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Abstract The technique of competitive ligand-exchange/anodic stripping voltam-
metry (CLE-SV) was used to investigate effects of pH and Ca concentration on
cadmium complexation by fulvic acid (FA), as well as Cd speciation in two different
freshwaters, a hardwater Lake Greifen and a softwater River Wyre. Binding of Cd to
Suwannee river FA (10 mg/l) was determined at different pH (7-8.5) and in the
presence of various concentration of Ca** (0-2 mmol/l). The results from one-ligand
discrete models were compared to simulations by the WHAM VI model. In Lake
Greifen, the determined dissolved [Cd**] ranged from 107" to 107'> mol/l, and the
conditional stability constant with natural ligands was log Kcgr about 9.5-10.5
(pH 8.6-8.8) with ligand concentrations of 1.2-7.8 x 107° mol/g C. In the softwater
River Wyre, dissolved [Cd**] ranged from 4 x 107%to 1 x 107'' mol/l, and the
ligands were weaker (log Kcqr 8.9-9.8, pH 8.0) with lower ligand concentrations
(0.9-2.3 x 10° mol/g C). The titration curves of FA samples were close to the
simulated curves by the WHAM VI model at pH 8.0-8.5, but deviated more from
the model at lower pH, indicating that the results determined with CLE-SV for Cd-
FA complexation are relevant to the data base in the model. Calculation of the Ca
competition for Cd binding by FA showed a competition effect of similar strength as
the measured one, but indicated a systematic difference between measured and
modeled data at pH 7.5. Using the WHAM model for comparison with FA, the
complexation of Cd by the River Wyre ligands was close to that of FA, whereas
stronger complexation was observed in the Lake Greifen water. These differences
may originate from different ligand composition in the lake and the river.
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1 Introduction

Cadmium, a non-essential element (with exception of its role in some marine algal
species) , may exert toxic effects to aquatic organisms when present at elevated
concentrations in natural waters. Speciation of cadmium strongly influences its
effects on aquatic organisms (Campbell et al. 2002; Kola and Wilkinson 2005;
Toepperwien 2006; Vigneault and Campbell 2005). Studies on uptake of Cd by algae
have indicated that Cd in many cases behaves according to the free ion activity
model (Kola and Wilkinson 2005; Toepperwien 2006; Vigneault and Campbell
2005). It is thus of high interest to investigate the binding of cadmium by natural
ligands, which may include dissolved, colloidal, and particulate ligands.

Cadmium will be mostly complexed by natural organic matter under natural
water conditions. Binding of trace metals by natural organic ligands depends on the
content of dissolved organic carbon (DOC), on its properties, on pH, the competi-
tion by alkaline metals and the competition between various trace metals (Benedetti
et al. 1995; Kinniburgh et al. 1996, 1999; Tipping 1993, 1998; Tipping and Hurley
1992). Binding of Cd with various natural organic ligands from river, lake, compost,
and soil solution has been examined (Abate and Masini 2002; Kaschl et al. 2002;
Kinniburgh et al. 1996, 1999; Otto et al. 2001; Xue and Sigg 1998, 1999).

Humic substances occur ubiquitously in water systems and may play an important
role for trace metal speciation. They have been extensively studied with respect to
their binding properties for trace metals and major ions (Kinniburgh et al. 1996;
Tipping 1998; Tipping and Hurley 1992). Several models describing the binding
properties of humic and fulvic acids (FA) with a range of metals are available
(Gustafsson 2001; Kinniburgh et al. 1996; Tipping 1998; Tipping and Hurley 1992).
However, only few studies have compared binding of metals by isolated fulvic and
humic acids (HA) with complexation by unfractionated natural water samples using
the same analytical methods (Xue and Sigg 1999). Similarly, the models for metal
complexation with fulvic and humic acids have been only in few cases confronted
with actual speciation measurements in natural waters (Meylan et al. 2004; Uns-
worth et al. 2006).

In rivers and lakes, major ion concentrations and pH vary widely. Binding of Cd
by HA and FA and by other organic ligands are likely to be affected by major ions,
especially Ca®* ions, and by proton competition. To compare the complexation of
Cd by natural organic ligands in various types of natural freshwaters, in particular if
including hardwaters and softwaters, the effect of Ca and pH have to be considered.
Natural organic ligands from different sources may be heterogeneous with respect to
molecular weight and content of reactive functional groups, and thus with respect to
their metal binding properties. To better compare complexation by FA and by
natural organic ligands in natural waters of different major ion composition and pH,
we examine here the effects of Ca®* ions and of protons on binding of Cd** by FA.

Numerous analysis techniques are applied in metal speciation studies (Sigg et al.
2006; Van Leeuwen et al. 2005). Here we use competitive ligand exchange/anodic
stripping voltammetry (CLE-SV), which has adequate sensitivity and allows metal-
to-ligand ratios to be easily varied over a relatively wide range (Xue and Sigg 1998,
2002). Titrations of ligands (FA and ligands in natural water samples) are inter-
preted with respect to conditional stabilility constants and ligand concentrations
using the program FITEQL (Westall 1982).
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In this study, the effects of pH and Ca®" on Cd complexation by Suwannee river
fulvic acid (SRFA) are investigated. These results are compared to the complexation
of Cd by natural organic ligands from two sampling sites, namely River Wyre, a
softwater site, and Lake Greifen, a hardwater site. The results were evaluated with
the help of modeling, using the WHAM VI model for binding of Cd by FA (Tipping
1998).

2 Experimental part
2.1 CLE-SV for cadmium complexation

The method to determine the Cd complexation by natural organic ligands is based
on competitive ligand exchange using ethylenediamine (EN) and differential pulse
anodic stripping voltammetry measurement (CLE-SV), details of which are
described elsewhere (Xue and Sigg 1998, 2002). The samples are titrated with Cd in
the presence of excess EN. The added EN competes with the natural organic ligands
in the sample to increase the concentration of labile complexes and therefore im-
proves the measurement sensitivity. In the presence of an excess of EN, the CAEN
complexes are the predominant labile organic complexes. Therefore, the free Cd ion
concentration [Cd**] can be calculated based on the equilibria with CdEN. The
labile Cd concentration is determined from the peak current i, and DPASYV sensi-
tivity S, and its concentration includes free ions, inorganic ligand bound, and EN
bound species. [Cd**] is then determined by Eq. 2:

[Cd]p = ip/S = [Cd**] +[Cd];, + [Cd]gy = [Cd™] x (1 + oin +apn) (1)
[Cd**] = [Cd] /(1 + tin + oEN) (2)

The [Cd]jap, [Cd**], [Cd];, and [Cd]gy represent the concentration of labile Cd,
free Cd ions, inorganic and EN complexes, respectively. The complexing coefficients
of inorganic ligands and of EN (« j, and o gy) are equal to the ratio of the con-
centration of the corresponding complexes to free Cd ions, as calculated from the
major inorganic ion composition, pH and the added EN concentration (Xue and Sigg
1998).

The data set of [Cd**] and corresponding natural Cd concentration (Cd bound to
natural inorganic and organic ligands) is fitted with a one ligand discrete model,
using the program FITEQL (Westall 1982). In the model, Cd bound to the binding
sites of natural organic ligands, L (omitting the charges for simplicity), can be written
as:

Cd®t +L =CdL
[CdL] [CdL] (3)
[Cd*')[Ly]  [Cd*")([L] CdL))

KCdL,cond =
avail — [

where [L;] and [CdL] are the concentrations of free (unbound) and bound ligand.
The corresponding conditional stability constant at the determined conditions, Kcqr. cond,
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and the available ligand total concentrations [L].y,y (the sum of [CdL] and [L;]) are
obtained from the chemical equilibrium program FITEQL (Westall 1982).

2.2 Samples

Suwannee river fulvic acid (Leenheer 1989) was purchased from the International
Humic Substances Society.

The water samples were collected from River Wyre in England and Lake Greifen
in Switzerland, as described in more detail by Sigg et al. (2006). pH value and
temperature of samples were measured in situ. The samples for speciation mea-
surements were filtered through 0.45 um cellulose nitrate filters (Sartorius) in the
laboratories under laminar flow clean benches. The samples were kept in polyeth-
ylene bottles in the dark at 4'C until the speciation determination and were analyzed
within 1 week. All sampling and treatment devices, bottles and filters were soaked in
0.01 mol/l suprapure HNOj for at least 3 days, then rinsed 4~5 times with nanopure
water. Blank values for Cd were < 0.04 nM. Total dissolved trace metal concen-
trations were determined by ICP-MS (inductively coupled plasma-mass spectrom-
etry, a Perkin-Elmer Elan 5000). Major ions and other analytical parameters were
measured as described in Sigg et al. (2006).

2.3 Titration experiments and analyses

The effects of pH and calcium on Cd complexation were examined in FA solutions
prepared from SRFA. The solutions prepared for titration contained 10 mg/l FA,
0.01 mol/l KNOj; and 2 mmol/l 3-Morpholinopropanesulfonic acid (MOPS) buffer
adjusted to the appropriate pH. The titration was done at pH 7, 7.5, 8, and 8.5 when
1 mmol/l CaCO; added, and in another series, 2, 1, 0.5, 0.1, and 0 mmol/l CaCOs
were added, respectively, at constant pH 7.5. pH was calibrated with buffers. Added
Cd ranged from 1 nmol/l to 50 nmol/l for each titration series. At pH 8 and 8.5,
1 mmol/l EN (adjusted to corresponding pH value with diluted HNO;) was added.
At lower pH (7 and 7.5), there was no addition of EN because the weaker FA
binding sites were mostly dissociated, therefore could be neglected in the speciation
calculation and ogyn would be too small to improve the determination.

Titration experiment of samples from softwater (River Wyre) and hardwater
(Lake Greifen) were carried out at pH close to the natural values, buffered with
1 mM MOPS adjusted to the appropriate pH. The initial pH of samples from
Greifen were 8.5-8.7, and the working pH was checked after determination. The
ionic strength was kept constant with 0.01 mol/l KNOsj. The Cd titration ranged from
10 nmol/l to 120 nmol/l for samples from Wyre and 1.72 nmol/l to 23.5 nmol/l for
samples from Greifen.

All the samples for titration were equilibrated overnight at room temperature
(21 + 1°C). No kinetic effects have been observed in the titration experiments after
this equilibration time. Labile Cd was measured using a Metrohm 757 polarograph
with a hanging mercury drop electrode and a Ag/AgCl reference electrode. After N,
purging for 5 min (when the concentration of CaCO3 was 2 and 1 mmol/l at pH 7
and 7.5, N, + CO, was used instead of N, to keep pH stable after purging), Cd was
accumulated at the hanging mercury drop at — 1.1 V for 4 min with 2,000 rpm
stirring. Potential scanning starts after 15 s equilibration time, the stripping potential
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was from — 0.9 V to — 0.4 V, the scan pulse height was 20 mV, the pulse time was
0.1 s (for samples from Wyre and FA) or 0.01 s (for samples from Greifen), the
voltage step was 6 mV, the voltage step time was 0.4 s and the sweep rate was 0.015
Vis.

3 Results
3.1 Influence of Ca®* and H * competition on Cd complexation by FA

The effect of calcium ions on the Cd-FA binding curves in terms of log [Cd**] versus
[Cdpatural] 1s shown in Fig. 1, where [Cdaeura] is equal to total Cd in solution minus
EN bound Cd. [Cd*'] in equilibrium with FA is increasing with increasing Ca,
indicating competition by Ca for the binding sites. The fitted complexation param-
eters are listed in Table 1. The fitted binding parameters do not show a clear
dependence on the Ca concentration. Modeling of these results by the WHAM
model is also shown in Fig. 1. A clear dependence of Cd** on Ca®" is also obtained in
the model, but the results are shifted in comparison to the experimental data.

The titrations of FA with Cd at different pH are shown in Fig. 2. With decreasing
pH, the Cd?* concentration obviously increased at the same Cdyaura COncentration,
indicating competition by protons. The fitted conditional stability constant, log
Kcara, cona and the available binding site concentration, L,y,;, both increased with
pH. Modeling of these results by the WHAM model is also shown in Fig. 2. The
WHAM model predicts less pH-dependence of Cd** than experimentally observed.

3.2 Binding parameters of samples from River Wyre and Lake Greifen
The complexation curves of Cd with natural organic ligands in softwater (River

Wyre) and hardwater (Lake Greifen) are plotted in Figs. 3 and 4 for samples taken
at various times. Table 2 lists the resulting conditional stability constant, ligand

5T
-8.0T
¢ CaCO3:2mM
85T — - — WHAM 2mM
o CaCO3:1mM
& 9.0+ - WHAM ImM
o —— CaCO3: 0.5mM
S S A Y SN | IR WHAM 0.5mM
& 95 CaC03:0.1mM
- WHAM 0.1mM
X  CaCO3:0
-10.0 T WHAM OmM
-10.5 T
-11.0 i

95 90 -85 -80 -7.5 -70
log[Cdnatural]

Fig. 1 Titration curves of fulvic acid (10 mg/l) with Cd in terms of log [Cd**] versus log [Cdnacural] at
different [Ca?*] concentration (pH 7.5). The symbols represent the titration data of various samples
and the lines are computed by the WHAM model
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Table 1 Effect of calcium competition and pH on binding parameters of Cd with FA; Kcgga is the
calculated conditional stability constant for binding of Cd to FA, L,,.; the concentration of available
ligands

[Caz+] (mol/l) pH log Kcara, cond Layail(mol/T) Lavail (mol/g C)
Calcium competition

0.002 7.5 8.40 414 x 107 4.14 x 1077
0.001 7.5 8.25 7.95 x 107 7.95 x 1077
0.0005 7.5 8.25 1.10 x 1078 1.10 x 10°°
0.0001 75 7.02 1.77 x 1077 1.77 x 107
0 75 8.01 2.56 x 1078 2.56 x 107
Proton competition

0.001 7.0 8.19 473 x 107 473 x 1077
0.001 75 8.25 7.95 x 107 7.95 x 1077
0.001 8.0 8.57 1.67 x 1078 1.67 x 107°
0.001 8.5 9.07 1.70 x 1078 1.70 x 107°
Fig. 2 Titration curves of 75T

fulvic acid (10 mg/lg with Cd
in terms of log [Cd™*] versus -8 o ¢ pH=7

log [Cdpatural] at different pH. - == WHAM pH=7
The symbols represent the _ 85t <><><$> o " A pH=T5
titration data of v.arious & oiﬁ N I WHAM pH=7.5
samples and the lines are O 9+ SA 7

computed by the WHAM g ®a

7
P2y O pH=8
° oovd || - WHAM pH=8
model 95+ o

4 ©  pH=85
104+ Pt ——— WHAM pH=8.5
/'/
-10.5 + + } {
-9.5 -9 -8.5 -8 -1.5
log[Cdatural

concentrations, working pH, total Cd concentration, and ambient free Cd in the
samples. The total dissolved Cd concentrations range from 0.083 to 0.186 nM, and
free Cd*" are from 4 x 1072 to1 x 107! M in River Wyre. In Lake Greifen, the
total Cd are from 0.018 to 0.116 nM, and free Cd** from 1 x 10 to1 x 107> M.
Free Cd*" is thus much lower in Lake Greifen than in River Wyre. Only about 5%
and 1% of Cd are calculated to be as free ion species in Wyre and Greifen,
respectively. The conditional stability constant of samples from Greifen (9.5-10.5)
are higher than those from River Wyre (8.9-9.8), at somewhat lower pH in River
Wyre, and the ligand concentrations are also higher. The complexation of Cd by
natural organic ligands in lake Greifen is thus stronger than that in River Wyre.

4 Discussion
4.1 Competition of Ca®" and H* with Cd * for binding sites of FA

Competition of Ca®* and H* with Cd** for binding sites of FA is evident from Figs. 1
and 2. Although the experimental data can be fitted with one-ligand models, more
elaborate models are necessary to take into account both the effects of calcium ions
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Fig. 3 Titration curves of Cd 7.0
with natural organic ligands & 1, sampled on19-Apri-04
from river Wyre (pH = 8.0). O 2,sampled on 20-Apri-04
The symbols represent the g i, SSamplle((ilon 2212'121)“;%‘:‘
titration data of various fi,ttea(infl()): 1°n -Aprt-
samples (ambient 80 ----- fitted for 2
concentrations with solid — — -fitted for 3
points); the lines are computed fitted for 4
by one-ligand models using the
parameters given in Table 2
9.0
=
=
o0
=
-10.0 1
-11.0 +
-12.0 1 1 1
-11.0 -10.0 -9.0 -8.0 -7.0
10g [Cdnatural]
Fig. 4 Titration curves of Cd -8.0
with natural organic ligands X %,is-gug-gg
from Lake Greifen (pH = 8.6). X 3 3,5_'58';%_'03
The symbols represent the 8 g, i-gel’:-gg
titration data of various -9.0 - O 6 4Sept.03
Samples (ambient fitted curve for 1
. . . — — ~fitted curve for 2
concentrations with soid | . ... fitted curve for 3
points); the lines are computed | — - — fitted curve for 4
by one-ligand models using the -10.0 gg:g curve gg::g
parameters given in Table 2 .:r,:
=2
g& -11.0
-12.0
-13.0
-14.0 1 1 1 1
-120 -11.0  -10.0 -9.0 -8.0 -7.0

lOg [Cdnalural]

and protons. Using the WHAM model, the effects of Ca** and H* are simulated.
The results on competition by H+ shown in Fig. 2 indicate only a weak competition
effect according to the WHAM model. The stronger pH effect, which was detected
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Table 2 Binding parameters of Cd with natural organic ligands from River Wyre and Lake Greifen;
Kcay is the calculated conditional stability constant for binding of Cd to natural organic ligands,
L.vaii the concentration of available ligands

Working [Cd]ioal mol/l  log Lavail Lavail [Cd* amb

pH KecdL, cond mol/l mol/g C mol/l
River Wyre
Sample 1 8.0 9.1 x 107! 8.9 1.79x10°  226x10°  6x 1072
Sample 2 8.0 83 x 107" 9.1 139x10°  140x10°  4x 1072
Sample 3 8.0 1.5 x 10710 9.2 830 %107  1.06 x 107° 1x 1071
Sample 4 8.0 1.9 x 10710 9.8 639x10°  910x107  4x 1072
Lake Greifen
Sample 1 8.8 1.8 x 107! 10.0 147 x10°  313x10°  1x 107
Sample 2 8.6 44 %10 9.8 116 x 10 227x10°%  6x 107
Sample 3 838 1.8 x 1071 10.5 853x107°  1.81x107° 1x 10783
Sample 4 8.6 4.4 x 107 10.2 554%x10°  120x 10° 5x 107"
Sample 5 8.6 3.6x 1071 9.7 863x10° 180x10°  8x 10713
Sample 6 8.6 12x 1071 9.5 3.68x10°%  783x10°  1x 1072
Sample 7 8.6 53 x 107 10.0 130 x 10 295x10%  4x 107

using the CLE-SV method may be due to the inclusion of weaker labile FA species
in the measurement by the SV method , in addition to Cd** at lower pH. This effect
is more pronounced at lower pH because the stability of the organic complexes
decreases with lower pH. No obvious adsorption effects of FA on the Hg electrode
were observed under these conditions (Murimboh et al. 2000).

Some major cations such as calcium and magnesium affect complexation of Cd by
FA, as shown in Fig. 1. There was an overall decrease in Cd complexation with
increasing Ca concentration due to their competition for the binding sites (Fig. 1). A
conditional stability constant of Ca—FA Kc,ra can be obtained from our data. The
value of log Kcara, pa=7.5 Was fitted with FITEQL while CaCOj3 was treated as one
component in the program constraining log Kcgra, conda to 8.01 and the ligand con-
centration to 25.6 nmol/l (Table 1). A conditional binding constant of calcium and
FA is then calculated to be log Kcara, pu 7.5 = 3.27. The conditional stability con-
stagts listed in Table 1 can be fitted to the following equation as a function of pH and
Ca™:

log Kcara = 9.11 — log(1 4 103%[Ca®*] + 1075-PH) 4 10(135-2pH)) (4)

Alternatively, a calculation of the Ca competition by WHAM shows a competi-
tion effect of similar strength as the measured one, but indicates a systematic dif-
ference between modeled and measured data at this pH. This difference may be
caused by the difference observed above at lower pH. It may also be due to different
characteristics of the used FA and of the standard FA characterized by the WHAM
model, and to a different Cd concentration range than the range in the WHAM
calibration (Tipping 1998).

Our results on FA-Cd complexation measured by CLE-SV are similar to those
determined previously by the same technique (Xue and Sigg 1999). Some com-
plexing parameters recently published by other techniques, using discrete one-ligand
models to express the complexation behavior of humic substances are listed in
Table 3. For comparison the log K obtained from the present study and corrected for
the appropriate pH with Eq. 4 are also listed. Due to the heterogeneous binding sites
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Table 3 Comparison of Cd-FA or Cd-HA complexation measured by CLE-SV and by other
techniques

Sample pH Technique log  Layai log Cd titration range References
Keona (mol/g C) K*

SRFA 8.00 CLE-SV  9.40 48 x 107 8.99 1.8 x 107~ 2.9 x 10® Xue and Sigg (1999)
PPHA 8.00 CLE-SV 880 33x 10 8.99 8.9 x 10~ 1.8 x 10® Xue and Sigg (1999)

AHA 6.00 DPASV 624 87x10° 7302x107~15x10° Abate and Masini (2002)
SRFA 6.40 NMR 341 7.6 x 107 7.841x107~1x 102  Otto et al. (2001)
WRFA 640 NMR 328 64x107° 7.841x10°~1x102  Otto et al. (2001)
CLFA 6.40 NMR 3.08 6.6x107° 784 1x10°~1x102  Otto et al. (2001)
LSFA 6.40 NMR 353 35%x10° 7.841x10>~1x102  Otto et al. (2001)

BBHA 500 DPASV 618 52x 107 557 2x107~15x10° Abate and Masini (2002)
BBHA  6.00 DPASV 670 9.7 x 107 7.30 2 x 107~ 1.5 x 10°®  Abate and Masini (2002)

HA comp 7.00 ISE 10.05 2.32 x 107 8.46 107~ 1073 Kaschl et al. (2002)
FA comp 7.00 ISE 6.80 1.65 x 107 8.46 107~107*" Kaschl et al. (2002)
FA < 1,000 7.00 ISE 7.98 2.55x 107 8.46 1077~107*° Kaschl et al. (2002)

log Kcona: conditional stability constants

log K*: conditional stability constant for FA from present study corrected for the corresponding pH
(Eq. 4)

SRFA: Suwannee River fulvic acids

PPHA: purified peat humic acid

AHA: commercial humic acids from Aldrich

WRFA: FA isolated from Wakarusa River, KS

CLFA: FA isolated from Clinton Lake, KS

LSFA: soil fulvic acid isolated from the Laurentian area in Canada

BBHA: sedimentary humic acid isolated from a Brazilian water reservoir

HA comp: humic acid isolated from compost

FA comp: fulvic acid isolated from compost

FA < 1,000: fulvic acid after dialysis with a molecular weight cutoff of 1,000 daltons

of fulvic and humic acids, the titration range is also taken into account. If compared
using the same techniques, generally stronger complexation by HA is observed than
that by FA. Various techniques have been used to determine complexation of Cd by
natural organic ligands, each with its own characteristics and limitations. Discrep-
ancy among different studies may be attributed to the different principles of ana-
lytical techniques. Using NMR and high Cd concentrations, weak conditional
stability constants are obtained, which probably reflect the effect of the most
abundant carboxylate groups on the chemical shift range of '>Cd (Otto et al. 2001).
The fitted log K by NMR are much lower than other measured values, indicating
that Cd may bind to weaker ligand sites at high Cd concentrations. These results
have also been obtained at lower pH. Among the electrochemical determinations,
potentiometric measurements with ion selective electrode (ISE) give the highest
conditional constants, which compare reasonably with those obtained in the present
work. ISE allows a direct determination of the concentration of free ions in solution,
but insufficient sensitivity limits its reliable measurement at low Cd concentrations.
A quite large titration range has therefore been used in a study, in which ISE was
used (Kaschl et al. 2002). Abate and Masini (2002) obtained similar results for Cd
complexation by DPASV measurements as those by CLE-SV, if the lower pH is
taken into account, under conditions in which most of the weaker organic and
inorganic complexes would dissociate. The sensitivity of DPASV with a hanging
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mercury electrode is also limited, but is increased with a rotating mercury membrane
electrode, as it has been applied successfully in marine water (Bruland 1992).
However, ligands, ionic composition, and pH vary widely in freshwaters, in which
the ligands include various natural organic matter such as HA and FA. The CLE-SV
technique masks weak organic ligands and improves the sensitivity of DPASV,
especially at higher pH.

4.2 Comparison of Cd complexation with FA and with natural organic ligands
from River Wyre and Lake Greifen

Titration curves of natural organic ligands from River Wyre and Lake Greifen are
compared in Fig. 5 with titration curves of FA, using the WHAM model for FA.
Input data for the WHAM model are given in Table 4. DOC is assumed to consist of
either 100% FA or 90% FA + 10% HA, and FA and HA are assumed to comprise
50% organic C. Results obtained with these two assumptions are very similar, as also
shown in Unsworth et al. (2006). The comparison of the titration curves indicates
that the Cd complexation by natural organic ligands from River Wyre is similar to
that by FA. The simulated data using WHAM are quite close to the one-ligand fitted
curve for the river water. The WHAM simulated curve for FA at the same DOC
concentration and pH is lower than that for Wyre, due to the competition with major
metal ions in the input data of the river water (Table 4). In contrast, complexation
by natural organic ligands in Lake Greifen is stronger than that by FA and by ligands
in River Wyre. The WHAM simulated curve shows much weaker binding than the
one-ligand modelling, probably because of stronger ligands, which are not included
in the WHAM input. The differences in complexation between the river and the lake
may arise from the different character of natural ligands from various sources.

Fig. 5 Comparison of titration 7T
curves of FA and DOC from T _'::i y‘:ﬁ/l/l ggg::;%b ‘:‘;85'0
Wyre and Grelfezn withCdin | T 77 Wyre WHAM » PRS- ”
terms of log [Cd™*] versus log 8T —X— Wyre One-ligand
[Cdnatural]v as calculated by Gl:eifen WHAM
WHAM and by one-ligand =—=X== Greifen One-ligand {,
model. FA: T = 0.01 M; 1 ot
[Ca®"] = 1 mM, WHAM
model with 15 mg/l of DOC at 10t
pH 8.0 or with 5 mg/l of DOC _
at pH 8.5. River Wyre: pH = 8, &
DOC = 15 mg/l, WHAM or © 114
one-ligand model; Lake éﬁ
Greifen: pH = 8.5;
DOC = 4.85 mg/l, WHAM or -2+
one-ligand model
134
14+
-15 t t : : : {
-13 -12 -11 -10 9 -8 -7

lOg[Cdnalural]
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Table 4 WHAM input values for Wyre and Greifen

PH FA (g/l) Fe,O5(g/l)  Na(M) Mg(M) AlM)
Wyre 8.0 0.03 4.23E-04 3.50E-04 1.00E-04  3.50E-06
Greifen 8.5 0.0097 - 470E-04  6.60E-04 -

K(M) Ca(M) CI(M) NO3;(M)  SO4(M) CO5(M)

Wyre 4.00E-05  4.00E-04  2.90E-04 6.50E-05 8.00E-05  7.60E-04
Greifen  9.00E-05  7.50E-04  5.90E-04 9.00E-05  2.00E-04  2.40E-03

Cd(M) *  Pb(M) Mn(M) Co(M) Ni(M) Cu(M) Zn(M)
Wyre 3.16E-13  1.70E-09  2.30E-07 1.60E-09  220E-08 200E-08  2.80E-08
3.2E-08
Greifen  3.16E-13  220E-10  6.00E-09  7.50E-10  6.00E-09 1.70E-08  6.10E-09
3.2E-08

*Range of total Cd

Natural organic matter in Lake Greifen may include some freshly produced bio-
logical ligands (Xue and Sigg 1999). Although Ca is higher in Lake Greifen as a
competing ion, the natural ligands in the lake still have stronger complexation than
those in the river water and than FA. The ligands in River Wyre responsible for Cd
complexation may mainly come from humic substances originating from the soils in
the catchment area (Unsworth et al. 2006).

Table 5 lists the mean values of log Kcar, cona and ligand concentration of the
ligands from river Wyre, Lake Greifen and FA, respectively. As previously indi-
cated, it is not suitable to use only either the conditional stability constant or the
ligand concentration to compare complexation in different samples (Brown et al.
1999; Van Den Berg et al. 1990; Xue and Sigg 2002). Therefore the complexing
coefficient (Kcar, cona X Lavai), the Cd titration range and working pH are also
shown in Table 5. Comparing the complexing coefficients, we find that the com-
plexation of ligands from the natural waters, especially for the lake, is stronger than
that of FA. The difference may partially originate from the different pH condition,
DOC content and Cd titration range. For example, while pH varies 0.5 units, the
conditional stability constant of FA might also change by about 0.5 units (Table 1).
So the differences in pH limit comparability of the parameters from the two natural
waters. Since the sensitivity in determination of sample from Wyre was not satis-
fying, the detection windows are higher than those from Greifen (Figs. 3 and 4).

No kinetic limitations are expected for the ligand exchange reactions of the li-
gands detected here. For Cd complexes with log K = 9-10 the dissociation rate

Table 5 Comparison of Cd complexation with FA and DOC from Wyre and Greifen

pH log Kcdr, cond Lavail Kcdr, cond Cd titration
(umol/g C) X Lavail range nmol/l

Mean Std. Mean Std. Mean Std.

Wyre 8 - 9.27 0.39 1.41 0.61 2.63 x 10° 10-120
Greifen 8.68 0.09 9.95 0.3 3.00 224 2.67 x 10'° 1.72-23.5
FA 8 - 8.57 - 1.67 - 6.20 x 10° 1-50

8.5 - 9.07 - 1.7 - 2.00 x 10° 5-15
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constants are expected to be in the range kq = 0.3-3 x 102 s™! (Van Leeuwen and
Town 2005). The dissociation of these complexes is thus sufficiently fast over the
equilibration time of several hours for ligand exchange.

Within the larger project frame of the present study, several in situ analytical
techniques have been simultaneously applied to the softwater river and the hard-
water lake (Sigg et al. 2006). Free metal ions may be measured at equilibrium by
HFPLM (hollow fiber permeation liquid membranes) when diffusion through the
membrane is the rate limiting step, and with DMT (Donnan membrane technique)
free metal ions may also be measured at equilibration over a hydrophilic cation-
exchange membrane. More Cd** was measured by HFPLM and DMT than pre-
dicted by WHAM VT in Lake Greifen (Unsworth et al. 2006). The result by HFPLM
has already been attributed to the appreciable concentrations of CdCOY in the lake,
which may pass through the membrane and thus increase the total fraction of
measured Cd by HFPLM. In contrast, less Cd** is found by CLE-SV in this study
than by WHAM VI prediction in the lake. This result may be interpreted as indi-
cating stronger ligands in the lake, or alternatively as a low result for Cd** due to
insufficient equilibration by kinetic limitation, which is not likely as indicated above.
In contrast to the in situ techniques, measurements by CLE-SV must be carried out
with titrations in the laboratory. Data from CLE-SV only reflect the results at a
specific time, and sampling and pretreatment may cause some errors, as we have
encountered for the river Wyre samples. To perform further accurate measurements
of speciation and free ionic concentration of Cd in natural waters, further compar-
ison of this method with field measurements using dynamic speciation is needed
(Sigg et al. 2006).
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