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Abstract

In case of a finite negative Donnan potential difference, WD, metal speciation in a gel is significantly altered as compared to that in the
surrounding aqueous medium. For anionic gels (e.g., typical biogels), WD leads to enhanced concentrations of positively charged species
within the gel, and reduced concentrations of negatively charged ones. Thus both the absolute concentrations and the ratios of species are
altered. Stripping chronopotentiometry at scanned deposition potential is shown to provide a reliable measure of the stability and lability
of metal species in gels. Results are reported for labile, quasilabile and inert metal–ligand systems. Failure to take into account the Don-
nan partitioning leads to erroneous interpretations on the distribution and lability of species within the gel phase. Translation of the
speciation measured within the gel to that in the surrounding medium is involved for chemically heterogeneous systems, e.g., natural
waters. The results are of importance for interpretation of analytical signals from gel-integrated sensors and for understanding the behav-
iour of the different metal species in biogels.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Characterisation of metal speciation in aqueous gels is
of significance for understanding the behaviour of the dif-
ferent metal species in biogels such as biofilms and cell
walls, as well as for the interpretation of signals from ana-
lytical speciation sensors that incorporate a gel layer, e.g.,
diffusive gradients in thin films, DGT [1], and gel-inte-
grated microelectrodes, GIME [2]. In biofilms, the gelating
extracellular polymeric substances (EPS) serve to maintain
the structure of the cellular aggregates/colonies, and act as
a source and sink for nutrients and pollutants [3]. In DGT
and GIME the aqueous gel layer provides a well-controlled

diffusion medium and also physically protects the active
detector body from interfering, larger particles.

The aqueous gels used in DGT and GIME, and the EPS
in biofilms, contain a certain amount of sites (groups) that
may be negatively charged and thus give rise to a Donnan
potential difference, WD, between gel phase and medium.
The magnitude of WD will increase with decreasing ionic
strength and is given by [4]:

WD ¼
RT
zF

asinh
qg

2zFc

� �
ð1Þ

where z = z+ = z� is the valence of the symmetrical excess
background electrolyte with bulk concentration c, qg is the
volume charge density due to fixed charge groups in the gel,
and other constants have their usual meaning. The magni-
tude of WD influences the equilibrium partitioning of all
ions between the gel phase (with concentration cg) and
the electrolyte solution (with concentration c*). The
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Donnan partitioning, PD, can be described by a Boltz-
mann factor [5]:

PD ¼
cg

c�
¼ exp

�zF WD

RT

� �
ð2Þ

which shows that for anionic gels, the concentration of all
positively charged species within the gel will be enhanced
relative to the bulk solution, and that of all negatively
charged species reduced. The actual difference in concen-
tration factors for various charged species will thus depend
on WD, e.g. for a WD of �30 mV, the PD is more than 10
for the divalent M2+. In addition, the amount/distribution
of complex species in the gel depends on the free ligand
concentration which may be altered (lowered) by the Don-
nan potential, and which in turn may invoke a further
change in pH, with additional consequences for the metal
speciation. Thus the analytical signal from a sensor that
incorporates a gel layer reflects the Donnan partitioning
(of cationic and anionic species), as well as the diffusive
mobility and lability of metal species within the gel phase.
Quantification of these effects is fundamental to correct
interpretation of sensor signals and to understanding the
role of biofilms in aquatic ecosystems and bioavailability
to biota in such aggregates.

Here we apply stripping chronopotentiometry at
scanned deposition potential (SSCP) to metal speciation
analysis in an agarose gel for a range of Donnan potentials,
for labile and quasilabile systems, and for metal species of
different charge (M2+, ML+, ML0). SSCP, under depletive
stripping conditions, provides a straightforward quantita-
tive relationship between the amount of metal accumulated
during the deposition step and the analytical signal. The
slow rate of oxidation applied in this SSCP mode renders

it practically immune to adsorption of the electroactive
species [6,7], it has a lower requirement for excess ligand
in the sample solution [6,8] and greater resistance to both
irreversibility in the electrochemical oxidation [9,10] and
interference from intermetallic compounds [11]. These fea-
tures allow the thermodynamic and kinetic characteristics
of the metal species to be determined unambiguously from
the SSCP wave parameters (limiting stripping time, s*, and
shift in half-wave deposition potential, DEd,1/2) [7,12–14].
SSCP has greater sensitivity, and provides greater resolu-
tion in multi-metal systems than does depletive DC-SSV
[15], whilst the widely used transient voltammetric tech-
niques, DP and SW, are affected by interferences due to
induced metal ion adsorption [16] and ligand saturation
during stripping [8,17].

The concentration factors and speciation, as ensuing
from s* and DEd,1/2, measured within the gel, are compared
with those calculated for the pertaining Donnan potential.
Strategies are proposed for relating the speciation mea-
sured within the gel to that in the surrounding aquatic
medium.

2. Experimental

2.1. Apparatus

The potentiostat was an Ecochemie lAutolab with elec-
trometer input impedance of >100 GX. The auxiliary elec-
trode was glassy carbon, and the reference electrode was
Ag|AgCl|KCl(sat). The working electrode was a mercury-
coated iridium microelectrode: measurements were per-
formed in the absence and presence of an agarose gel layer.
The radius of the hemispherical mercury droplet was

Nomenclature

c concentration (mol dm�3)
�d average diffusion layer thickness (m)
dg gel layer thickness (m)
D diffusion coefficient (m2 s�1)
DC direct current
DGT diffusive gradients in thin films
DP differential pulse
e DML/DM

Ed deposition potential (V)
Ed,1/2 half-wave deposition potential (V)
EPS extracellular polymeric substances
g subscript to denote a gel phase parameter
I ionic strength (mol dm�3)
I�d SCP limiting deposition current (A)
Is stripping current (A)
J flux (mol m�2 s�1)
kd complex dissociation rate constant (s�1)
K stability constant (dm3 mol�1)

L lability parameter (dimensionless)
PCA pyridine-2-carboxylic acid
PDCA pyridine-2,6-dicarboxylic acid
PD Donnan partitioning (concentration factor)
WD Donnan potential difference (V)
r0 radius of microelectrode (m)
qg volume charge density in the gel (C m�3)
SSCP stripping chronopotentiometry at scanned depo-

sition potential
SSV stripping voltammetry at scanned deposition

potential
SW square wave
s* SSCP limiting transition (stripping) time (s)
sd potential-dependent characteristic time constant

of the SCP deposition process
sss time constant for attainment of steady-state (s)
td deposition time (s)
z ion valency
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