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bstract

The effect of Bi(III) concentration (over the wide concentration range of 10−7 to 10−4 M) on the determination of Pb and Cd metal ions (in
he 10−8 to 10−5 M range), by means of anodic stripping voltammetry (ASV) at in situ bismuth-coated carbon paste (CPE) and gold electrodes,
as been studied. It is shown that in square wave anodic stripping voltammetry (SWASV) experiments the sensitivity of the technique generally
epends on the Bi(III)-to-metal ion concentration ratio. It was found that, unlike the usually recommended at least 10-fold Hg(II) excess in anodic

tripping experiments at in situ prepared mercury film electrodes, Bi(III)-to-metal ion ratios less than 10 are either optimal or equally effective
t CPE and Au electrode substrates. Detection limits down to 0.1 �g L−1 for Pb(II) and 0.15 �g L−1 for Cd(II) were estimated at CPEs under
onditions of small or moderate Bi(III) excess. Depending on Bi(III) concentration and deposition time, multiple stripping peaks attributed to Bi
ere recorded (especially in the case of Au substrates), indicating various forms of Bi deposits.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Since their introduction in the beginning of this decade as
lternatives to mercury film electrodes for stripping voltammetry
nd potentiometry [1–3], bismuth-coated electrodes are being
ntensively studied and the first related reviews have already
ppeared in the literature [4–6]. This ever increasing interest is
ue to low Bi toxicity as opposed to Hg, its reasonably wide
otential window (similar negative potential limit and slightly
ower positive limit than that of Hg) and its ability to form alloys
ith many metal ions [7]. Such properties make it an environ-
entally friendly alternative to Hg for the determination of many

eavy and toxic metal ions by anodic stripping voltammetry
ASV) and potentiometry.

Among the variety of electrode materials that have been used

s substrates for Bi film plating, glassy carbon and graphitic
aterials have been the most common choices [1–3,8,9]. Car-

on paste electrodes (CPE) have also been proven another useful

∗ Corresponding author. Tel.: +30 2310 997742; fax: +30 2310 443922.
E-mail addresses: eczss@chem.auth.gr, eczss@otenet.gr (S. Sotiropoulos).
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ic stripping voltammetry

lass of electrode supports for Hg and Bi stripping voltammetry
pplications [10–12]. On the contrary, Au electrodes have rarely
een used as substrates for Bi film electrodes [13], mainly due to
heir higher catalytic activity for hydrogen evolution. The latter
imits the efficiency of Bi and/or metal ion deposition during the
lating/accumulation step and also results in higher background
urrents at remaining uncovered Au regions at negative poten-
ials. However, Au is a common and reliable electrode material
hat could be useful as a Bi substrate for specific metal ion detec-
ion applications (e.g. Pb, Tl, In, etc.) that are stripped-oxidised
t intermediate (not too negative) potentials.

The effect of Hg film thickness on the ASV response is well
stablished [14,15] and similar effects have been assumed for
i films without any discrimination for the type of electrode

upport [1,8,9]. An optimum Hg film thickness is usually sought
or the analyte concentration targeted, since too thin films
ould be saturated by the metal ion depositing and diffusing

nto the film, while too thick films (or large mercury drops)

ould pose mass transfer limitations to metal ion diffusing
ut of the film during the stripping step. In cases that the Hg
r Bi films are formed in situ by addition of these ions in the
ample then (for all other plating parameters kept constant)

mailto:eczss@chem.auth.gr
mailto:eczss@otenet.gr
dx.doi.org/10.1016/j.electacta.2006.05.029
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lm thickness is controlled by added Hg or Bi concentration.
n empirical rule of thump that resulted from Florence’s early
ork on Hg anodic stripping voltammetry [15] and has been

ollowed ever since for Hg and recently for Bi electrodes too
1–11,13], suggests that mercury and bismuth ions should be
dded in a 10-fold at least excess with respect to metal ion
nalyte concentration. This is again irrespective to the type of
lectrode support and despite the different nature of Bi films
hose solid state should certainly limit metal diffusion into and
ut of the bulk of the film. There are very few papers that present
he effect of Bi concentration on the ASV signal and only for
particular analyte concentration level and graphite or glassy

arbon electrodes [1,8,9]. To the best of our knowledge, there
s no detailed study of the effect of the metal ion-to-Bi(III) bulk
oncentration ratio on the ASV response over a wide metal ion
nalyte concentration range, neither at CPE nor at Au electrode
ubstrates. Furthermore, this effect has yet to be studied on the
normalised” ASV response, i.e. on the metal analyte stripping
eak current (or charge) divided by that of co-deposited Bi [16].

The aim of the present work has been to carry out a more
etailed study of the effect of the Bi(III) levels on the square wave
nodic stripping voltammetry determination (SWASV) of metal
ons, over a wide analyte concentration range and for electrode
ubstrates other than graphite or glassy carbon. In more detail,
ts objectives have been: (i) to identify the dependence of the
WASV picture at CPE and Au electrodes, on Bi(III) ion levels
nd on time of deposition, (ii) to determine the effect of Bi(III)
on/metal ion concentration ratio (in the 1–400 range) on the
ensitivity of Pb(II) and Cd(II) determination in the 10−8 to
0−5 M range, (iii) to determine the effect of Bi(III) ion/metal
on concentration ratio on the “normalised” (with respect to Bi
16]) SWASV response of Pb and Cd and (iv) to establish the
ptimum Bi(III) ion/metal ion concentration ratio range for CPE
nd Au electrode substrates.

. Experimental

.1. Chemicals and sample preparation

All chemicals used in the preparation of stock solutions were
f analytical reagent grade and obtained from Merck (Damstadt,
ermany) and Fluka. Concentrated CH3COOH p.a. (Fluka) and
H3COONa p.a. (Fluka) were used for the preparation of 1 M

tock acetate buffer. Stock solutions for in situ bismuth plat-
ng, were prepared from Bi(NO3)3·5H2O (Merck, Germany),
hile Pb(NO3)2 p.a. and Cd(NO3)2·4H2O p.a. (Merck, Ger-
any) were employed in the preparation of metal ion stock

olutions in 0.01 mol L−1 concentrations. Where appropriate,
he respective solutions were diluted as needed. All the solutions
f diluted standards were always stabilised by acidifying with
pproximatelly 1–2 mL of 65% HNO3 (Fluka). In the prepara-
ion of solutions redistilled water was used.

.2. Bi film electrode substrates: carbon paste electrodes

nd Au electrodes

The carbon paste used was prepared by intimate hand-
ixing of 1.0 g spectroscopic graphite powder (“CR-5”, Maziva,

w

ica Acta 52 (2006) 481–490

ynn.Vltavou, Czech Republic) with approximately 0.6 mL
ighly viscous silicone oil (“SO”, LUKOIL MV 800 product;
ucebni zavody Kolin, Czech Republic). Freshly made car-
on paste mixtures were checked with respect to their ohmic
esistance; all values were within the 5–50 � range, indicat-
ng sufficient compactness and homogeneity of the individual

ixtures. Subsequently the paste was packed into piston-driven
arbon paste holders made in the laboratory. The carbon paste
lectrode surface was renewed before starting a new series of
xperiments or prior to analysis of each sample by extruding
pproximately 0.5 mm of carbon paste from the holder followed
y wiping with wet filter paper. The diameter of the carbon paste
lectrode was 2 mm.

A gold disc electrode of a 2 mm diameter (BAS Inc.) was
mployed. It was polished on emery paper of varied roughness
nd then on velvet pads soaked with alumina sluries of differ-
nt alumina powder grain size (1, 0.05, 0.03 �m; Buehler, Ltd.).
rior to each set of SWASV experiments the gold disk elec-

rode was tested/activated by fast cyclic voltametry (at 1 V s−1)
etween hydrogen and oxygen evolution.

.3. In situ Bi plating procedure and anodic stripping
quare wave voltammetry parameters

In situ bismuth films were prepared by spiking the sample
ith the required Bi(III) concentration in the beginning of each

et of experiments. Following that, increasing metal ion con-
entrations were studied by incremental spiking of the sample
ith the appropriate volume of mixed Pb(II) and Cd(II) stock

olutions.
At a CPE the following SWASV parameters were employed:

i. For Pb(II) and Cd(II) concentrations in the 10−6 to 10−5 M
range: Edep = −1.10 V versus Ag/AgCl; Efin = 0.00 V
(+0.2 V for the highest Bi(III) concentration used);
tdep = 30 s (under stirring); teq = 15 s; frequency = 25 Hz;
potential step = 4 mV; amplitude = 20 mV. Before each mea-
surement Econd = +0.10 V was applied on the electrode for
30 s under stirring. Acetate buffer (1 M, pH 4.5) was used
as a supporting electrolyte.

ii. For Pb(II) and Cd(II) concentrations in the 10−7 to 10−6 M
range: Edep = −0.95 V versus Ag/AgCl; Efin = +0.10 V
(+0.45 V for the highest Bi concentration used); tdep = 90 s
(under stirring); teq = 15 s; frequency = 25 Hz; potential
step = 4 mV; amplitude = 20 mV. Before each measurement
Econd = +0.10 V was applied on the electrode for 30 s under
stirring. Acetate buffer (0.1 M, pH 4.5) was used as a sup-
porting electrolyte.

ii. For Pb(II) and Cd(II) concentrations in the 10−7 to 10−6 M
range: conditions identical to those of (ii) above except that
tdep = 120 s.

At the Au disc electrode the following SWASV parameters

ere employed:

Edep = −1.20 V versus Ag/AgCl; Efin = +0.50 V; tdep = 300 s
(under stirring); teq = 15 s; frequency = 20 Hz; potential
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Fig. 1. SWASVs at Bi–CPEs in solutions of: (A) 10−6 M Pb2+ and Cd2+ + 10−5 M Bi(III), (B) 10−7 M Pb2+ and Cd2+ + 10−6 M Bi(III) and (C) 10−8 M Pb2+ and
C ) and
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d2+ + 10−7 M Bi(III), for varied deposition–accumulation times at −1.10 V (A
f the Bi stripping current with time for different Bi(III) bulk concentrations.
0−7 M Pb2+ and (C) 10−8 M Pb2+, for different Bi(III) bulk concentrations.

step = 5 mV; amplitude = 25 mV. Before each measurement
Econd = +0.30 V was applied on the electrode for 30 s under
stirring. Acetate buffer (0.05 M, pH 4.5) was used as a
supporting electrolyte.

The relative standard deviation of the SWASV response as
alculated from five repetitive measurements was better than 2,
and 5% for 10−6, 10−7 and 10−8 M Pb(II) and Cd(II), respec-

ively.

.4. Electrochemical cell and instrumentation

A three-electrode cell was used, consisting of the CPE or Au
isc working electrode (see Section 2.1), a Ag/AgCl (3 M NaCl;
AS Inc.), reference electrode and a Pt coil auxiliary electrode

BAS Inc.). All experiments were performed under stirring con-
itions, using an electrical stirrer (Metrohm E 549; 400 rpm)
quipped with a magnetic bar (1.5 cm × 0.5 cm). Samples were

piked using a 20–100 �L micropipette (WPI). The potentiostat
sed was a Model PGSTAT 100 Autolab (Ecochimie, Utrecht,
oland), connected to a personal computer and controlled by
PES, Version 4.8 software (Ecochimie).

+
b
r
a

−0.95 V (B and C) vs. Ag/AgCl as shown in the graphs. Insets: (a) the variation
e variation of the Pb stripping current with time from (A) 10−6 M Pb2+, (B)

. Results and discussion

.1. Effect of deposition time on the square wave anodic
tripping voltammetry of Pb(II) and Cd(II) of Bi–CPE and
i–Au electrodes

.1.1. Bi–CPE electrodes
Fig. 1(A–C) shows SWASVs at Bi–CPEs in 10−6, 10−7 and

0−8 M Pb2+ + Cd2+ solutions, respectively, in the presence of
10-fold Bi(III) excess (10−5, 10−6 and 10−7 M, respectively),

or varied deposition–accumulation times at −1.10 V (A) and
0.95 V (B and C) versus Ag/AgCl. It can be seen that in

ll cases, as the accumulation time and deposited Bi quantity
ncreases, the Bi stripping peak shifts from potential values in
he −0.20 to −0.15 V versus Ag/AgCl (3 M NaCl) region (sim-
lar to that reported in general for graphite, glassy carbon and
arbon paste electrodes [1–3,8–12]), towards −0.05 to 0.00 V
ersus Ag/AgCl (3 M NaCl) (i.e. close to the formal potential of

0.22 V versus SHE calculated for the Bi/Bi3+ couple in acetate
uffer of pH 4.5 [5]). Closer inspection of the Bi stripping peak
eveals that at longer times this peak is either deformed (Fig. 1(A
nd B)) or even split in two (Fig. 1(C)), with a hump or an over-
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ig. 2. SEM micrographs of CPE (A) and Bi–CPE (B–D) surfaces, at magnifica
g/AgCl under stirring, from solutions of (B) 1 × 10−4 M and (C and D) 4 × 1

apping peak in the −0.20 to −0.15 V range. It is reasonable to
ssume that the peak or hump at more negative potentials cor-
esponds to weakly bonded Bi on carbon paste (preferentially
ormed at low coverage values) while the peak at less negative
otentials corresponds to bulk Bi (formed on top of the former,
t higher coverage values and thicker films). This picture sets the
rounds for a first criterion used in this work for the choice of
eposition time for each concentration range: only times short
nough to avoid the formation of two types of Bi deposits and
eformed stripping peaks were considered. In that case metal
ons are expected to co-deposit with/on highly dispersed Bi.
lso, symmetrical Bi stripping peaks would allow normalisa-

ion of metal ion stripping currents by the associated (single) Bi
eak current (see [16] and discussion below).

Insets (a) in Fig. 1(A–C) show the variation of the Bi (main)
tripping peak current with time of deposition at Bi–CPEs from
olutions in the wide 1 × 10−4 to 1 × 10−6 M Bi(III) range. It
an be seen that in all cases there is no linearity over the entire

ime period studied and indeed saturation begins at times longer
han ca. 50 s (for 10−4 to 10−5 M Bi(III)), 100 s (for 10−5 to
0−6 M Bi(III)) and 200 s (for 10−5 to 10−6 M Bi(III)), depend-
ng on bismuth concentration. This is another indication of a

t
t
c
l

indicated by the scale bars. Deposition was carried out for 300 s at −1.00 V vs.
Bi(III), in the presence of 1 × 10−5 M Pb(II) + Cd(II).

hange in the morphology and type of the deposit. At short
imes and/or low concentrations, Bi is expected to be dispersed
s thin patches and/or nuclei on carbon regions of the CPE. As
he time of deposition and/or Bi concentration increases, and
ince the deposition is carried out under conditions of mass
ransfer control at potentials more negative than −0.95 V, the
eposit is expected to thicken in a non-uniform way as it grows
referentially on top of already deposited patches (see Fig. 2).
his uneven development may result in high local current den-
ities which in turn may decrease the current efficiency of Bi
eposition in favour of the parasitic hydrogen evolution reac-
ion (such effects are well established for metal deposition at
ubstantially negative potentials—under mass transfer control).
ence, the rate of Bi deposition gradually falls. Insets (b) in
ig. 1(A–C) show the variation of the Pb stripping peak current
ith time of deposition at Bi–CPEs from 1 × 10−6, 1 × 10−7

nd 1 × 10−8 M solutions of Pb2+, respectively, in the pres-
nce of a 10- and 100-fold excess of Bi(III). It can be seen

hat linearity is restricted to periods shorter than ca. 100 s for
he highest Pb2+ concentration and ca. 200 s for the two lower
oncentrations and that signal saturation is observed again at
onger times (similar results were obtained for Cd too). The
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Fig. 3. Variation of the normalised (with respect to Bi signal) Pb (A) and Cd (B)
s
a
o

timescale) and the results of Figs. 1–3, the deposition times cho-
sen for the three Pb and Cd ion ranges studied, i.e. 10−8 to
10−7, 10−7 to 10−6 and 10−6 to 10−5 M, were 120, 90 and 30 s,
respectively.
L. Baldrianova et al. / Electro

act that the metal ion stripping peak current follows the same
ime variation as that of Bi can be rationalised if one takes into
ccount the variation of deposited Bi area with time and the
act that Pb and Cd are preferentially deposited on the sur-
ace of the solid Bi deposits where they form stable alloys
7].

The changes in Bi deposit morphology with changing Bi(III)
ulk concentration, used to interpret the variation of Bi (and Pb)
tripping currents, are supported by the SEM pictures shown
n Fig. 2 which depicts deposits from 1 × 10−4 and 4 × 10−4 M
i(III) solutions (in the presence of 1 × 10−5 M Pb(II) + Cd(II)),

ormed under stirring during a 300 s accumulation time at CPEs.
It should be noted that only for these higher range Bi(III) con-
entrations and for such relatively long deposition periods was
t possible to observe by SEM significant quantities of Bi on
PEs). Fig. 2(A) shows the surface of a bare CPE substrate
ith the carbon particles and their agglomerates bound together
y the viscous silicone oil. Fig. 2(B) depicts a Bi-covered part
f the CPE after a 300 s accumulation period from a 10−4 M
i(III) solution. The Bi deposits can be seen as white/grey
atches/islands or near-spherical agglomerates that partially
over the carbon particles’ surface. At the higher concentration
f Fig. 2(C) (4 × 10−4 M Bi(III)), a thin skin-underlayer of coa-
escing islands is seen to cover a large part of the surface but the
eposit has started to thicken in a non-uniform manner forming
endritic structures, typical of uneven deposition under condi-
ions of mass transfer control. Finally, Fig. 2(D) presents a larger
cale view of the surface of the substrate shown in Fig. 2(C).

A very useful approach in SWASV at Bi electrodes, recently
ntroduced by Wang et al. [16] to account for signal variations
ue to changes in mass transfer rate and deposition time, is based
n the normalisation of the metal ion stripping current with Bi
tripping peak current. A constancy of this ratio implies a similar
ffect of these parameters on metal and Bi deposition and most
ikely a constant deposit morphology and metal–Bi interactions
oo. It should also allow comparison of data obtained at different
eposition times, provided that this ratio stays constant within
he corresponding time range for each set of data. Fig. 3(A and
) and their insets show the variation of the normalised Pb and
d stripping peak current with time of deposition at Bi–CPE,

rom 1 × 10−8 and 1 × 10−6 M Pb(II) + Cd(II) solutions in the
resence of a 10- and 100-fold excess of Bi(III). It can be seen
hat, for times not exceeding 200 s, the normalised peak cur-
ent remains almost constant with deposition time in all cases.
A more complex variation, depending on the type of metal ion
nd Bi(III) concentration, was observed at longer periods but
his is beyond the scope of this paper.) It should be noted that
or both high and low Pb(II) and Cd(II) concentrations, the nor-
alised current is always higher in the presence of a 10-fold

xcess than in a 100-fold one, indicating a higher utilisation of
i deposit for SWASV purposes at a lower Bi coverage. This is
ecause metal occlusion, which may occur during co-deposition
ithin the three-dimensional structures of thicker Bi deposits
see Fig. 2(C)), should be limited at thin Bi deposits.
Based on the requirements set above (a single Bi stripping

eak, near-linearity of Bi and metal ion peak current varia-
ion with time and constancy of the normalised current in that

F
v
i
a
−

tripping peak current with time of deposition at Bi–CPEs, from 1 × 10−8 M
nd (inset) 1 × 10−6 M solutions, in the presence of a 10- and 100-fold excess
f Bi(III), as indicated on the graphs.
ig. 4. SWASVs at a Bi–Au disc electrode in 10−6 M Bi(III) solutions, for
aried deposition–accumulation times at −0.8 V vs. Ag/AgCl (3 M NaCl), as
ndicated on the graph. Inset: SWASVs at a Bi–Au disc electrode in 1 × 10−6

nd 5 × 10−6 M Bi(III) solutions, after a 300 s deposition–accumulation time at
1.2 V vs. Ag/AgCl (3 M NaCl).
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.1.2. Bi–Au disk electrodes
Fig. 4 shows SWASVs at a Bi–Au disc electrode in 10−6 M

i(III), for varied deposition–accumulation times at −0.80 V
ersus Ag/AgCl (3 M NaCl). It can be seen that, even at the
horter times of 30 s used, at least three Bi stripping peaks are
ecorded: a peak at ca. 0.00 V versus Ag/AgCl (3 M NaCl), a
eak at ca. +0.10 V versus Ag/AgCl (3 M NaCl) and a hump
t ca. +0.30 V versus Ag/AgCl (3 M NaCl). The first of these
eaks, whose height increases with increasing deposition time,
ccurs at the position expected for the stripping of bulk Bi [5]
an ill-defined shoulder to this peak, recorded at longer times
t potentials ca. −0.10 V, may be attributed to some form of
eakly bonded Bi). The broad peak recorded in the +0.10 to
0.15 V range should be due to strongly bonded Bi deposits on
u and its decrease with deposition time may be explained by
he increased Bi–Bi interactions as bulk Bi is deposited, at the
xpense of strong Bi–Au interactions. A similar anodic strip-
ing behaviour and metal–substrate interaction postulation has
een reported for the stripping of Hg from Au [17]. Finally,

f
s

r

ig. 5. (A) SWASVs at Bi–CPEs from solutions of Pb2+ and Cd2+ of increasing co
oncentration is 10−7 M and deposition time at −0.95 V vs. Ag/AgCl (3 M NaCl) is 1
nd 4 × 10−6 M Bi(III). (B) Same as in (A) but for increasing concentration in 1 × 10−
nd deposition time at −0.95 V vs. Ag/AgCl (3 M NaCl) is 90 s. Insets: calibration p
C) Same as in (A) but for increasing concentration in 1 × 10−6 M steps in the 1 × 1
t −1.10 V vs. Ag/AgCl (3 M NaCl) is 30 s. Insets: calibration plots for Pb2+ and Cd
ica Acta 52 (2006) 481–490

he hump at ca. +0.30 V versus Ag/AgCl (3 M NaCl) lies in the
egion were underpotentially deposited Bi has been reported to
trip off [18,19] (recording of UPD features in the same scale as
hose attributed to the bulk deposit is possible for such low Bi(III)
oncentrations and hence small deposit quantity). A rather unex-
ected feature of the SWASVs of Fig. 4 is that the total area of the
i stripping peaks (hence the amount of Bi deposited too) hardly

ncreases as the deposition time increases from 30 to 300 s, indi-
ating a decrease in Bi deposition efficiency as this starts to
row on Bi pre-deposited layers than on Au sites of strong Bi–Au
nteractions. The inset to Fig. 4 presents the effect of Bi(III) con-
entration on the shape and magnitude of the Bi stripping peak;
t can be seen that upon increasing the Bi(III) concentration from
0−6 to 5 × 10−6 M, the bulk Bi peak at 0.00 V dominates, the
trongly bound Bi peak at +0.10 V is suppressed/hidden in the

ormer, while the shoulder of weakly bound Bi at −0.10 V is
till present.

The multiplicity or deformation of Bi stripping peaks
ecorded at Bi–Au electrodes for all deposition times and Bi(III)

ncentration in 1 × 10−8 M steps in the 2 × 10−8 to 1 × 10−7 M range. Bi(III)
20 s. Insets: calibration plots for Pb2+ and Cd2+ in the presence of 10−7, 10−6

7 M steps in the 1 × 10−7 to 1 × 10−6 M range. Bi(III) concentration is 10−6 M
lots for Pb2+ and Cd2+ in the presence of 10−6, 10−5 and 4 × 10−5 M Bi(III).
0−6 to 1 × 10−5 M range. Bi(III) concentration is 10−5 M and deposition time
2+ in the presence of 10−5, 10−4 and 4 × 10−4 M Bi(III).
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oncentration values studied led to the following two choices:
rst, since even at short times a single Bi peak could not be
ecorded, the time of deposition was chosen at the relatively
ong time of 300 s. (Preliminary tests have proven long accumu-
ation periods necessary to improve the Cd and Pb response at a
i film formed on the smooth-small area and hydrogen evolving
u substrate.) Second, the normalisation of the metal stripping

esponse could only be done with respect to the total area–charge
nder the Bi stripping peaks (hence the metal ion signal should
lso be expressed in that case as the corresponding stripping
eak area).

.2. Effect of Bi(III) ion concentration on the determination
f Pb(II) and Cd(II) at Bi–CPE electrodes

Fig. 5(A–C) shows SWASVs for Pb(II) and Cd(II) determi-
ation at Bi–CPEs from metal ion solution concentrations in
he 10−8 to 10−7, 10−7 to 10−6 and 10−6 to 10−5 M ranges
n the presence of 10−7, 10−6 and 10−5 M Bi(III), respectively
i.e. depending on metal ion concentration, in the presence of
10:1 to 1:1 Bi(III)-to-metal ion concentration ratio, cBi/cM).
he insets show the respective calibration curves, which include

esults for higher Bi(III) concentrations too (for each concentra-
ion range cBi/cM takes values from 400 to 1). The slight cur-
ature of these plots (especially for medium and high metal ion
oncentrations) highlights the effect of cBi/cM on the response
f Bi–CPEs even when this ratio is changing simply due to the
nalyte concentration changing within a single calibration plot.

From the calibration plots of Fig. 5(A) it follows that, for
he lower Pb(II) and Cd(II) levels studied (10−8 to 10−7 M)
he response was not very sensitive to Bi ion levels in the
ntire 400–1 excess range (especially in the case of Pb). This
ndicates that, for Bi(III) ion concentrations in the 10−7 to
× 10−6 M range and an accumulation time of 120 s, the deposit
orphology does not change significantly and the increase in

vailable Bi surface area is probably offset by metal ion co-
eposition/entrapment within the inner layers of Bi particles.
he calibration plots of Fig. 5(B) show that for the medium con-
entration range of 10−7 to 10−6 M Pb(II) and Cd(II), although
he response was again similar whether 10−6 or 10−5 Bi(III)

as used, the response deteriorated for the higher concentra-

ion of 4 × 10−5 Bi(III) to very low levels both for Cd and (in
articular) for Pb. This is an indication that at Bi(III) ion concen-
rations around 4 × 10−5 M and accumulation times of 90 s there

f
s
r
n

able 1
b(II) and Cd(II) detection limits by anodic stripping techniques at Bi-coated carbon

lectrode substrate Bi plating method Analytical technique

arbon paste In situ SWASV
arbon paste In situ Anodic stripping potentio
arbon paste (heated) In situ SWASV
raphite–epoxy composite In situ SWASV
arbon fibre In situ SWASV
creen-printed carbon Ex situ SWASV
lassy carbon Ex situ SWASV
encil-lead carbon In situ SWASV
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s a change in deposit morphology, as the deposit changes from
thin layer of a highly dispersed and easily accessible struc-

ure to a denser layer, consisting of irregular three-dimensional
tructures of lower specific surface area. The calibration plots of
ig. 5(C) show that for the higher concentration range of 10−6 to
0−5 M Pb(II) and Cd(II), the response was insensitive to Bi(III)
evels (in the 10−5 to 4 × 10−4 M range) in the case of Cd but
eteriorated for the higher concentration of Bi(III) in the case
f Pb (but to a lower extent than in the previous case). Thus,
ne could infer a slight deposit change at Bi(III) ion concen-
rations around 4 × 10−4 M and accumulation times of 30 s (in
way similar to that of Fig. 2), which is only detected during
b determination since this is apparently more sensitive to Bi
oncentration and resulting deposit morphology.

The detection limits (S/N = 3), calculated from 10−8 M
b(II) + Cd(II) data according to the procedure of Reference
20], were estimated as 5 × 10−10 M (ca. 0.1 �g L−1) for Pb(II)
nd 1.3 × 10−9 M (ca. 0.15 �g L−1) for Cd(II) which are lower
han those reported for CPEs [5,21,22] and comparable (or
ven lower) to those of glassy carbon and graphite electrodes
1–3,8,9,23]. Table 1 presents a comparison of Pb(II) and Cd(II)
etection limits reported in selected works of ASV at Bi-coated
lectrodes of various types.

What is important to note from Fig. 5 is that, irrespective of
he metal ion concentration targeted, a slight Bi(III) excess in
he 1–10 range is adequate in obtaining high quality and sensi-
ivity data at CPE electrodes, equal or better to those obtained
or an excess in the 10–100 range. This is further stressed by
he results of Fig. 6(A–C) which present SWASVs for the same
b(II) + Cd(II) concentration in each case (10−7 M (A), 10−6 M
B) and 10−5 M (C)) but for a varied Bi ion excess (1-, 10- and
0-fold). Surprisingly, even a Bi(III)-to-metal ion ratio of 1:1 is
nough to produce the highest Pb and Cd stripping peaks in all
ases, whereas when this ratio exceeded the 40:1 value, a signal
eterioration was obtained in most cases. This is again and indi-
ation of better Bi deposit utilisation for metal ion accumulation
n its surface at low coverage-dispersed morphology Bi deposits.
his is also reflected in the results of the insets to Fig. 6(A–C)
hich show the variation of the ratio of the metal stripping cur-

ent to the Bi stripping current with metal ion concentration,

or two different Bi ion concentrations in each case: one corre-
ponding to an excess in the 1–10 range and one in the 10–100
ange. It can be seen that in all cases the sensitivity-slope of the
ormalized calibration plots is much higher for the lower con-

-based electrode substrates

Accumulation
time (s)

Pb(II)
(�g L−1)

Cd(II)
(�g L−1)

Reference

120 0.1 0.15 This work
metry 600 0.5 [5]

120 3.16 [22]
120 23.1 2.2
600 0.3 [1]
600 0.3 [2]
600 0.2 0.2 [8]
600 0.4 0.3 [9]
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Fig. 6. SWASVs at Bi–CPEs from (A) 10−7 M, (B) 10−6 M and (C) 10−5 M Pb2+ + Cd2+ solutions, for varied Bi(III) excess values (1-, 10- and 40-fold) as indicated
o ) 90 s
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n the graphs. Deposition at −0.95 V vs. Ag/AgCl (3 M NaCl) for (A) 120 s, (B
f the normalised stripping current of Pb with Pb(II) bulk concentration. (b) Sim

entrations of Bi(III) used and that, in the low and medium Pb(II)
nd Cd(II) concentration ranges (1 × 10−8 to 1 × 10−6 M), the
inearity of the plots is also improved. These findings suggest
hat, if Wang’s approach for stripping peak normalisation is to
e followed (to correct for experimental conditions variations),
hen the use of a low rather than high Bi excess is more appropri-
te. Also, a comparison of the (normalized) sensitivities for the
hree metal ion concentration ranges studied, reveals that these
et higher as the concentration range decreases, suggesting that
he effect of higher Bi utilisation for low Bi(III) concentrations
s more pronounced in the detection of low metal concentrations
which is of course more relevant to trace metal applications).

.3. Determination of Pb(II) and Cd(II) a Bi–Au electrode
or two different Bi ion concentration levels

Fig. 7(A and B) shows the SWASVs for Pb(II) and Cd(II)

etermination at a Au disc electrode from their solutions in the
0−8 to 10−6 and 5 × 10−8 to 10−6 M range, respectively, in
he presence of 10−6 M (A) and 5 × 10−6 M (B) Bi(III). Two
mmediate observations can be made. First, a Cd peak could

o
t
(
A

and at −1.10 V for (C) 30 s. Insets: (a) the variation (with respect to Bi signal)
o (a) results for Cd.

ot be obtained for concentrations lower than 1 × 10−7 M and
his may be due to the fact that this occurs at potentials close to
he hydrogen evolution reaction and/or to a low Cd deposition
fficiency. The latter may arise from the lower diffusivity of
d(II) ions (when compared to Pb(II) [24]) or their lower affinity

or Au and co-deposited Bi, which may be accentuated under
onditions of low metal ion deposition efficiencies due to the
arasitic hydrogen evolution reaction that is known to occur at
u (at rates higher than at CPE).
The second observation is related to the multiplicity

Fig. 7(A)) or deformation (Fig. 7(B)) of the Bi stripping peak(s)
nd their area change as the calibration proceeds. The increase
n Bi stripping peak(s) area was found to occur both at succes-
ive experiments in blank (only Bi-containing) solutions and in
alibration experiments, irrespective of whether these were they
ere performed for descending or ascending metal ion concen-

rations. Hence, this change is related with the increasing number

f experiments and is more likely due to a change in Au elec-
rode roughness as it is pulsed between the negative deposition
−1.1 V versus Ag/AgCl) and positive cleaning (+0.5 V versus
g/AgCl) potentials before each SWASV. Regarding the multi-
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Fig. 7. SWASVs at a Bi–Au disc electrode from solutions of Pb2+ and Cd2+ in
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Fig. 8. (A) Calibration plots of Pb2+ and (inset) Cd2+ at a Bi–Au disc electrode
in the presence of 10−6 and 5 × 10−6 M Bi(III), based on the corresponding
m
t
s
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e
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he 10−8 to 10−6 M and 5 × 10−8 to 10−6 M concentration ranges, respectively,
n the presence of (A) 10−6 M and (B) 5 × 10−6 M Bi(III). Deposition time at

1.1 V vs. Ag/AgCl (3 M NaCl) was 300 s.

licity of the Bi peak in Fig. 7(A) and as also discussed in Section
.1, the main peak between −0.2 and +0.2 V is due to bulk Bi
hereas that at +0.2 to +0.3 V should be due to underpotentially
eposited Bi (hence it is affected more by an increase in rough-
ess). At higher Bi(III) concentrations (Fig. 7(B)) all Bi peaks
erge into a wide, deformed peak. The change of Bi peak area

thus of deposited Bi quantity too) between experiments makes
ang’s approach for signal normalisation [16] even more rel-

vant for Au electrodes. Also, the multiplicity/deformation of
his peak makes the use of peak area mandatory for its accurate
uantification and has led to the choice of peak area as the metal
on stripping signal too.

Fig. 8(A) and its inset show the change of Pb and Cd strip-
ing peak areas, respectively, with metal ion concentration for
wo different Bi(III) levels. Depending on metal ion concentra-
ion these two levels correspond to a (100–1)- or (500–5)-fold

i(III) excess for Pb(II) and to a (10–1)- or (50–5)-fold Bi(III)
xcess for Cd(II). It can be seen that for Pb, there is virtually
o effect of Bi(III) excess on the response whereas for Cd there
s some limited effect. (Note also the very poor response of the

e
i
o
r

etal ion peak area of the SWASVs of Fig. 7. (B) Normalised (with respect
o Bi stripping charge) calibration plots of Pb2+ and (inset) Cd2+ at conditions
imilar to those of (A).

i–Au electrode to Cd for concentrations below 5 × 10−7 M,
ndicating that SWASV at Bi–Au is inappropriate for Cd trace
etermination under the conditions employed.) This insensitiv-
ty of the response of Bi–Au electrodes to a wide range of Bi(III)
xcess contrasts the behaviour of Bi–CPE electrodes where it
as found that a higher than 40-fold excess is detrimental to the

esponse in most cases (Fig. 6). The difference should arise from
he different type of electrode substrate in the two cases and its
ffect on deposit morphology: in CPEs the electrode material
carbon particles) is of a dispersed type and hence, depending
n its coverage, the deposited Bi can be either in the form of dis-
ersed nuclei (low coverage) or of thick dentritic deposits (high
overage) (see SEMs of Fig. 2 and Reference [25]); the Au disc
lectrode has a uniform surface and hence Bi deposits formed
n it are expected to be more uniform (similar to uniformly cov-

red glassy carbon electrodes [6]). What is interesting however
s that, for Bi–Au electrodes too, low Bi(III) excess values equal
r less than 10 are still adequate to obtain high metal stripping
esponses.
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Finally, Fig. 8(B) and its inset presents the variation of the
etal ion stripping peak charge normalised by the Bi stripping

eaks area, with metal ion concentration, for the two Bi(III)
xcess levels studied, for both Pb and Cd. It can be seen that the
ormalised response for Pb is again higher for the lower Bi(III)
xcess used indicating better Bi utilisation (but the effect is not
s pronounced as for Bi–CPE; see Fig. 6), whereas for Cd the
esponse and utilisation is similar in both cases (in the linear
egion).

. Conclusions

(i) Values of the Bi(III)-to-metal ion concentration ratio in
the 10–1 range were adequate for in situ prepared Bi–CPE
electrodes in obtaining the higher sensitivity in the square
wave anodic stripping voltammetric determination of Pb(II)
and Cd(II) ions in a wide 10−8 to 10−5 concentration
range. Detection limits down to 0.1 �g L−1 for Pb(II) and
0.15 �g L−1 for Cd(II) were estimated at CPEs under con-
ditions of small or moderate Bi(III) excess. However, at
excess values higher than ca. 40, signal deterioration was
observed in most cases.

(ii) The sensitivity of Au–CPE in the SWASV determination of
Pb(II) and Cd(II) ions in the 10−8 to 10−6 M concentration
range is almost unaffected by the Bi(III) excess but again,
high sensitivities are still attained for excess values less
than 10.

iii) The findings of (i) and (ii) above that the determination of
metal ions by SWASV at in situ formed Bi–CPE and Bi–Au
is possible even at Bi(III) excess values less than 10 (the
commonly used minimum excess in Hg-based anodic strip-
ping voltammetry and, until now, in its Bi-based variant)
may have significant electroanalytical implications: the use
of very small quantities of added Bi will make the approach
even cleaner and introduce fewer impurities. More impor-
tantly, it would limit Bi(III) hydrolysis, hence decrease the
concentration of buffer needed and further minimise added
impurities.

iv) The variation of Bi stripping peaks (and correspondingly, of
quantity of deposited Bi) with successive SWASV exper-
iments at Au electrodes, makes the normalisation of the
metal ion signal by the Bi signal proposed by Wang et al.

[16] essential in that case. The multiplicity or deformation
of the Bi peak necessitates then the use of the stripping
peak area–charge as the signal, if Wang’s approach for data
normalisation is to be followed for Au.
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