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Abstract

The present work describes the preparation, optimization and characterization of mixed polyelectrolyte coatings of poly-l-lysine (PLL) and
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oly(sodium 4-styrenesulfonate) (PSS) for the modification of thin mercury film electrodes (MFEs). The novel-modified electrodes we
n the direct analysis of trace metals in estuarine waters by square-wave anodic stripping voltammetry (SWASV). The effects of t

orphology and thickness and also of the monomeric molar ratio PLL/PSS on the cation-exchange ability of the PLL–PSS polyelectroly
nto glassy carbon (GC) were evaluated using target cationic species such as dopamine (DA) or lead cation. Further, the semi-perme
LL–PSS-coated electrodes based both on electrostatic interactions and on molecular size leads to an improved anti-fouling ability ag

ensioactive species. The analytical usefulness of the PLL–PSS-mixed polyelectrolyte coatings on thin mercury film electrodes is de
ia SWASV measurements of trace metals (lead, copper and cadmium at the low nanomolar level; accumulation time of 180 s) in estua
ontaining moderate levels of dissolved organic matter, resulting in a fast and direct methodology requiring no sample pretreatment.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Mercury film electrodes (MFEs) have been already widely
sed combined with anodic stripping voltammetry (ASV) for

he determination of heavy metals[1–5]. However, with the
onventional MFE, obtaining reliable data in complex sam-
les is often complicated due to the fouling of the electrode
urface by adsorbable species that hinder or distort the voltam-
etric signals. Polymer-modified electrodes can minimize this
ffect and hold a great promise for increasing the selectivity
nd, eventually the sensitivity of the voltammetric measure-
ents[6,7]. The polymer coatings also improve the mechan-

cal stability of thin mercury films plated on glassy carbon
GC) surfaces. Nafion is the most commonly employed ion-
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exchange polymer for the determination of metal cations[6].
However, when the preparation of nafion-modified electr
involves solvent evaporation procedures lack of reproducib
is often reported[8,9]. Aditionally, for relatively thick coat
ings (e.g.∼�m), diffusion restrictions usually occur and
sensitivity of the ASV determinations is diminished relativ
to the uncoated MFE[7–9]. Poly(sodium 4-styrenesulfona
(PSS) is also a cation exchanger which was applied in elec
modification for voltammetric measurements of trace meta
estuarine water samples[7,10], and in the preparation of laye
by-layer assembled structures for sensing devices[11–13]. Very
stable and reproducible PSS-coated thin MFE (TMFE) c
be easily prepared by the solvent evaporation method[7,10].
In what concerns electrode modification, poly-l-lysine (PL
a cationic polyaminoacid, was used for the in situ coating o
mercury drop electrode[14] and for coating pyrolytic graphi
or glassy carbon electrodes for anion detection[15–17]. On
the other hand, mixed coatings of PLL and PSS, conta
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immobilized enzymes were applied as amperometric biosen-
sors[18,19]. However, no full characterization of PLL–PSS-
modified glassy carbon electrodes has yet been reported, namely
regarding its utilization coupled to MFE for trace metal deter-
minations. Previous work[7,10] has shown that PSS coatings
on a thin MFE do not preclude diffusion of heavy metal cations
through the polyion layer and, in fact, significant improvements
on the stripping peak currents for lead and copper were observed,
compared to the uncoated TMFE. However, the anti-fouling
ability of such coatings was not as high as it would be desir-
able, especially for low molecular mass cationic surfactants
such as the linear chain hyamine (HYA). Hence, in the present
work, the performance towards the ASV determinations of mod-
ified thin mercury film electrodes coated with a mixed layer of
the polyions PLL and PSS was evaluated. The main goal is in
terms of the analytical application, the study of the anti-fouling
capabilities of such mixed polycationic–polyanionic layers. The
PLL–PSS coatings on glassy carbon were also examined by
scanning electron microscopy (SEM). Furthermore, the ability
against several tensioactive compounds was evaluated and the
ionic exchange and permselectivity properties of the PLL–PSS
coating were also assessed. The PLL–PSS-coated mercury film
electrodes were applied to the direct determination of trace met-
als (Cd, Pb and Cu) in estuarine water samples having moderate
levels of dissolved organic matter.
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hydrochloric acid, 37% (Fluka, trace select) and 1000 ppm AA-
spectrosol metal ion standards (BDH) were also used. Stock
solutions of PSS (25 and 50 mM in the monomer units) and of
PLL (20 and 40 mM in the monomer units) were prepared in
phosphate buffer solution (pH 7.0, ionic strength 0.14 M) and
stored at 4◦C. Potassium ferricyanide, dopamine (DA),l(+)-
ascorbic acid (AA) and uric acid (UA), all 1 mM, were also
prepared in phosphate buffer solution. Stock surfactant solu-
tions of Triton X-100, sodium dodecyl sulphate (SDS), agar,
poly(allylaminehydrochloride) (PAAHC), hyamine and bovine
serum albumine (BSA) (all 0.1%) were stored at 4◦C. Bio-
hit Proline pipettes equipped with disposable tips were used
for appropriate dilutions. All measurements were carried out at
room temperature (18–20◦C).

Schematic representations of the two polymers used for elec-
trode modification are displayed inTable 1. PSS (pKa = 1) [21]
is a water soluble, thermally stable polyelectrolyte[22] having
both hydrophilic parts (sulfonate groups and their counteri-
ons) and hydrophobic parts (hydrocarbon backbone and phenyl
groups). In aqueous solution PSS is a linear polyanion[23,24]
but, a highly coiled structure is obtained whenever the deposi-
tion proceeds from solutions of high ionic strength e.g. 0.1–2 M
[24,25]. The deposition of the protonated PLL (from aque-
ous solutions of pH < 10.5) onto carbon-like electrodes leads
to three-dimensional layers[17].
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. Experimental

.1. Apparatus

All the voltammetric measurements were performed w
AS 100B/W electrochemical analyser (Bioanalytical Syste
onnected to a Cell Stand BAS-C2. The working electrode
TMFE plated onto a glassy carbon disc (BAS, MF-2012)
uxiliary electrode was a Pt wire and the reference elec
as Ag/AgCl (sat. KCl). A combined glass electrode (O
104SC) connected to a pH meter (Cole Parmer, Model 05
0) was used for pH measurements. Dissolved organic c
DOC) determinations were made by an automated proc
using a 4-channel Alliance auto-analyser-segmented flow
ser, model Evolution II) and were based on the discolourin
buffered solution of phenolphthalein due to the carbon d

de produced by oxidation of the dissolved organic matter.
olour intensity was measured at 560 nm and the calibr
urve method was applied[20].

Scanning electron microscopy was conducted at a S-
ITACHI system.

.2. Reagents and solutions

Poly(sodium 4-styrenesulfonate), (molecular weight, 70
nd degree of sulfonation 1.0) and poly-l-lysine hydro
ide (molecular weight, 72,000–84,000) were purchased
igma–Aldrich and used without further purification. All che

cals were of analytical reagent grade and all solutions
repared with ultra-pure water (18.2 M�cm, Milli-Q sys-

ems, Millipore-waters). Sodium chloride (Merck, suprap
e

-
n
e
l-

0

.3. Electrode preparation

Prior to coating, the glassy carbon electrode was conditi
ollowing a reported polishing/cleaning procedure[10]. Coat-
ngs of different loadings were obtained by the droplet e
ration method[10] placing on the electrode surface 3–10�L
f a PLL solution (20 or 40 mM in monomeric units), follow
y 6�L of a PSS solution (25 or 50 mM in monomeric uni
hen the solvent was allowed to evaporate in a stream of w
ir (∼60◦C). The electrochemically active surface area of
lassy carbon electrode, 6.42 mm2 was measured by cronoa
erometry (in 1.02× 10−3 M ferricyanide/0.5 M KCl solution

our polishing experiments, each one with four replicate d
inations)[7].
Thin mercury films were ex situ plated in a solution c

aining 0.12 mM mercury(II) nitrate in 0.01 M nitric acid (p
a. 1.9) by electrodeposition through the mixed polymer c
ng at −1.3 V for 20 s whilst the solution was rotated with

able 1
hemical structures of the polyelectrolytes used for electrode coating

olystyrene sulfonate (PSS) Poly-l-lysine hydrobromide (PLL

onomer mass 206.20 Monomer mass 209.08
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magnetic stirrer (BAS-C2 stand, position 3). The conventional
mercury film electrode was obtained in a similar fashion except
for the polymer coating steps. The present methodology of ex
situ deposition of the mercury film at a high cathodic overpoten-
tial in acidic solution has proven to produce relatively stable and
homogeneous mercury films of closely packed Hg microdroplets
[4,26]. Although an improved procedure for the deposition of Hg
films in the presence of thiocyanate ion has been recommended
recently[4,27] it was considered unsuitable for the present pur-
pose due to the unknown effect of the presence on an additional
anion, SCN−, on the properties of the mixed polymer coating.

When required, the polymer layer was wiped off with a wet
tissue and the GC surface was re-conditioned as mentioned
above.

2.4. Voltammetric procedures

The ASV experiments for the examination of the analyti-
cal performance of the PLL–PSS/TMFE were carried out in
10 mL NaCl 0.5 M solutions spiked with lead(II) as a reference
metal ion (otherwise stated the cell concentration of lead(II)
was 6.00× 10−8 mol dm−3). The deposition step lasted 20 s at
−0.8 V whilst the solution was rotated with a magnetic stirrer
(BAS-C2, position 3). After a 5 s quiescent time the stripping
step was initiated at−0.8 V and ended at−0.15 V to prevent
the stripping of the mercury film. The instrumental param-
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there were no diffusion restrictions to the mass transport of heavy
metal cations through the polymer layer and, in fact, significant
improvements on the stripping peak currents for lead and cop-
per were observed, compared to the uncoated TMFE. The actual
polymer loading used for electrode modification is an important
experimental parameter because it affects both the morphology
and the compactness of the coating, which, in turn, influence its
permselectivity and mass transport properties. In order to eval-
uate how the PLL (cationic)–PSS (anionic) loading influence
the ASV response of lead, experiments were carried out using
four different mixed coatings with increasing PLL loadings (9.3,
18.7, 31.2 and 62.4 nmol mm−2) keeping the PSS loading con-
stant at 23.4 nmol mm−2 (c.f. Table 2).

Firstly, the modified electrodes were examined in terms of the
features of the thin mercury films. The values of the deposited
mercury charge (calculated by electronic integration of the linear
sweep stripping peak of mercury[4]) are displayed inTable 3
together with reference values for the PSS-coated TMFE and
for the bare TMFE.

The data shows the effect of the increasing molar ratio
PLL/PSS, i.e., of the increasing relative amount of positively
charged ionic sites at the mixed polyelectrolyte layer. In fact, as
the molar ratio PLL/PSS increases, the amount of electric charge
of deposited mercury decreases gradually, illustrating the effect
of the repulsive electrostatic interactions, limiting the transport
of the cationic mercury ion within the mixed polymer. The data
a io of
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ters used in the square-wave anodic stripping voltamm
SWASV) experiments were as follows: frequency 50 Hz, m
lation amplitude 25 mV and step potential 5 mV.

For the ASV determination of heavy metals in estuarine w
amples (A and B), 10 mL of a fresh sample filtered thro
0.45�m membrane filter (Millipore) was pipetted into t

oltammetric cell and the SWASV measurements were ca
ut promptly, with an accumulation step of 3 min at−0.8 V
rotation rate; BAS-C2 position 3). The SW parameters w
he same as described above. Both the conventional TMF
he PLL–PSS-coated TMFE were used as working electr
he quantification of the trace metals was done by the stan
ddition method. The samples presented moderate ionic str
salinities of 17.3 and 7.3‰ for samples A and B, respectiv
nd reasonable high dissolved organic matter contents (DO
and 10 ppm for samples A and B, respectively).
All peak currents and electric charges quoted are mean

es of six replicate measurements, except for the data rega
he application to estuarine waters where three replicates
btained. All solutions were purged with nitrogen for 5 min p

o the voltammetric experiments.

. Results

.1. Performance of the PLL–PSS-coated TMFE towards
he ASV determination of lead

Previous work[7,10] has shown that a thin mercury film c
e ex situ plated on a glassy carbon electrode coated with a
f the cation-exchange polymer PSS. At the best experim
onditions (PSS loading of 23.4 nmol mm−2, i.e., 4.8�g mm−2)
y

d
.
d
th

f

l-
g
e

r
l

lso show that for the PLL–PSS electrode with the molar rat
.3, the charge of deposited mercury is close to that obtaine

he bare TMFE, whereas for the highest molar ratio PLL/
hat value is rather low, highlighting the repulsive electros
ffects due to the high amount of positive ion-exchange
ithin the mixed polyelectrolyte coating. Additionally, as
ass loading increases, diffusion restrictions might also o
evertheless, all the PLL–PSS electrodes presented good r

bility (expressed as low R.S.D. values).
Fig. 1A and B shows the SWASV peak current of lead,Ip(Pb),

s well as the corresponding SW voltammograms obtaine
he various PLL–PSS/TMFE, as a function of the molar r
values for the PSS/TMFE and for the bare TMFE are also re
ented as reference values). It turns out clear the effect of inc

ng the ratio of positive/negative ionic exchange sites on
ccumulation/detection of lead. For the PLL–PSS electrode

he ratio PLL/PSS of 1.3 (total molar loading 54.6 nmol mm−2)
he value ofIp(Pb) is close to the that for the uncoated TMF
nterestingly, the existence of a moderate excess (ca. 30

able 2
oading characteristics of the mixed polyelectrolyte PLL–PSS used for elec
oating

oadings in monomeric
nits (nmol mm−2)

Molar ratio
(PLL/PSS)

Total mass loading
(�g mm−2)

LL PSS

9.3 23.4 0.4 6.8
8.7 23.4 0.8 8.7
1.2 23.4 1.3 11.3
2.4 23.4 2.7 17.8



1658 S.C.C. Monterroso et al. / Talanta 68 (2006) 1655–1662

Table 3
Electric charge of deposited mercury for the TMFE ex situ prepared through the mixed PLL–PSS coatingsa

PLL–PSS mass loadingb (�g mm−2) PSS coating (23.4 nmol mm−2) TMFE

6.8 (0.4) 8.7 (0.8) 11.3 (1.3) 17.8 (2.7) – –

QHg (�C) 40.81 35.49 28.00 19.21 47.24 31.23
R.S.D. (%) 4.2 3.6 4.5 5.5 3.34 7.56

Reference values for PSS/TMFE and uncoated TMFE are also displayed[7].
a Five replicate measurements of the charge under the voltammetric stripping peak of the deposited mercury obtained by LSV at 250 mV s−1.
b Molar ratios PLL/PSS in brackets.

positive sites in the coating layer does not preclude an effec-
tive ASV determination of lead—eventually, at these conditions,
there are no restrictions to the mass transport of lead through-
out the rather thick PLL–PSS polyelectrolyte layer. The SEM
examination of the surface morphology of the PLL–PSS coat-
ings revealed a rather three-dimensional structure with spread
cavities, some of those with micrometer dimensions (seeFig. 2).
This type of structure may, in fact, facilitate the ionic transport
towards the electrode surface, regardless of the layer thickness
(the estimate thickness value for a 23.4 nmol mm−2 PSS elec-
trode is ca. 6�m [7]; the present PLL–PSS electrodes shall be
thicker, although the possibility of an inter-penetration of the
individual layers cannot be discharged).

Additionally, there is a small deviation of the SWASV peak
potentials of lead towards more negative values as the molar
ratio increases, i.e.,Ep decreases from−535 to−555 mV. This
may be related to the effect of the strengthening of electrostatic
repulsion and/or to the increase of the coating thickness. On the
other hand, the peak-width-at-half-height of the lead SWASV
signal remained unaltered indicating that no significant kinetic
constrains to the ionic exchange process shall occur.

Another consideration arising from the data presented in
Fig. 1 is that, considering merely the electrostatic interac-
tions within the mixed PLL–PSS layer, the electrode with the
PLL/PSS ratio of 1.3 should restrict the accumulation of the lead
cations producing SWASV peak current intensities lower than
t . An
e lving
t loro

Fig. 2. Scanning electron micrograph (×5000) of a PLL–PSS-mixed coating on
a GC electrode (ratio PLL/PSS: 1.3; total mass loading: 11.3�g mm−2).

complexes (e.g. [PbCl3]−; logβ3 1.9 [28]) which may exist in
the electrolyte solution (NaCl 0.5 M) might provide an explana-
tion.

The electrode with the PLL/PSS molar ratio of 1.3 was also
tested in terms of its analytical performance towards the SWASV
determination of lead and the results were compared with those
for the uncoated TMFE. The calibration curve data were (con-
centration range 2.00× 10−8 to 10.0× 10−8 mol dm−3; tacc
20 s at−0.8 V): slope 8.3± 0.1 Amol−1 dm3 (r = 0.9997,N = 5,
p < 0.05) and 8.9± 0.6 Amol−1 dm3 (r = 0.9998,N = 5,p < 0.05)

F lead (A) and on the corresponding square-wave voltammograms and (B) molar ratios: (a)
0 25 m u
p a PS
hose for a bare TMFE. However, such was not the case
ventual alteration in the ionic exchange mechanism, invo
he additional accumulation of negatively charged lead–ch

ig. 1. Effect of the molar ratio PLL/PSS on the SWASV peak current of
.4, (b) 0.8, (c) 1.3, (d) 2.7. Deposition time: 20 s at−0.8 V. SW parameters:a =
lated (charge values inTable 3). Reference values for the bare TMFE and
V,f = 50 Hz. Concentration of lead, 6.00× 10−8 M. Thin mercury films ex sit
S/TMFE also included for comparison[7].
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Fig. 3. SWASV peak current for repeated measurements (N= 6) in six test
solutions of the same composition (6.00× 10−8 M Pb2+ in 0.5 M NaCl) with
six different PLL–PSS/TMFE electrodes with the same PLL/PSS molar ratio
(1.3) and two different mass loadings; 11.3�g mm−2 (black diamonds) and
22.8�g mm−2 (white diamonds). Other experimental conditions as inFig. 1.

for the PLL–PSS/TMFE and for the TMFE, respectively. The
limits of detection were identical, i.e., ca. 0.3 nM (3σ). Hence,
the sensitivity of both electrodes is similar. The R.S.D. values
ranged between 1.0 and 2.5% for the PLL–PSS/TMFE and 3.1
and 4.7% for TMFE showing that the repeatibility of the SWASV
signals is better for the polyelectrolyte-modified electrode.

Additional experiments were done in order to statistically
evaluate the repeatibility of the SWASV signals and the repro-
ducibility of the preparation method of the PLL–PSS-coated
thin mercury film electrodes. Two type of electrodes, with the
same PLL/PSS ratio (1.3) but different mass loadings (11.3
and 22.8�g mm−2) were examined.Fig. 3 shows the lead
SWASV peak current,Ip(Pb), for six different PLL–PSS elec-
trodes of each type, in six test solutions of the same composition
(6.00× 10−8 M lead(II) in NaCl 0.5 M). For each experiment six
repeated measurements ofIp were performed. LowerIp(Pb) val-
ues were obtained for the electrode with the thicker coating (ca.
66% lower), indicating that diffusion restrictions are now oper-
ative. Slightly better results in respect to the repeatibility and
reproducibility were obtained using the PLL–PSS thinner coat-
ing (11.3�g mm−2). Table 4presents the median, the range and
the variance within samples and between samples for both type
of electrodes. It can be concluded that the preparation procedur
of the mixed polyelectrolyte-coated electrodes is reproducible
likewise the case of TMFE coated with only a single layer of
PSS (in this case the reproducibility, based onσ2, was 0.004 for
s

t the
r lec-
t ness

Table 5
Variation of peak currents (in percentages) for three PLL–PSS-coated GC elec-
trodes with different loadings, relative to the bare GC electrode

Substance PLL–PSS loading (�g mm−2)a

11.3 (1.3) 17.8 (2.7) 22.8 (1.3)

DA +14 −77 −62
UA −32 −37 −53
AA −8.6 −17 −81
[Fe(CN)6]3− −100 −100 −100

a PLL/PSS molar ratio in brackets.

within the studied range. Though, the sensitivity to lead is dimin-
ished for the thicker electrodes, most probably due to mass
transport restrictions (the thickness shall be approximately twice
that of the thinner electrodes).

3.2. Electrochemistry of electroactive molecular species at
a PLL–PSS-modified glassy carbon electrode

Additional experiments at PLL–PSS-coated electrodes with
different mass loadings (11.3, 14.1 and 18.9�g mm−2) were
carried out in order to obtain more information on the ionic
exchange and permselectivity properties of the PSS coating. In
this set of experiments no mercury film was plated. The selected
electroactive molecular species were ions of different molecular
weight and charges, [Fe(CN)6]3− (MW 212),l(+)-ascorbic acid
(MW 176) and uric acid (MW 168) and dopamine (MW 192). At
the working pH of 7.0,l(+)-ascorbic acid (pKa = 4.10) and uric
acid (pKa = 5.4) are both anionic and dopamine (pKb = 8.87) is
cationic. All four species are electroactive at the glassy carbon
electrode within the potential window [0 V; +1 V].Table 5shows
the relative variation of the peak current values obtained with
the three different PLL–PSS electrodes compared to the values
obtained at the bare glassy carbon electrode.

For all PLL–PSS coatings used, no peaks were detected for
[Fe(CN)6]3−/4− (100% exclusion). The exclusion of this anion
certainly has an electrostatic nature due to the high charge of the
f
h ther
h rrents
w ratio
( iffu-
s trode
w ion
e cker
t
s r AA
m accu-

T
S thin m e
P

P A)

1
2

epro
b
imilar experimental conditions)[10].

Further, the statistic evaluation of the results show tha
epeatibility of the voltammetric signal at the PLL–PSS e
rodes (molar ratio 1.3) does not depend of the coating thick

able 4
tatistical characterization of the results obtained with PLL–PSS-coated
LL/PSS loading molar ratio (1.3)

LL–PSS loading (�g mm−2) Median (�A) Range (�

1.3 0.521 0.084
2.8 0.346 0.079

a σ2
w estimates the repeatibility of the measurements andσ2

b represents the r
s
e
,

,

erricyanide, despite the PLL–PSS electrode with 17.8�g mm−2

aving a high content of the anion exchanger PLL. On the o
and, for ascorbate and urate anions, decreasing peak cu
ere observed for thicker coatings with the same molar

1.3) indicating that besides the electrostatic exclusion, d
ion restrictions must be operative. For the PLL–PSS elec
ith 17.8�g mm−2 the effect of the higher content of the an
xchanger PLL is now clearly observed: although being thi
han the PLL–PSS electrode with 11.3�g mm−2, the relatively
mall decrease in the oxidation peak currents for UA and fo
eans that now the anion exchanger PLL has an effect by

ercury electrodes of different total mass loadings (11.3 and 22.8�g mm−2) and sam

Repeatibilitya based onσ2
w Reproducibilitya based onσ2

b

0.0003 0.0025
0.0004 0.0038

ducibility between samples[29].
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Fig. 4. Effect of surfactants on the SW stripping peak current of lead,Ip, expressed as a normalized current with respect to the value obtained without surfactant,
Ip

* , at the PLL–PSS/TMFE with a molar ratio 1.3 and different thicknesses: (A) 11.3�g mm−2 and (B) 22.8�g mm−2. Triton X-100: cross; SDS: squares; agar:
triangles; PAAHC: star; BSA: diamonds and HYA: circles. Experimental conditions as inFig. 1.

mulating ascorbate and urate anions. Hence, these anions were
not totally rejected by any of the PLL–PSS coatings in oppo-
sition to published results for enzyme incorporating PLL–PSS
membranes[18,19] to which a molecular cut-off mass of 110
was assigned. For cationic dopamine some incorporation was
observed using the thinner PLL–PSS film (PLL/PSS molar ratio
1.3). However, for the other PLL–PSS electrodes the dopamine
peak current decreased. The larger decrease was observed for the

PLL–PSS film with 17.8�g mm−2 (molar ratio 2.7) highlighting
the effect of the relative increase in the number of positive-
charged groups due to PLL. For the thicker coating, a high
exclusion is still observed in spite of the lower molar ratio (which
is again 1.3) and this fact surely is related to mass transport
restrictions.

It may be concluded that the PLL–PSS coatings are charge
selective and permselective to molecular size in some extent. The

Table 6
Chemical structures of the surface-active compounds used

Tensioactive Structure

Triton X-100MW 646 non-ionic

SDSMW 288 anionic

Agar MW 5000–30,000 non-ionic

P

H

B

AAHC MW 15,000 cationic
YA MW 448 cationic

SA MW 68,000 anionic
 Globular protein with 585 residues in a single chain
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incorporation of an organic cation-like dopamine is more depen-
dent on the actual thickness and molar ratio PLL/PSS compared
with the studied case of lead cation (c.f. Section3.2).

3.3. Anti-fouling properties of the PLL–PSS-coated TMFE

The anti-fouling ability of the PLL–PSS/TMFE against sev-
eral surfactants was evaluated regarding the SWASV analysis of
lead. Triton X-100 and SDS are detergents, agar serve as a model
for polysaccharides present in natural waters, PAAHC is a high
molecular cationic polymer whereas HYA presents a relatively
low MW and BSA is a globular protein of highMW. Some char-
acteristics of these surfactants are displayed inTable 6.Fig. 4A
presents the variations of the SWASV peak height of lead in the
presence of increasing amounts of different surfactants at the
PLL–PSS/TMFE with a mass loading of 11.3�g mm−2 (molar
ratio 1.3).

The cationic surfactant HYA was not excluded in spite of
having a molecular weight higher than that of dopamine or
ferricyanide. In fact, HYA produced the total fouling of the
PLL–PSS-coated electrode for concentrations >20 ppm. A sim-
ilar behaviour has been observed at PSS-coated TMFE[7], and
an explanation based on the conformational features of HYA
was advanced. Conversely, the high molecular weight cationic
PAAHC did not have a significant effect onIp(Pb). For the non-
i f the
A nly
f ith-
o SV
s were
a ht
e cu-

mulation of lead complexes with those anionic species at the
solution/coating interface.

On the other hand, for a thicker PLL–PSS coating (mass load-
ing: 22.8�g mm−2) the performance of the PLL–PSS-coated
TMFE was not limited by the presence of the HYA (c.f.Fig. 4B);
the high film thickness certainly was responsible for the diffusion
restriction to the transport of this cationic surfactant within the
mixed polyelectrolyte layer. Additionally, for Triton X-100 the
enhancements inIp(Pb)were not observed. These results demon-
strate the suitable ability of the PLL–PSS/TMFE against several
surfactants, especially for thicker coatings (22.8�g mm−2).

A medium term stability test was performed for the thick
PLL–PSS-coated TMFE (22.8�g mm−2): the glassy carbon
electrode was coated on the first day of the week and the mer-
cury film was ex situ plated and electrochemically removed at
the end of the SWASV scan. The PLL–PSS coating was main-
tained and the modified electrode was kept overnight in water. In
each subsequent day, a new mercury film was ex situ plated and
the SWASV measurements were repeated. The test was made
for lead (80.0 nM in 0.5 M NaCl solution). On the seventh day
the peak intensity of lead decreased ca. 6.0%, comparing with
the results obtained on the first day. The R.S.D. values were
maintained in the range 2.5–3.7% all along the week. Hence,
the present PLL–PSS coatings have a reasonable mechanical
resistance and chemical stability, as well as good anti-fouling
ability.
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onic detergent Triton X-100 there was a large increase o
SV peak current of lead with the addition of that species. O

or 20 ppm,Ip(Pb)dropped to a value close to the observed w
ut Triton X-100. Similar enhancements of the lead SWA
ignal at Nafion and PSS-modified mercury film electrodes
lready reported[9,10]. For BSA and SDS, there were slig
nhancements ofIp(Pb); these effects might be due to some ac

ig. 5. SW anodic stripping voltammograms of two estuarine waters (sa
LL–PSS loading: 11.3�g mm−2 (PLL/PSS molar ratio 1.3); SW paramete

able 7
WASV determinations in estuarine water samples at the uncoated TMF

lectrode Sample A (nM)

Cu Pb

MFE 2.69± 0.09 3.74± 0.08
LL–PSS/TMFE 2.65± 0.03 3.84± 0.04

ee text andFig. 5for experimental conditions, nd: not detected.
. Determination of heavy metals in estuarine waters
amples

The applicability of the PLL–PSS-coated TMFE (1
g mm−2; PLL/PSS ratio 1.3) was tested in the SWA

A and B) at the uncoated TMFE (thin line) and at the PLL–PSS/TMFE
mV, f = 50 Hz and deposition time 180 s at−0.8 V.

at the PLL–PSS-coated TMFE

Sample B (nM)

Cd Cu Pb

nd nd nd
1.53± 0.05 2.65± 0.07 1.53± 0.05
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determination of trace metals in estuarine water samples con-
taining moderate levels of dissolved organic matter (DOC values
of 4 ppm for sample A and 10 ppm for sample B; c.f. Section
2.4). The results, displayed inFig. 5andTable 7show that the
PLL–PSS-coated TMFE can be successfully used to quantify
trace metals in samples with relatively high DOC (10 ppm),
where the bare mercury film electrode fails. Additionally, for
sample A (DOC 4 ppm), the Cu and Pb metal concentrations
determined by both methodologies were statistically identical,
confirming the accuracy of the PLL–PSS-coated TMFE for this
type of application. Though, in this complex matrix the sen-
sitivity to lead at the PLL–PSS/TMFE was significantly higher
than that at the bare TMFE: the slope was 9.3± 0.3 Amol−1 dm3

(r = 0.998,N = 4,p < 0.05) and 5.8± 0.2 Amol−1 dm3 (r = 0.997,
N = 4, p < 0.05) for the PLL–PSS/TMFE and for the TMFE,
respectively. Note that it was the sensitivity at the classic TMFE
that decreased to approximately half the value obtained with
a simple NaCl solution, highlighting the vulnerability of the
TMFE to matrix effects (c.f. results in Section3.1). These results
show the potential of the ex situ PLL–PSS/TMFE for the direct
determination of trace levels of heavy metal ions in samples
containing surface-active compounds.

5. Conclusions

The utilization of mixed polycation/polyanion (PLL–PSS)
c ion o
s g a
s hese
c ctur
m om-
e PSS
w )
s t the
p ating
w g the
i ion
l enc
o V
p bare
T ism
i ged
l plan
t n of
t laye
t tive t
m inter
e her
t rect
S rate
b ola

level, in estuarine waters containing moderate amounts of dis-
solved organic matter, where the uncoated TMFE failed due to
fouling.
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