1/bln (ab).

In both fitting equations, the meaning of the const
s very unclear. In addition, no physicochemical mode
ssociated to thetwo constants equation. Therefore, the
f those equations is essentially empirical.
tudied. For Cu, lower extraction percentages were obta
.e. only ca. 35% for sediments I and III and 61% for sedim
I. Hence, Cu is the slower extractable of all three metals.
erences in the bindings of these three metals should ex
his dissimilarity. In a first glance, it can be said that cop
stablishes less labile bindings with the sediment constit

able 2
ercentage of metal extracted with EDTA at 1 h extraction

etal Sediment I Sediment II Sediment

b (%) 91.6 74.5 73.7
u (%) 33.7 60.9 35.9
d (%) 56.9 91.3 66.0
e (%) 58.2 49.2 37.4
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Fig. 2. Extraction rate data of Cu, Cd and Pb from sediment I with EDTA (0.05 M; pH = 6) – mean values and standard deviations of four replicates.

than lead or cadmium. According to Fan et al.[37], Cu can
easily form complexes with organic matter due to high sta-
bility constants and Pb is mostly associated with the Fe and
Mn oxides and carbonate. Cu and Cd can also be complexed
by carbonate[38]. On another hand, EDTA is very efficient
to extract cations associated to carbonates but hardly extracts
metals bounded to Fe-oxide[39].

Important variations of the quantity of metal extracted in
1 h appear between sediments. For sediment II the results dis-
played inTable 2are similar to those obtained by Bordas[40]
with EDTA (10−2 M), i.e. %Cd > %Pb > %Cu. Fangueiro et

al. [13] using HNO3 as extractant also obtained identical re-
sults in sediment samples with similar quantities of organic
matter and Fe as in sediment II. It is still to notice that the
quantities of lead extracted by EDTA in the first hour are
similar in sediments II and III but lower than in sediment I,
in which more than 90% of lead was extracted. In the case of
sediments I and III, copper and cadmium are less efficiently
extracted than in sediment II.

It can be concluded that the efficiency of the EDTA ex-
traction of metals in sediments depends both on the metal and
on the sediment composition.
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Table 3
Coefficient of correlation (r) and standard error of estimate (S.E.) associated to thetwo constantsandElovich equationsfor Cu, Cd and Pb extraction by EDTA
in sediments I, II and III

Sediment Parameter Equation Pb Cu Cd

I r Two constants 0.952 0.992 0.987
Elovich 0.953 0.965 0.980

S.E. (�g/g) Two constants 2.77 2.45 9.87× 10−2

Elovich 1.11 5.13 12.1× 10−2

II r Two constants 0.989 0.995 0.878
Elovich 0.962 0.987 0.744

S.E. (�g/g) Two constants 0.444 0.292 3.88× 10−2

Elovich 0.750 0.309 1.20× 10−2

III r Two constants 0.810 0.968 0.964
Elovich 0.800 0.933 0.956

S.E. (�g/g) Two constants 2.18 1.05 3.74× 10−2

Elovich 1.09 1.38 2.08× 10−2

P value was always lower than 0.0001.

4.2. Fitting of the extraction rate data

Each of the kinetic equations and models previously de-
scribed was used for fitting the extraction rate data of Cu, Cd
and Pb from the estuarine sediments. The statistical param-
eters used to access the quality of the fitting process were
the standard error of estimate (S.E.), the coefficient of cor-
relation (r), and theP value. A relatively high value of the
coefficient of correlation and low values ofPand of S.E. were
used as criteria for the best fit. The fitting of the extraction rate
data has been performed using the Sigma-Plot® software. For
each sediment, the fitting parameters were calculated using
the whole set of extraction data (four replicate values for each
extraction time).

4.2.1. Comparison of the fitting results obtained with the
kinetic equations

Thetwo constants equationand theElovich equationwere
used to fit the kinetic curves of EDTA extractions of Cu, Cd
and Pb in the three sediments studied. The values ofr and
S.E. are presented inTable 3.

For thetwo constants equation, the mean value ofr was
equal to 0.948 and most values are higher than 0.95. On the
other hand, with theElovichequation, the mean value ofrwas
equal to 0.920. For both equations, theP values were always
l ate,
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t
a
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e (see
T al
a ilar
r

Comparing the values ofr, S.E. andP obtained with the
two constants equationand with theElovich equation, it can
be concluded that those two equations are quite comparable
in terms of efficiency in the fitting process the curves of metal
extraction by EDTA even if higher values ofr were obtained
with thetwo constants equation.

However, the utility of these kinetic equations has not been
demonstrated. Considering that they have no clear physical
meaning, they should be used only to predict the quantity of
metal extracted at times not studied experimentally. Hence,
the usefulness of these equations remains questionable.

4.2.2. Diffusion model
The equation of thediffusion modelused in this work al-

lows to determinek = Dπ2/a2, thus the coefficient of dif-
fusionD could be calculated only if the value of the radius of
the sediment particlea is known. In this work, the diffusion
model has been used to fit the extraction rate data and test if
diffusion of the complexe M/EDTA is the determining rate
of metal extraction by EDTA in sediment.

As can be seen inTable 4, the values ofr obtained with
this model were generally low; the mean value for all met-
als and sediments studied is 0.740. Nevertheless, in all cases,
theP value was always lower than 0.0001. On another hand,
the standard error S.E. obtained was especially high in the
c r-

T
C .) of
d I, II
a

S

I 8
0

I 4

I 7

P

ower than 0.0001. Concerning the standard error of estim
t can be seen inTable 3that the values of S.E. associated
he Elovich equationare close to the values associated
hetwo constants equationbut no conclusion can be reach
onsidering this parameter.Fig. 3 shows the experiment
xtraction rate data and the fitted curves obtained with
wo constants equationand theElovich equationfor Cu, Cd
nd Pb in sediment I. It can be seen inFig. 3 that there is
good agreement between the fitted and the experim

esults for all metals in sediment I when thetwo constant
quationis used in accordance to the low values of S.E.
able 3). However, with theElovich equation, experiment
nd fitted results are well correlated only in two cases. Sim
esults have been obtained for the others sediments.
ase of sediment 1 andFig. 4clearly shows the lack of co

able 4
oefficient of correlation (r) and standard error of the estimate (S.E
iffusion model for Pb, Cu and Cd extraction by EDTA in sediments
nd III

ediment Parameter Pb Cu Cd

r 0.522 0.979 0.86
S.E. (�g/g) 7.74 3.87 0.31

I r 0.662 0.911 0.51
S.E. (�g/g) 2.23 1.16 0.07

II r 0.442 0.922 0.83
S.E. (�g/g) 3.35 1.63 0.08

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 sediment I.Two constants equation( ) andElovich equation(- - - -).

relation between experimental and fitted results. Hence, it
can be concluded that, in the studied sediments, thediffusion
modelis not adequate to describe the EDTA extraction of Cu,
Cd and Pb in the all range of extraction times (0–24 h). Yu
and Klarup[9] used the same model in a study of Cu, Zn,
Fe and Mn extraction from contaminated sediments with a
shorter time range (0–10 h). They showed that, in this time
range, thediffusion modelfits well only to the Fe extraction
rate data.

In a previous section, it has been demonstrated that one
fraction of metals was quickly extracted within the first hour.

Taking this into account, the extraction curves of Cu, Cd and
Pb were re-calculated fort< 1 h (seeFig. 5).Table 5presents
the values ofr, S.E. andP. Low values of S.E. were obtained
but the values ofr are low too. However, theP value was in
most cases lower than 0.05. The results show that, fort< 1 h,
the diffusion modelfits correctly the EDTA extraction rate
data in most cases; exceptions are lead in sediment II and
cadmium in sediment III. Consequently, it can be concluded
that diffusion of the complex M/EDTA may be the rate limit-
ing step for the extraction of metals by EDTA for short times.
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 sediment III –diffusion model.

is not enough evidence for the suitability of the proposed
model.

4.2.3. Two first-order reactions model
The two first-order reactions modelprecludes two stages

of metal extraction: a first one corresponding to metal quickly
extracted and a second one corresponding to metal slowly
extracted. As described previously, the extraction rate data
present two distinct regions most probably corresponding to
fractions extracted with different rates. Therefore, the extrac-
tion rate data should be well fitted with this model.

Table 6presents the parametersQ0
1, Q0

2, the coefficient
of correlationr and the standard error of estimate S.E. for
Cu, Cd and Pb in sediments I, II and III. The values ofQ0

1
andQ0

2 had all relative standard deviations values (R.S.D.)
lower than 10% (except forQ0

2 (Cd) in sediment II). TheP
value associated to each fit was always lower than 0.0001
and, as shown inTable 6, the coefficient of correlation was
always higher than 0.95 (except for Cd in sediment II). The
values of S.E. were low if compared with values obtained
with thediffusion model.Fig. 6shows representative curves
calculated from thetwo first-order reactions modelthat fits
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Fig. 5. Experimental () and fitted (—) extraction rate data of Cu and Cd from sediment III in the time range (0–1 h) –diffusion model.

Table 5
Coefficient of correlation (r), standard error of the estimate (S.E.) andPvalue
ofdiffusionmodelfor Pb, Cu and Cd extraction by EDTA for extraction times
lower than 1 h in sediments I and III

Sediment Parameter Pb Cu Cd

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

II r 0.136 0.629 0.674
S.E. (�g/g) 2.236 0.737 0.044
P 0.4903 0.0003 0.0002

III r 0.728 0.870 0.326
S.E. (�g/g) 0.654 0.481 0.038
P <0.0001 <0.0001 0.1115

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 modelallows the classifi-
cation of the metals present in sediments in three fractions
characterized by the rate of extraction and quantified byQ0

1,
Q0

2 andQ0
3. In order to facilitate the comparison of the value

of Q0
1, Q0

2 andQ0
3 obtained for different metals in different

sediment samples, those values were re-calculated as frac-
tionsF1, F2 andF3 of the total content, i.e.:

F1 = Q0
1

100

Qtot
% (16)

Table 6
Q0

1, Q0
2 (�g/g), coefficient of correlation (r) and standard error of estimate (S.E.) (�g/g) oftwo first-order reactions modelfor Pb, Cu and Cd extraction by

EDTA in sediments I, II and III

Sediment Parameter Pb Cu Cd

I Q0
1 119.6± 1.1 15.88± 0.58 1.512± 0.032

Q0
2 20.78± 1.22 57.50± 1.69 1.686± 0.062

r 0.954 0.992 0.986
S.E. 2.767

II Q0
1 17.69± 0.14

Q0
2 7.993± 0.343

r 0.984
S.E. 0.539

III Q0
1 16.83± 1.27

Q0
2 7.999± 0.433

r 0.968
S.E. 0.890

P value was always lower than 0.0001.
2.446 0.104

7.217± 0.121 0.764± 0.008
7.043± 0.20 0.178± 0.018
0.990 0.864
0.403 0.042

4.496± 0.343 0.457± 0.011
13.63± 1.25 0.364± 0.019
0.992 0.959
1.447 0.040
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Fig. 6. Experimental () and fitted (—) extraction rate data of Cu, Pb and Cd from sediment I –two first-order reactions model.

F2 = Q0
2

100

Qtot
% (17)

F3 = Q0
3

100

Qtot
% (18)

with Qtot = total content of metal. The sediments used in this
study have distinct quantities of organic mater, carbonate and
Fe (seeTable 1). In the next sections the distribution of Cu,
Cd and Pb between the different fractions is analyzed and

the influence of the amount of organic matter and Fe on the
mobility of metals is considered.

4.3.1. Distribution of Cu, Cd and Pb between F1, F2 and
F3 in the sediments studied

As shown inFig. 7, copper has the same distribution be-
tweenF1, F2 andF3 in all sediments:F1 andF2 <F3. Fur-
thermore, fractionF3 always represented∼50%. So it can be
inferred that, in all cases, copper is slowly extracted by EDTA
and only about one half of the total content is extracted.
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Fig. 7. Distribution of copper, lead and cadmium betweenF1, F2 andF3 in
sediments I, II and III.

The fractionF2 of lead was always lower thanF1 or
F3 and the fractionF3 represented between 36 and 53% of
the total contents. Consequently, the extraction of lead by
EDTA is faster than that of copper (F2 very low). The re-
sults for cadmium do not allow any general conclusion be-
cause the distribution in sediment II is much different from
the ones obtained for the other two sediments. In fact, cad-
mium is usually considered as an easily extractable metal
due to the low stability constants and high lability of the
complexes formed with various natural ligands[41]. Thus,
the distribution observed in sediment II seems to be the more
“usual”.

In all three sediments studied,F1 (Cu) was always lower
thanF1 (Cd) orF1 (Pb) andF2 (Cu) is always higher than
F2 (Cd) orF2 (Pb). Therefore, Cu is the metal more slowly
extracted by EDTA. In terms of bindings, it may be assumed
that copper is more strongly bounded to the sediment than
lead or cadmium. Polýak and Hlavay[42] reached the same
conclusion by comparing the bindings of copper and lead to
sediments.

4.3.2. Influence of the sediment composition on copper
and lead extraction by EDTA

Organic matter, carbonate and Fe-oxide can complex or
adsorb metals in sediments and consequently have a direct

Fig. 8. Influence of organic matter, carbonate and Fe on the mobilization of
Cu and Pb by EDTA; the fraction Fn are expressed in % and the total amounts
of metal. Organic matter (OM), carbonate CO3 and Fe are expressed relative
to their highest amounts.

influence on their extraction by a complexing agent such as
EDTA. Relationships between the distribution of Cu, Cd and
Pb betweenF1, F2 or F3 and the amount of organic matter,
carbonate or Fe in sediments may be established. The results
obtained in this work allow considering only the case of Pb
and Cu.

4.3.2.1. Case of Pb.The distribution of Pb betweenF1, F2
andF3 and the relative concentrations of organic matter, car-
bonate and Fe (relative to the highest value of each parameter)
are plotted inFig. 8for each sediment.

Some correlations can be made. For instance, when the
amount of organic matter decreases,F3 increases andF1 de-
creases. Therefore,F1 is directly correlated to the amount
of organic matter whileF3 is inversely correlated. Concern-
ing F2, this fraction is apparently correlated directly to the
carbonate content and inversely correlated to the Fe content.
Consequently, EDTA readily extracts Pb in sediments rich in
organic matter but with low concentrations of carbonate and
Fe-oxides.

These considerations suggest that the fractionF1 includes
mainly Pb complexes with organic ligands, and that the frac-
tion F2 consists of Pb bounded to carbonate.
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It has been already shown that Pb is strongly adsorbed by
Fe-oxide[37]. So, it may be assumed that fractionF3 includes
Pb species with that type of bindings, i.e. Pb bounded to Fe-
oxides, even though no immediate correlation betweenF3
and the amount of Fe could be established.

4.3.2.2. Case of Cu.The distribution of Cu betweenF1, F2
andF3 were also plotted inFig. 8. For this metal cation, the
fractionF1 is inversely correlated to the Fe content and di-
rectly correlated to that of carbonate. Therefore, it can be pre-
sumed that the fractionF1 is mainly composed by Cu bounded
to carbonate. It is still to notice that in Section4.2.2, it has
been seen that in sediments I and III, the extraction of Cu by
EDTA is rate limited by diffusion of the complex M/EDTA
in the first hour of extraction that corresponds to the frac-
tion F1 of metal. This suggests that the break Cu-carbonate
binding is fast enough to be not the rate limiting step of the
extraction. The fractionF1 andF2 are inversely correlated
so, the fractionF2 is directly correlated to the Fe content
and inversely correlated to that of carbonate. Consequently,
the fractionF2 should be mainly composed by Cu bound to
Fe-oxides.

On the other hand, the fractionF3 is directly correlated
to the amount of organic matter suggesting that the frac-
tion F3 is mainly composed of Cu bound to organic mat-
ter. This conclusion is in accordance with published data
[
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the metals more easily extracted are the more mobile in
the sediment, it could be possible to estimate the mobil-
ity of metals in sediments using this model: the higher the
quantity of metal belonging to the first fraction “readily
extractable”, the higher the mobility of this metal in the
sediment.
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