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Abstract This is a study of trace metal competition
in the complexation of Pb(Il) by well-characterized
humic substances, namely Suwannee River Fulvic
Acid (SRFA) in model solutions. It was found that Cu
(I) seems to compete with Pb(Il) for strong binding
sites of SRFA when present at the same concentration
as Pb(Il). However, Cd(II) and Zn(II) did not seem to
compete with Pb(II) for strong binding sites of SRFA.
These two metals did compete with Pb(Il) for the
weaker binding sites of SRFA. Heterogeneity of
SRFA was found to play a crucial role in metal—
SRFA interactions. The environmental significance of
this research for freshwater is that even at relatively
low Pb(II) loadings, the metals associated with lead in
minerals, e.g. Cu(Il), may successfully compete with
Pb(Il) for the same binding sites of the naturally
occurring organic complexants, with the result that
some of the Pb(IT) may exist as free Pb>" ions, which
has been reported to be one of the toxic forms of Pb
in aquatic environment.
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1 Introduction

The complexation of metal ions by naturally occurring
humic substances attracts considerable attention because
of its importance in regulating metal toxicity, bioavail-
ability, and transport in natural waters (Buffle 1988;
Tessier and Turner 1995). Humic substances (HS),
present in natural waters are polyfunctional, polyelec-
trolyte, heterogeneous, supramolecular associations of
small and large organic molecules, contain both ‘hard’
(e.g., carboxylic, phenolic) and ‘soft’ (e.g., nitrogen and
sulphur containing) complexing sites (Buffle and Filella
1995) for a wide range of metal ions and can be
expected to buffer metal ion over a wide range of
concentrations. Pb(I) is one of the most extensively
investigated heavy metals. Indeed Pb, which has no
physiological function and is potentially toxic, has been
widely dispersed in the environment since the begin-
ning of metallurgy (Nriagu 1996). One major disper-
sion pathway for Pb is atmospheric transport because
Pb-bearing aerosols are emitted from industrial activi-
ties, combustion of coal and leaded gasoline (Nriagu
1979; Shotyk and LeRoux 2005). Its presence in
aquatic systems results mostly from anthropogenic
activities (Schaule and Paterson 1981).
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It is thus of great interest to know and understand
the complexation reaction of lead with heterogeneous
humic substances present in freshwaters. The signif-
icance of humic substances for complexation of Pb in
freshwater has been reported in several studies. It has
also been reported that Pb is strongly complexed by
humic substances in sediments and in soil (Smith and
Siccama 1981; Botelho et al. 1994). However,
relatively few studies have considered the consequen-
ces of ligand heterogeneity and trace metal compet-
itions in Pb*" ion complexation by humic substances.

Still, it is difficult to determine sound physico-
chemical properties to describe metal complexation
by heterogeneous humic substances. One of the few
approaches used to describe the stability of metal
complexes formed by humic substances that takes the
metal loading dependence into account is the Differ-
ential Equilibrium Function (DEF). DEF is the
cumulative site density as a function of the equilib-
rium constant. It is based on the differential intensity
parameter, K*, which is a weighted average mean of
the equilibrium constants K;, for all sites present in
the humic substance (Gamble 1970; Altmann and
Buffle 1988; Buffle and Filella 1995). The DEF is
calculated as the first derivative of the product of the
weighted average equilibrium function and a weight-
ing factor. The weighting factor depends on the mole
fraction of [metal]/[HS], and degree of occupation of
each site, i. The DEF is not equivalent to a molecular
complexation model that describes complexation at
each individual site. There are other semianalytical
methods presently available to study the heterogeneity
of polyfunctional ligands in natural water (Nederlof
et al. 1992). However, DEF is relatively simple and
useful in making predictions of the complexation
behavior of the system as a whole. DEF was used in
this work to study the Pb(Il) complexation by SRFA.
This approach allows us to calculate the heterogeneity
parameter (1) of humic substances.

The DEEF is expressed as:

log6 = I'log K — I'log K

where K* is the Differential Equilibrium Parameter,
and @ is the degree of occupation of sites. Ko* is a
constant and has significance that it is the value of K*
when all the sites are fully occupied (i.e. when 6=1).
The slope of the DEF, I, describes the heterogeneity
of a system vis-a-vis complexation. For a simple
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ligand, I'=1; as the heterogeneity of the ligand
increases, the value of 7" decreases (i.e. slope of DEF
decreases). For natural systems, /" values usually lie
between 0.3 and 0.7.

Heterogeneity parameter, I, is a very important
parameter which is directly related to the buffer
intensity of the complexing system, which might
influence the capacity of natural waters to sustain life
after metal pollution events. The same complexing
substance might have different heterogeneity for
different metal ions (Buffle and Filella 1995; Buffle
et al. 1990; Pinheiro et al. 1994) because of the
following factors: (1) different complexing sites might
be available to different metal ions, and (2) the
stabilities of the strongest and weakest sites titrated
with the same metal might vary from metal to metal.

The reported I values for Cu binding by humic
substances are in the range 0.3-0.5 (Town and van
Leeuwen 2004; Filella and Town 2000; Vasconcelos
and Gomes 1997; Chakraborty et al. 2007), depending
on the humic substances. These rather low values of
T" suggest that a relatively wide distribution range of
binding sites are available for Cu in humic substances.

The heterogeneity parameter (1) reported for Pb(II)
binding with humic substances is higher than that for
Cu(Il), again depending somewhat on the source of
the humics, e.g. a value of ~0.60 from various sources
(Filella and Town 2000), ~0.70 for SRFA (Filella and
Town 2001), ~0.7 for various HA (Botelho et al.
1994). There is some evidence that I' for a whole
freshwater is lower than that for isolated humics (Filella
and Town 2000).

It was reported by Ephraim (1992) that the " value
for Zn(Il) was ~0.9. Town and van Leeuwen reported
(Town and van Leeuwen 2004) that the extent of
heterogeneity of metal binding by several humic
substances followed the order Cu(Il) > Cd(II).

Xue et al. (1995) found that copper and zinc
compete for the strong organic complexants. It was
reported by Bizri (1993) that Cu outcompeted Pb(II)
and Pb(II) outcompeted Zn for the binding sites of
humic substances in freshwater. Kinniburgh et al.
(1999) reported that the complexation of Cu®" is highest
with humic acid followed by Pb*" and then Cd*" at
different pH and free metal ion concentrations.

It was reported in our recent study (Chakraborty
et al. 2007) that a comparison of the heterogeneity
parameters (") for Zn(Il),Cd(II), Pb(Il) and Cu(II)
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complexes in the model solutions of SRFA showed
that I'cq>17,>1pp>1cy, suggesting that SRFA
behaved as a relatively more homogeneous complex-
ant for Zn(Il) and Cd(II), whereas it behaved as a
relatively more heterogeneous complexant for Pb(II).
It was also found (Chakraborty et al. 2007) that the
order of stability of M-SRFA complex is typically
K*co>K*pp>K* 7> K* .

The objective of this paper is to check the
hypothesis that the heterogeneity of humic substances
and trace metal competition determines the M(II)—
DOC interactions in freshwater. To test the hypothe-
sis, heterogeneity of SRFA and its effect on Pb(II)
complexation has been studied. This study also
investigated the effects of competition of the trace
metals Cu(Il), Cd(I), and Zn(II) on the Pb(I[)-SRFA
complexation in model solutions. In this research,
Scanned Stripping Voltammetry was employed to
study the complexation reaction of Pb(Il) with SRFA,
using hanging mercury drop electrode (HMDE).

2 Theory

2.1 Scanned Stripping Voltammetry

The voltammetric current—potential curve was used to
determine speciation parameters by using the follow-
ing equation 1, which was developed by Filella et al.

(1990).

E=FE,+—
°+nF

1 CM‘T (1-n)/r DR 1/2
AI/F CL,T CL,T DML

(1- i/ilim)l/r‘|

x In

RT
+—1In

e (1)

i/fiim

The meaning of each symbols are summarized in
the appendix. This equation is based on the following
assumptions: (a) free M ion is reversibly reduced into
M?; all complexes are labile at the electrode surface;
[Mp]>>[M] (i.e. [Mp]=Cym,1) where [M], is the
concentration of metal bound to DOC, and [M] is
the free metal ion concentration in the sample; the
Freundlich adsorption isotherm is followed; and there

is no adsorption of complex or complexant at the
electrode surface.

In the voltammetric current potential curve, the
slope of the rising portion reflects the heterogeneity
parameter (I") of a polyfunctional molecules. A lower
value of I" means an elongation of the voltammetric
current potential curve and vice versa. The meaning
of I' and its constancy make it a very important
parameter for describing the properties of heteroge-
neous complexant such as humic substances, espe-
cially for interpretation of voltammetric signals. The
advantage of Eq. 1 is that the heterogeneous proper-
ties of the complexant (i.e., I") is explicitly consid-
ered. The parameter /” can be directly calculated from
the polarograms by using Eq. 1.

2.2 Differential Equilibrium Function (DEF)

The DEF is expressed as:
log6 = I'log K — I'log K* (2)

Equation 2 is another form of Freundlich isotherm;
metal complexation by many heterogeneous complex-
ants adheres to this relationship fairly closely (Filella
et al. 1990). The constant, Ky*, can be determined
from the shift of the polarographic wave relative to
the Scanned Stripping Voltammogram of the metal
aqua complex using Egs. 3 (Deford and Hume 1951)
and 4 (Filella et al. 1990).

nF I Llim
lna:ﬁ(El/z—El/z)-l-ln(iL—) (3)

lim

@ = CLT

K* <CL,T>(]_F)/F

1-TI CLM

2.3 Diffusion Coefficients

Heterogeneous systems give a mean diffusion coeffi-
cient, D which is a weighted average of Dy; and Dy
(van Leeuwen and Buffle 1990):

— D D,

D— MM + Dvremr (5)

CM,T

where Dy; and D, are the diffusion coefficient of the
metal and of the complex (the latter is assumed to be
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equal to the diffusion coefficient of the ligands),
respectively; v, cmr and ey are the free, complexed
and total bulk metal concentrations, respectively.

3 Experimental
3.1 Materials and Methodology
3.1.1 Suwannee River Fulvic Acid (SRFA)

Suwannee River Fulvic Acid (SRFA, (Catalogue. No.
1S101F) was obtained from the International Humic
Substances Society (IHSS, USA; Ritchie and Perdue
2003). The concentration of carboxylic and phenolic
groups in SRFA has been reported to be 11.44 and
2.91 mmol g ', respectively (Ritchie and Perdue
2003). The concentration of SRFA considered in this
paper is related to the concentration of carboxylic
groups (at pH=5.0) instead of the bulk concentration
of polydisperse SRFA.

3.1.2 Model Solutions of Suwannee River Fulvic Acid

Three model solutions (to be henceforth called ‘test
solutions’) were prepared in ultrapure water containing
various concentrations of SRFA (1x10> mol L™!, 5x
10* mol L' and 5x10° mol L") and 5x
10”7 mol L™'concentrations of Pb(I). The pH of all
solutions was adjusted to 5.0 to minimize the poly-
electrolytic effect and prevent the hydrolysis of Pb(Il)
using HAc/NaAc buffer. The test solutions were left to
equilibration for 72 h in a dark place before analysis.
Metal competition in test solutions was investigated by
adding the SRFA to an aqueous solution containing a
fixed concentration of the Pb(IT) (5% 1077 mol L") and
equimolar concentrations of one of the competing Cu
(II), Cd(IT) and Zn(IT) trace metals. A 15.0-mL aliquot
of the test solution was weighed and used as the test
solution. The pH of the test solution was checked again
immediately before analysis and found to be the same.

3.1.3 Reagents

Standard solutions (1000 mg L") of Cu(Il), Zn(II),
Cd(II) and Pb(IT) were purchased from SCP Science,
Montreal, Canada. Ultrapure water of resistivity
18.2 M{Q)-cm was obtained direct from a Milli-Q-Plus
water purification system (Millipore Corporation).
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A 2 mol L' stock solution of sodium acetate was
prepared by dissolving an appropriate quantity of
sodium acetate trihydrate (ACS grade/BDH) in ultra-
pure water. A stock solution of 2 mol L™ potassium
nitrate (supporting electrolyte) was prepared by
dissolving potassium nitrate (Analar, BDH) in ultra-
pure water. The sodium acetate solution was then
purified of metals by electrolysis at —1.5 V vs. Egcg
for a minimum of 48 h. immediately prior to its use.
While the electrolysis was continued the sodium ace-
tate aqueous solution was drained from the electroly-
sis cell in order to make sure that the impurity metals
removed by electrolysis did not go back into the
sodium acetate aqueous solution on the termination of
electrolysis. A 2 mol L™ stock solution of acetic acid
was prepared by diluting glacial acetic acid (ACS
grade/Anachemia) with ultrapure water.

3.2 Apparatus

Voltammetric measurements were made with a computer-
controlled Autolab PGSTAT30 potentiostat/galvanostat
(Eco Chemie BV, The Netherlands), equipped with a
Metrohm 663 VA stand (Metrohm, Switzerland). The
working electrode was a static mercury drop electrode
(Metrohm, Switzerland). The reference electrode was a
Ag/AgCl electrode in a glass tube filled with 3 mol L™
KCI and fitted with a porous Vycor tip (Bioanalytical
Systems, Inc., USA). The counter electrode was made
of a platinum rod (Metrohm, Switzerland). Analysis
of voltammetric peaks was done using the General
Purpose Electrochemical Software v4.8 (Eco Chemie
BV, The Netherlands).

4 Results and Discussion

Most research on metal complexation by heteroge-
neous complexants (e.g. SRFA) has used pulse
stripping techniques because of the high sensitivity
of the method. However, differential pulse anodic
stripping voltammetry suffers from induced metal
adsorption in the presence of HS (Town and Filella
2000). Town and Filella (2000) reported that in the
presence of SRFA, peak height decreases to a much
greater extent compared to peak area because of hete-
rogeneity of SRFA and/or insufficient ligand excess.
Peak height and peak area were recorded in this
work. The ratio of peak area- to-height for Pb(II)-SRFA
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Fig. 1 Typical pseudo-polarograms for Pb(II)-FA complexes in
model solutions of SRFA. cPb=5.0x 10" mol L™"; (empty circles),
Pb(Il) + nil FA; (empty squares), Pb(Il) +CFA (5%10~ mol L),
(open triangles), Pb(Il) +CFA (5x 10 mol L, (empty
diamonds), Pb(I) +CFA (1x10~> mol L"),; HOAc/NaOAc
buffer, pH 5.0+ 1.0, ionic strength=0.01 mol L', temperature=
23+ 2°C

was relatively constant across the range of the deposition
potentials used in this experiments as was reported in our
recent publication (Chakraborty et al. 2007). In this
work, peak heights were used in all calculations.

4.1 Effect of Varying Concentrations of SRFA
on Pb(Il) Complexations

Typical scanned stripping voltammograms for the
three test solutions of Pb(Il) are presented in Fig. 1.
The top curve is for a solution of Pb*" ion buffered
with HOAc/NaOAc, and represents the Pb(II)-aqua
complex. It is a well defined curve with a plateau,
indicating a fully reversible electrode process.

The lower curves were for the same concentration
of Pb(Il), which had been equilibrated for 72 h in
three test solutions of SRFA, containing different
concentrations of SRFA. A decrease in the limiting

current (i) of the Pb(II)-SRFA complexes was
observed with the increase of SRFA concentration
relative to that for the Pb(Il)-aqua complex (i)

These experimental observations can be rational-
ized as follows. The scanned stripping voltammograms
of the Pb(II)-SRFA systems present the limiting
current that are generated by reduction of Pb*" ions.
The observed decrease in the limiting current of the
Pb(I)-SRFA system relative to that of the Pb(I[)—
aqua complex was probably due to the change in the
average diffusion coefficient (D) of Pb(II)-SRFA
complexes. The Dy for Pb(II)-SRFA complexes
was found to be much lower than the diffusion
coefficient of free Pb*" ion (Dy) in aqueous medium.
The Dy of Pb(I1)-SRFA complexes decreased as the
Pb-to-SRFA mole ratio decreased (Table 1) and this
decreased Dy of Pb(II)-SRFA complexes was respon-
sible for the decrease in the limiting current. Complex-
ation parameters calculated from the experimental
scanned stripping voltammogram obtained from the
test solutions (containing different CPb/CSRFA] mole
ratios) systems are summarized in Table 1.

Table 1 shows that the stability of Pb(Il) complex-
ation by SRFA (K*) depends on the metal loading. At
lower metal loading, stronger binding sites were
utilized and thus K* increases with the increase of
SRFA concentration. Hence, the decrease in /iy,
value with the increasing concentration of SRFA was
the combined effect of the formation of strong Pb(I)—
SRFA complexes and the decrease of the weighted
average diffusion coefficient of Pb(II)-SRFA com-
plexes. A plot of the log 6 versus log K* (differential
equilibrium parameter) gave a straight line as shown
in Fig. 2. The correlation coefficient for Pb(I[)-SRFA
system is R*=0.99.

Since the strongest sites of the heterogeneous
ligands are occupied first when they bind the metal,
as the degree of occupation of all site types increases,

Table 1 Effect of increasing concentration of SRFA on the differential equilibrium functions, mean diffusion coefficients and lability
(i/iim) of Pb(II)-FA complexes in model solutions of Suwannee River fulvic acid

Cra r log K* [L mol '] ilitim Dy [m*s7']
0 0.99 - 1 8.28x107°
5.0x107° 0.69 6.16+ 0.02 0.93+ 0.03 7.13%107'°
5.0x107 0.70 6.72+ 0.01 0.69+ 0.01 3.94x1071°
1.0x107° 0.64 6.93+ 0.03 0.54+ 0.02 2.41x10710

epp=5.0x10"7 mol L™'. HOAc/NaOAc buffer, pH 5.0+ 1.0, ionic strength=0.01 mol L, temperature=23+ 2°C.
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the averaging of the apparent equilibrium between
M and the complexing site on L is carried out with
an increasing number of weaker sites; hence, K*
decreases.

Table 1 shows that the change in the mole ratio of
Cpp.1/Csrra did not appreciably affect the average
heterogeneity of the system; I' remain almost un-
changed. It is well known that in the presence of a
sufficient excess of complexing ligands, the I values
are independent of the [M]/[L] mole ratio. It must be
noted that I" is a constant parameter that defines the
Freundlich isotherm, and it should be independent of
factors such as the [M]/[L] ratio. However, different
experimental conditions may look at different parts of
the same distribution which may be more or less
sensitive to I' (Town and van Leeuwen 2004).

4.2 Effect of Cu(Il), Cd(II), and Zn(II)
on Pb(II)-SRFA Complexation

The DEFs of the Pb(II)-SRFA complexes (Cpp 1=
50107 mol L' and Csrpa=1.0x10" mol L")
were investigated at constant pH and fixed ionic
strength in the presence of either Cu(Il), Cd(II), or
Zn(1I). Figure 3 shows the scanned stripping voltam-
metric waves for the effect of the above mentioned
metals on the Pb(II)-SRFA complexes at pH 5.0
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(fixed with HOAc/NaOAc buffer), and at ionic
strength 0.01 mol L™'. One concentration of the
competing trace metals was used which was the same
as of Pb (5.0x1077 mol L™"). At the fixed mole ratio
of ¢Pb,T/cSRFA=0.0005, trace metal Cu(Il) resulted
in higher #/ij;,, values for Pb(II)-SRFA complexes and

0.8

0.6

Wiy,

0.4

0.2

0.0

0.0 0.2 0.4 0.6 -0.8
Deposition potential (E/d)

Fig. 3 Effect of competition by trace metals on the pseudo-
polarographic waves of Pb(II)-SRFA complexes in model
solutions of SRFA, using DPASV at a SMDE. ¢Pb,T=5.0x
10”7 mol L™', ¢SRFA=1.0x10"* mol L. HOA¢/NaOAc buffer,
pH 5.0+ 0.1, ionic strength=0.01 mol L', temperature=23+
2 °C. Concentration of Pb(Il) is the same for all curves. (empty
circles) Pb(Il) + nil SRFA, (empty squares) Pb(II)-SRFA, (empty
triangles) Pb(I-SRFA + Cu(Il) (5.0x1077 mol L™, ( filled
triangles) Pb(II-SRFA + Zn(Il) (5.0x107" mol L"), (empty
diamonds) Pb(I1)-SRFA + Cd(Il) (5.0x10" mol L")
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Table 2 Differential equilibrium functions, mean diffusion coefficients, and normalized peak current (i/i;,,) of Pb(II)-SRFA
complexes in model solutions of SRFA in the presence of various competing metals Cu(Il), Zn(II), and Cd(II)

Competing metal, M(I) r logK* (L mol ™) it Dy (m’s™)
None 0.68 6.93+0.03 0.49+0.03 1.95x10°"°
Cu(II) 0.69 6.30+0.05 0.61+0.01 2.60x1071°
Zn(1II) 0.66 6.40+0.02 0.48+0.02 1.90x10°'°
Cd(ID) 0.69 6.50+0.01 0.49+0.01 1.97x10°"°

The properties of the solutions were cpp,1=5.0% 1077 mol L', cgppa = 1.0x1072 mol L', CMqp=5.0% 1077 mol L', HOA¢/
NaOAc buffer, pH 5.0+ 1.0, ionic strength=0.01 mol L', temperature=23+ 2°C

shifted the half-wave potential towards more a posi-
tive direction, indicating an increase in the average
diffusion coefficient of Pb(II)-SRFA complexes, and
a decrease in the overall stability of the Pb(I[)-SRFA
complexes (lower K*).

The log K* values of the Pb(II)-SRFA complexes
decreased from 6.9 to 6.3 (Table 2) in the presence
of increasing concentrations of Cu(Il) from 0 to 5.0x
107 mol L', The results can be rationalized by
hypothesizing progressive displacement of Pb(Il) by
Cu(II) from the binding sites of SRFA, resulting in the
formation of more free Pb>" ions, which enhanced the
limiting currents, (/) and mean diffusion coefficient
(Dm) of Pb(II)-SRFA complexes (Table 2). If this
hypothesis is true, then Cu(Il) and Pb(II) compete for
the same binding sites on the SRFA and Cu out-
competes Pb. This effect was not observed when same
concentrations of Zn(Il) or Cd(II) added to a fixed
concentration of Pb(II) (5.0x10" mol L") as shown
in Table 2. At a fixed mole ratio of cPb,T/cSRFA=
0.0005, addition of equimolar concentration of Cd(II)
or Zn(Il) did not change i/ilim, contrary to what has
been observed for Cu(Il) (Table 2).

The results suggest that Cd(IT) and Zn(IT) did not
compete with Pb(II) for the strong SRFA binding sites
under the experimental conditions used in this study.
However, the log K* values of the Pb(II)-SRFA com-
plexes decreased from 6.9 to 6.5 and to 6.4 (Table 2)
in the presence of increasing concentrations of Cd(II)
and Zn(II), respectively, from 0 to 5.0x10~ mol L™".
These contradictory results are probably due to pro-
gressive displacement of Pb(Il) either by Cd(Il) or Zn
(IT) from the weaker binding sites of SRFA, resulting
in the formation of free Pb>" ions. However, weak Pb
(IN-SRFA complexes dissociate and generate Pb>"
ions on electrode surface and contribute to the total
current measured at different electrode potentials
during the experiment. As a result, the limiting cur-

rents, remain unchanged even in the presence of Cd
(1) and Zn(1D).

STK6,(1 — 6;) AX
=1

K* = m
> 0:(1 - 6,)AX;

i=1

(6)

This explanation can be further supported by the
Equation 6 (van Leeuwen and Buffle 1990). The
displacement of Pb>" from the weaker site of SRFA,
either by Cd(Il) or Zn(II) would decrease the total
concentration of Pb(II)-SRFA weaker complexes.

As a result ZIK,H,(I — 0;,)AX; decreases. Hence,

the average equilibrium function (log K*), and so the
DEF would decrease.

Table 2 shows that the increasing order of effects
of trace metal competition on the K* values, of the Pb
(ID-SRFA complexes are: Cu(Il) > Zn(II) > Cd(II).
The average I" values of Pb(I)-SRFA complexes in
the presence of competing metals was ~0.7, which is
similar to that reported in the literature for Pb binding
by humics. This result suggests that the average
heterogeneity of Pb(II)-SRFA complexes was con-
stant in the presence of competing metals. The similar
observation was reported by Town and van Leeuwen
for Cu. They measured a significant displacement of
Cu by Pb from Cu(II)-HS complexes but no change
in the " value for Cu. These results are expected for
humic substances. Since the ligand (SRFA) is hetero-
geneous, the competing metal affects a range of sites
(to different extents depending on ), but does not
specifically “block™ a group of sites—so the condi-
tional binding by metal appears slightly weaker, but
its I" is not measurably affected.

It has been found that the extent of competition of
different metals for binding with humic substances
depends on the relative concentrations of the metals
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(and ligands) and on their conditional stability con-
stants of M(I[)-Humate complex under the given
conditions. In addition to these factors, I" (heterogene-
ity parameter) also has relevant significance in metal
competition, since it determines an effective range of
sites of humic substances at which binding occurs.

5 Environmental Significance

This study has shown that trace metal Cu(Il) com-
petes with trace metal Pb(II) for binding by SRFA even
when the Cu(Il) are in the same concentrations as Pb
(II). The environmental significance of this research for
freshwater is that even at relatively low lead load-
ings, the metals associated with lead in minerals, e.g.
copper, may successfully compete with Pb(Il) for
the same binding sites of the naturally occurring
organic complexants (HS), with the result that some
of the Pb(I) may exist as free Pb>" ions, which has
been reported to be one of the toxic forms of Pb in
aquatic environment (Kungolos et al. 2006).
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Appendix

List of symbols. In the following list the most important
or most frequently used symbols have been collected.

M Metal
ML  Metal-ligand complex
Ey standard potential (V) of the redox couple

R Universal Gas Constant

T absolute temperature (K)

n number of electrons involved in the balanced
reaction

F Faraday constant

Dpg the diffusion coefficient of reduced form of M
in mercury

Dy the diffusion coefficient of ML in the solution

Dy the diffusion coefficient of M (aqua) in the
solution

Ilim the diffusion-limited limiting current in
absence of ligand

@ Springer

i the measured current

4 Freundlich Constant

em;t the total concentrations of M in the bulk
solution

cLr  the total concentrations of L in the bulk
solution.

r the degree of heterogeneity of the system

K* the Differential Equilibrium Parameter

S} the degree of occupation of sites

Ko*  a constant

Ein  half-wave potential in the absence of ligand

ELy;»  half-wave potential in the presence of ligand

iim” limiting current in the presence of ligand

o degree of complexation of the ligand

K; Equilibrium constant of a metal at a specific
site “/” in HA

AX  Total binding sites of humic acid with
different affinities for M

References

Altmann, R. S., & Buffle, J. (1988). The use of differential
equilibrium functions for interpretation of metal binding in
complex ligand systems: Its relation to site occupation and site
affinity distributions. Geochimica et Cosmochimica XActa,
52, 1505-1519. DOI 10.1016/0016-7037(88)90221-9.

Bizri, H. (1993). 1st International Conference on Bioinorganic
Chemistry-Session S; 236.

Botelho, C. M. S., Boaventura, R. A. R., & Gongalves, M. L. S. S.
(1994). Interactions of lead (II) with natural river water:
Part I. Soluble organics. Science of the Total Environment,
149, 69-81. DOI 10.1016/0048-9697(94)90006-X.

Buffle, J. (1988). Complexation reaction in aquatic systems. An
analytical approach. Chichester: Ellis Horwood.

Buffle, J., Altmann, R. S., Filella, M., & Tessier, A. (1990).
Complexation by natural heterogeneous compounds: Site
occupation distribution functions, a normalized description
of metal complexation. Geochimica et Cosmochimica Acta,
54, 1535-1553. DOI 10.1016/0016-7037(90)90389-3.

Buffle, J., & Filella, M. (1995). Physico-chemical heterogeneity of
natural complexants: Clarification. Analytica Chimica Acta,
313, 144-150. DOI 10.1016/0003-2670(95)00204-D.

Chakraborty, P., Fasfous, 1. 1., Murimboh, J. D., & Chakrabarti,
C. L. (2007). Simultaneous determination of speciation
parameters of Cu, Pb, Cd and Zn in model solutions of
Suwannee River fulvic acid by pseudopolarography. Anal.
Bioanal. Chem., 388, 463-474. Medline. DOI 10.1007/
s00216-007-1185-3.

DeFord, D., & Hume, D. N. (1951). The Determination of
consecutive formation of complex ions from polarographic
data. Journal of the American Chemical Society, 73, 5321—
5321. DOI 10.1021/ja01155a093.

Ephraim, J. H. (1992). Heterogeneity as a concept in the
interpretation of metal ion binding by humic substances.


http://dx.doi.org/10.1016/0016-7037(88)90221-9
http://dx.doi.org/10.1016/0048-9697(94)90006-X
http://dx.doi.org/10.1016/0016-7037(90)90389-3
http://dx.doi.org/10.1016/0003-2670(95)00204-D
http://dx.doi.org/10.1007/s00216-007-1185-3
http://dx.doi.org/10.1007/s00216-007-1185-3
http://dx.doi.org/10.1021/ja01155a093

Water Air Soil Pollut (2008) 195:63—71

71

The binding of zinc by an aquatic fulvic acid. Analytica
Chimica Acta, 267, 39-45. DOI 10.1016/0003-2670(92)
85004-P.

Filella, M., Buffle, J., & van Leeuwen, H. P. (1990). The
effect of physico-chemical heterogeneity of natural com-
plexants. I. Voltammetry of labile metal—fulvic complexes.
Analytica Chimica Acta, 232, 209-223. DOI 10.1016/
S0003-2670(00)81236-2.

Filella, M., & Town, R. M. (2000). Determination of metal
binding parameters for humic substances. Part 1. Applica-
tion of a simple calculation method for extraction of
meaningful parameters from reverse pulse polarograms.
Journal of Electroanalytical Chemistry, 485, 21-33. DOI
10.1016/S0022-0728(00)00083-8.

Filella, M., & Town, R. M. (2001). Heterogeneity and lability
of Pb(Il) complexation by humic substances: Practical
interpretation tools. Fresenius J. of Chem, 370, 413-418.
DOI 10.1007/s002160100812.

Gamble, D. S. (1970). Titration curves of fulvic acid: The analytical
chemistry of a weak acid polyelectrolyte. Canadian Journal
of Chemistry, 48, 2662-2669. DOI 10.1139/v70-450.

Kinniburgh, D. G., van Riemsdijk, W. H., Koopal, L. K.,
Borkovec, M., Benedetti, M. F., & Avena, M. J. (1999).
Ion binding to natural organic matter: Competition,
heterogeneity, stoichiometry and thermodynamic consis-
tency. Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 151, 147-166. DOI 10.1016/S0927-
7757(98)00637-2.

Kungolos, A., Samaras, P., Tsiridis, V., Perala, M., &
Sakellaropoulos, G. (2006). Bioavailability and toxicity
of heavy metals in the presence of natural organic matter.
Journal of Environmental Science and Health, Part A, 41,
1509-1517.

Nederlof, M. M., Van Riemsdijk, W. H., & Koopal, K. L.
(1992). Comparison of semianalytical methods to analyze
complexation with heterogeneous ligands. Environmental
Science & Technology, 26, 763—771. DOI 10.1021/
es00028a015.

Nriagu, J. O. (1979). Global inventory of natural and
anthropogenic emissions of trace metals to the atmosphere.
Nature, 279, 409-411. Medline. DOI 10.1038/279409a0.

Nriagu, J. O. (1996). A history of global metal pollution. Science,
272, 223-224. DOI 10.1126/science.272.5259.223.

Pinheiro, J. P., Mota, A. M., & Simoes-Gongalves, M. L.
(1994). Complexation study of humic acids with a

cadmium (II) and lead (II). Analytica Chimica Acta, 284,
525-537. DOI 10.1016/0003-2670(94)85059-3.

Ritchie, J. D., & Perdue, E. M. (2003). Proton-binding study of
standard and reference fulvic acids, humic acids, and
natural organic matter. Geochimica et Cosmochimica Acta,
67, 85-96. DOI 10.1016/S0016-7037(02)01044-X.

Schaule, B. K., & Paterson, C. C. (1981). Lead concentrations
in the northeast Pacific: Evidence for global anthropogenic
perturbations. Earth and Planetary Science Letters, 54,
97-116. DOI 10.1016/0012-821X(81)90072-8.

Shotyk, W., & LeRoux, G. (2005). Biogeochemistry and
cycling of lead. In A. Sigel, H. Sigel, R. K. O. Sigel
(Eds.), Bigeochemical cycles of the elements. Marcel
Dekker, New York, 43, 240-275.

Smith, W. H., & Siccama, T. G. (1981). The Hubbard Brook
ecosystem study: Biogeochemistry of lead in the northern
hardwood forest. Journal of Environmental Quality, 10,
323-332.

Tessier, A., & Turner, D. R. (1995). Metal speciation and
bioavailability in aquatic systems. In J. Buffle, & H. P.
van Leeuwen (Eds.), IUPAC series on analytical and
physical chemistry of environmental systems. 3. Chichester:
John Wiley.

Town, R. M., & Filella, M. (2000). Determination of metal binding
parameters for humic substances. Part 2. Utility of ASV pseudo-
polarography. Journal of Electroanalytical Chemistry, 488,
1-16. DOI 10.1016/S0022-0728(00)00186-8.

Town, R. M., & van Leeuwen, H. P. (2004). Dynamic
speciation analysis of heterogeneous metal complexes
with natural ligands by stripping chronopotentiometry at
scanned deposition potential (SSCP). Aus. J. Chem, 57,
983-992. DOI 10.1071/CH04088.

van Leeuwen, H. P, & Buffle, J. (1990). Voltammetry of
heterogeneous metal complex systems. Theoretical analysis
of the effects of association/dissociation kinetics and the ensu-
ing lability criteria. Journal of Electroanalytical Chemistry,
296, 359-370. DOI 10.1016/0022-0728(90)87258-L.

Vasconcelos, M. T. S. D., & Gomes, C. A. R. (1997).
Complexation properties of natural and synthetic polymers
of environmental and biological interest in presence of
copper(Il) at neutral pH. European Polymer Journal, 33,
631-639. DOI 10.1016/S0014-3057(97)00049-9.

Xue, H., Kistler, D., & Sigg, L. (1995). Competition of copper
and zinc for strong ligands in a eutrophic Lake. Limnol.
Oceanogr.Limnology and Oceanography, 40, 1142—1152.

@ Springer


http://dx.doi.org/10.1016/0003-2670(92)85004-P
http://dx.doi.org/10.1016/0003-2670(92)85004-P
http://dx.doi.org/10.1016/S0003-2670(00)81236-2
http://dx.doi.org/10.1016/S0003-2670(00)81236-2
http://dx.doi.org/10.1016/S0022-0728(00)00083-8
http://dx.doi.org/10.1007/s002160100812
http://dx.doi.org/10.1139/v70�450
http://dx.doi.org/10.1016/S0927-7757(98)00637-2
http://dx.doi.org/10.1016/S0927-7757(98)00637-2
http://dx.doi.org/10.1021/es00028a015
http://dx.doi.org/10.1021/es00028a015
http://dx.doi.org/10.1038/279409a0
http://dx.doi.org/10.1126/science.272.5259.223
http://dx.doi.org/10.1016/0003-2670(94)85059-3
http://dx.doi.org/10.1016/S0016-7037(02)01044-X
http://dx.doi.org/10.1016/0012-821X(81)90072-8
http://dx.doi.org/10.1016/S0022-0728(00)00186-8
http://dx.doi.org/10.1071/CH04088
http://dx.doi.org/10.1016/0022-0728(90)87258-L
http://dx.doi.org/10.1016/S0014-3057(97)00049-9

	Competition from Cu(II), Zn(II) and Cd(II) in Pb(II) Binding to Suwannee River Fulvic Acid
	Abstract
	Introduction
	Theory
	Scanned Stripping Voltammetry
	Differential Equilibrium Function (DEF)
	Diffusion Coefficients

	Experimental
	Materials and Methodology
	Suwannee River Fulvic Acid (SRFA)
	Model Solutions of Suwannee River Fulvic Acid
	Reagents

	Apparatus

	Results and Discussion
	Effect of Varying Concentrations of SRFA on Pb(II) Complexations
	Effect of Cu(II), Cd(II), and Zn(II) on Pb(II)–SRFA Complexation

	Environmental Significance
	Appendix
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


