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Abstract

The present work describes the optimisation and characterization of poly(sodium 4-styrenesulfonate)-coated thin mercury film electrode:
(PSS-TMFE) for the direct analysis of trace metals in estuarine waters by square-wave anodic stripping voltammetry (SW-ASV). The
morphology, thickness and ion exchange ability of the poly(sodium 4-styrenesulfonate) coatings onto glassy carbon were evaluated an
these features particularly favoured the incorporation of cationic species, such as dopamine or lead cation. For the case of the heavy met
cations, a simple, sensitive and very reproducible methodology for their SW-ASV analysis could be developed. In fact, with the PSS-TMFE, a
significant increase in the sensitivity of the ASV determination of lead was obtained compared both to the uncoated TMFE (ca. 82%) as well
as to Nafion-coated electrodes of similar thickness (ca. 43—49%). Furthermore, the permselectivity of the poly(sodium 4-styrenesulfonate
coatings, based both on electrostatic interaction and molecular size, leads to an improved anti-fouling ability against surfactant species. Th
analytical usefulness of the poly(sodium 4-styrenesulfonate)-coated thin mercury film electrodes is demonstrated by application to the direc
ASV determination of trace heavy metals at the low nanomolar level, in estuarine waters with moderate contents of dissolved organic mattel
where the uncoated TMFE failed due to fouling.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction In natural or industrial waters containing significantly
high concentrations of natural/anthropogenic organic matter
For over the last three decades, the development of chem-or inorganic colloids, the anodic stripping voltammetric
ically modified electrodes (CMESs) has been a continuously (ASV) analytical signals of trace metals at conventional
growing scientific area of renewed interest in diverse fields mercury electrodes are often altered or even suppressed due
such as analytical chemistry and sensors, electrocatalysigdo the adsorption of those surface active compounds onto the
and energy conversidi—7]. Regarding the applications of electrode[8,9]. Fouling of the electrode surface can occur
CMEs in the voltammetric analysis of trace species, special also for electrodes other than mercury (i.e., glassy carbon
attention has been paid to the improvement of both sensitiv- (GC) and graphite) in other complex media such as biological
ity and selectivity, especially for determinations in complex samples where proteins are usually present and thus they
media, such as natural/industrial waters. become a problem. The most promising procedure to min-
imize the electrode fouling by surfactants is to prevent the

* Corresponding author. Tel.: +351 234 370732; fax: +351 234 370084, diffusion of the interfering species by coating the electrode
E-mail addresshcarapuca@dg.ua.pt (H.M. Carapuca). surface with a thin layer of a semi-permeable material. The
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purpose is to preclude the income of the interfering speciesyet been reported, namely regarding its permselectivity, ion-
towards the electrode surface, either by size exclusion and/orexchange and morphological properties.
by electrostatic exclusion. Several different approaches have In the present work, a comprehensive characterization of
been studied and applied: covering the electrode with athe PSS coatings on glassy carbon and a detailed analysis
dialysis membrand10,11] or cellulosic coatingqd12,13] of the performance of PSS-coated thin mercury film elec-
retains colloidal material (usually with molecular weights trodes, PSS-TMFEs, are performed. Hence, the effects of
higher than 1000) but the diffusion of small molecules/ions some experimental parameters, namely the mercury concen-
is frequently hindered, limiting the sensitivity of the tration and the PSS loading, are evaluated. The morphology,
voltammetric determinations. On the other hand, coating the the cation exchange ability and the permselectivity properties
electrode surface with ion exchange polymers is widespread:of the PSS coating are also assessed. The PSS-coated mer-
Nafion, the most widely employed cation-exchange polymer cury film electrodes were successfully applied to the direct
[9,14-21], poly(ester sulfonic acidj22—24], poly(ethyl determination of dissolved heavy metals in estuarine water
3-thiopheneacetatd)l6,21], poly(4-vinylpyridine)[25,26] samples contaminated with moderate levels of dissolved or-
or overoxidised poly(pirrole)27] are examples of such ganic matter. Filtration of the water samples was the only
modifiers. In these cases, the target analyte diffuses selecpre-treatment required in accordance to usual procedures for
tively throughout the electrode surface by an ionic exchange the determination of dissolved metal ions. Furthermore, the
mechanism. However, the anti-fouling properties of these present methodology was checked using a certified seawater
systems are not completely satisfactory and the preparationsample (NASS-5).
procedures often show lack of reproducibil[tyl,21]. Re-
cently, poly(sodium 4-styrenesulfonate), PSS, was used for
coating a thin mercury film electrode, TMFE, and applied to 2. Experimental
the ASV determination of lead and copper in estuarine water
with very low organic matter conteff28]. Stable PSS-coated 2.1. Instrumentation
electrodes could be prepared by a very reproducible and
easy procedure and presented increased sensitivity to lead All voltammetric measurements were performed with a
and copper cations. Besides, the mechanical stability of theBAS 100B/W electrochemical analyser (Bioanalytical Sys-
mercury film was improved. The PSS coating prevented tems, West Lafayette, IN, USA) connected to a Cell Stand
to some degree electrode fouling by non-ionic surfactants, BAS-C2. The working electrode was a TMFE plated onto
e.g., Triton X-100 and agar, and also partially excluded a glassy carbon disc, GGEBAS, MF-2012); the auxil-
the relatively small surface-active species sodium dodecyliary electrode was a Pt wire and the reference electrode
sulfate. Apart from that study, only a brief mention to the was Ag/AgCI (saturated KCI). In some studies, three dif-
use of the acidic form of PSS, poly(styrene sulfonic acid), ferent glassy carbon electrodes were used: G&tel GCk
mixed with Nafion for coating mercury film electrodes has from BAS and GCE from Metrohm. A combined glass elec-
been reported but the coating stability was very low due to trode (Orion 9104SC) connected to a pH meter (Cole Parmer,
the dissolution of poly(styrene sulfonic acid) in water-based Model 05669-20) was used for pH measurements. The micro-
electrolyteq20]. No further applications or characterization scopic examinations were carried out with an optical micro-
studies of PSS-coated mercury film electrodes have everscope (Jenaphot 2000, Zeiss Germany) connected to a video
been presented. camera (JVC, FK-1085E). Scanning electronic microscopy
On the other hand, PSS coatings on glassy carbon havg SEM) was conducted at a S-4100 HITACHI system.
been prepared by spin-coating of polystyrene and subse-
quent chemical sulfonatiof29]. Also, cross-linked PSS-  2.2. Reagents and solutions
modified platinum and graphite electrodes were prepared
by electropolymerization followed by chemical sulfonation Poly(sodium 4-styrenesulfonate), PSS (molecular weight,
[30]. For both procedures, the resulting electrodes were sta-70,000, and degree of sulfonation 1.0) and Nafion perflu-
ble in water but the preparation procedures were intrinsically orinated ion-exchange resin, NA (NA 115, 5wt.% solu-
sluggish and no reproducibility data or permselectivity stud- tion in a mixture of lower aliphatic alcohols and water)
ies were presented. Modification of platinum electrodes with were purchased from Sigma—Aldrich and used without fur-
PSS[31], chlorosulfonated PS[82] and organosilane—PSS  ther purification. All chemicals were of analytical reagent
copolymer[33] was applied in experiments in acetonitrile grade and all solutions were prepared with ultra-pure water
media. (18.2MQcm, Milli-Q systems, Millipore-waters). Sodium
Further, water-insoluble PSS-containing membranes havechloride (Merck, suprapur), hydrochloric acid, 37% (Fluka,
been applied in electrode modification for the production trace select) and 1000 ppm AA-Spectrosol metal ion stan-
of amperometric biosensors for glucose, glutamatgQH dards (BDH) were also used. Stock solutions of PSS (25, 50,
andt-lactic acid[34-38], and for the production dayer- 75 and 100 mM in monomeric units) prepared in phosphate
by-layerassemblie§39—43]. However, no full characteriza-  buffer (0.04 mol dn NapHP04/0.026 mol dn3 KH,POy;
tion of PSS-modified glassy carbon electrodes (GCEs) haspH 7.0, ionic strength 0.15 M) and of Nafion (25and 11.3 mM
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Table 1
Chemical structures of the polyelectrolytes used for coating

Polystyrene sulfonate Nafion (NA)

(PSS)
Monomer mass Monomer masy
206.196 1100
n FINEE
—C-Ceee
FF/ F
b r Fr
0-C-C—0-C-C-805 Na'
S0O; Na' F Chy, F F

a Equivalent weight (g), calculated for the PSS*Narm.

b Equivalent weight (g) for the acidic form of NA 115, based on
[50] and on the Handbook of fine chemicals and laboratory equipment,
Sigma—Aldrich, 2003-2004.

inmonomeric units prepared in methanol) were stored@t4
Potassium ferrocyanide, dopamine af)-ascorbic acid so-
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swollen state shall contain more water/electrolyte than the
original productg$21,52]. This limits the accuracy of the cal-
culation of the thickness of the recast polymer layers.

2.3. Electrode preparation

Prior to coating, the glassy carbon electrode was condi-
tioned following a reported polishing/cleaning procedure in
order to obtain a smooth mirror finished, and activated GC
surfacg28]. The coatings were obtained by the droplet evap-
oration method28] placing 3—9uL of PSS or uL of Nafion
solutions on the electrode surface. Otherwise stated, thin mer-
cury films were ex situ plated from a 0.12 mM Hg(l1)/0.01 M
nitric acid solution by electrodeposition through the poly-
mer coating at-1.3 V for 20 s whilst rotating the solution
with a magnetic stirrer (BAS-C2 stand, position 3). The con-
ventional mercury film electrode was obtained in a similar
fashion except for the polymer-coating step. The PSS-coated
electrodes were ready to use—no pre-conditioning in any
electrolyte was necessary. When required, the utilized poly-

lutions (1 mM) were prepared in phosphate buffer. Aqueous mer layer was wiped off with a wet tissue and the GC surface

stock surfactant solutions, all 0.1% (v/v) (hyamine, HYA,
poly(allylaminehydrochloride), PAAHC, and bovine serum
albumin, BSA), were also stored at@.

was re-conditioned as mentioned above.
The surface area of the glassy carbon electrodes was
measured by chronoamperometry (in 1.62 10 3M

Schematic representations of the two polymers used forferricyanide/0.5M KCI solution; diffusion coefficient of

electrode modification are displayedliable 1. PSS (pk=1)

[44] is the sulfonate salt of the well-known polystryrdas].

Itis a water soluble, thermally stable polyelectrolyte (decom-
position temperature 46 [46]), having both hydrophilic

ferricyanide 0.763x 10 °cn?s! [54]). Four polishing
experiments, each one with four replicate determinations,
were done. The electrochemically active area was fnm
6.42+ 0.05 for GCHh, 7.33+ 0.04 for GCE; and 3.06+

parts (sulfonate groups and their counterions) and hydropho-0.09 for GCE.

bic parts (hydrocarbon backbone and phenyl groups). In

agueous solution, PSS is a linear polyanjéi,48], but in

solutions where a simple electrolyte is added (e.g., NaCl), a

coiled conformation is observed due to shielding of the poly-
electrolyte chargefg 7]. The same effect has been noticed for

2.4. Voltammetric procedures

The ASV experiments for the examination of the ana-
lytical performance of the PSS-TMFE were carried out in

electrostatically adsorbed PSS, where highly coiled and thick 10 mL NaCl 0.5 M solutions spiked with lead(ll) as a refer-
PSS layers were obtained whenever the deposition proceedgnce metal ion (6.0& 108 M). The deposition step lasted

from solutions of high ionic strength, e.g., 0.1-2&2,43].
Nafion is a high molecular weight perfluorinated sulfonic

20 s at-0.8 V, whilst the solution was rotated with a magnetic
stirrer (BAS-C2, position 3). After a 5s quiescent time, the

acid containing also negatively charged sulfonate groups butstripping step was initiated at0.8 V and ended at0.15V
these are assembled in hydrophilic clusters surrounded by reto prevent the stripping of the mercury film. The instrumen-
gions of hydrophobic nature, i.e., the fluorocarbon backbone tal parameters used in the ASV-SW experiments were: fre-

[18,21,49,50]. This structural conformation contributes to the
rigidity and insolubility of Nafior{45]. The ion-exchange ca-
pacity of Nafion is about four times smaller than that for other
typical sulfonate resinf.8].

Polyelectrolyte coatings for modification of glassy carbon

guency 50 Hz, amplitude 25 mV and step potential 5 mV.

For the measurement of the charge under the voltammetric
stripping peak of Hg, a linear scan of 0.25 Vavas applied.
That charge is an estimate of the amount of deposited mercury
onthe GC electrode and is calculated by electronic integration

electrodes are usually recast from solution by using the drop of the linear scan mercury pe&b].

evaporation methofll5,17,28,51,52pr spin coating proce-
dures[53]. The most frequently used value for the recast
density of Nafion is 1.98 g cn? [15,17,21]whilst for PSS,

For the ASV determination of heavy metals in natural wa-
ters, 10 mL of a filtered sample (0.45n membrane filter,
Millipore) of estuarine waters (samples A and B) or 10 mL

no reference value was found in the literature. Therefore, the of the unfiltered certified sea water, NASS-5 (National Re-

value of 0.801 gcm? available from specifications for the
commercial PSS produ46] has been used in the present

search Council, Canada), was pipetted into the voltammetric
cell. The ASV-SW measurements were carried out promptly

work. Nevertheless, the actual density of the recast polymerswith an accumulation step of 3 min at0.8V, with a rota-
may be lower than the above-mentioned values because theition rate corresponding to BAS-C2 position 3. The SW pa-
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rameters were the same as described above. Both the TMFEamount of plated mercurfng, and the ASV peak current
and the PSS-coated TMFE (loading 4@mm2) were used for lead,lppp) For both the uncoated TMFE and the PSS-
as working electrodes. The quantification of trace metals TMFE (PSS loading 4.8g mm2), QnHg increased linearly
was done by the standard addition method. All peak cur- with the mercury concentration (within 0.05-0.15 mM) with
rents quoted are mean values of five replicate measurementsa slope 0.26 C moft dm? (r = 0.9962,P < 0.05,N = 5) and
The estuarine waters had salinities (%o) of 17.3 and 7.3, re- 0.35 C mott dm? (r = 0.9988P < 0.05,N = 5) for the TMFE
spectively, for samples A and B, and moderate dissolved or- and the PSS-TMFE, respectively. These results indicate that
ganic matter contents (corresponding DOC values of 4 andthe mercury deposition through the PSS polymer layer pro-
10 ppm). ceeds by a mechanism similar to the one observed for the
All peak currents and charges quoted are mean values ofcommon deposition process on a bare glassy carbon surface
six replicate measurements. Solutions were purged with pure[55,56]. However, the mercury deposition on the PSS-coated
nitrogen for 5 min prior to analysis. Measurements were car- electrode is enhanced: in fact, the slope of the Qig} ver-
ried out at room temperature (18-20). sus [Hg] increased by 35% compared with that for the bare
glassy carbon. Also, more reproducible mercury deposits are
produced on the PSS-coated electrode: the R.S.D. values de-
creased from 5.2—6.7% for the uncoated TMFE to 2.4-3.2%
for the PSS-TMFE. These results validate the observations
A previous work[28] has shown that a thin mercury film  previously reported for identical electrodes where the ASV
could be plated on a GC electrode coated with a layer of signals of lead were used as the test parameter for repro-

3. Results and discussion

the cation-exchange polymer PSSg. 1 presents an op-
tical micrograph of a PSS-coated TMFE produced under
the proposed conditions (PSS loading ggmm—2 andgqg

ducibility and sensitivity[28].
Regarding the ASV signals of lead, thgpp) values in-
creased with the mercury concentration, but for [Hg(ll)]

7.36.C mm2 [28]). Small mercury droplets were formed higher than 0.12mM, there was no further improvement.
onto the GC surface, beneath the PSS film, which looks as aTherefore, in terms of the ASV response, there is no advan-
rather open and transparent structure. In order to obtain fur-tage in using plating solutions with mercury concentrations
ther information on the characteristics of the mercury film higher than 0.12mM.

produced at PSS-coated glassy carbon electrodes, the effects Considering the present results, the optimal value for the
of both the mercury concentration in the plating solution and mercury concentration was set at 0.12mM. The plating po-
of the PSS loading were evaluated. Besides, electronic mi-tential was kept at-1.3V based on a previous stu®s].
croscopy was also used to gain a better insight on the mor-Under these conditions, the mercury charge density was ca.
phological characteristics of the PSS polymer layers. 7wC mm 2,

3.1. Effect of the mercury concentration on the mercury 3.2. Effect of the PSS loading

film characteristics at the PSS-coated GCE . . . .
The actual polymer loading used is an important experi-

mental parameter because it affects both the morphology and
the compactness of the coating, which, in turn, influence its
permselectivity and mass transportation properties. The PSS
loading was changed in three different ways, by varying the
droplet volume, the number of consecutive drop evaporation
steps or the concentration of the PSS polymer solution.

Fig. 2(A and B) shows the charge densig, and peak
current densityjypy), for three different PSS-coated mer-
cury film electrodes. The polymer layer was recasted from a
25 mM PSS solution varying the microdroplet volumeu(3
in experiment 1, @L in experiment 2 and AL in experi-
ment 3) or the number of consecutive evaporation steps (2
+ 2 + 2uL in experiment 4 and 3 + @L in experiment 5,
corresponding to a total volume ofpf). The values for
the uncoated TMFE are also presented for comparison (ex-
periment 6). Three different electrodes (GCECE, and
GCBEs) were used in order to evaluate also the effects of dif-
ferent GC surfaces and different electrode areas. The PSS
loadings corresponding to the deposition gfl3are 2.4, 2.1
and 4.9.g mm~2, respectively, for GCE GCE and GCE.

The corresponding polymer thicknesses are estimated as 3.0,

The effect of the mercury concentration in the plating so-
lution on the mercury film characteristics was assessed by
using both the voltammetric charge corresponding to the

1 pm

Fig. 1. Optical micrograph X500) of a thin mercury fim (gg
7.36pCmm2) plated on a GC electrode coated with PSS (loading
4.8ugmnr2).
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Fig. 2. Mercury voltammetric charge densities (A) and ASV-SW peak current densities of lead (B) for three different GC electrogddah@€EGCE

(black) and GCE (horizontal line pattern), and different coating experiments: deposition of a single microdropleiofl3, 6L (2) and 9uL (3) and
consecutive depositions of 2 + 2 2 (4) and 3 + 3uL (5). Experiment 6 corresponds to the uncoated TMFE. PSS solution: 25 mM, in phosphate buffer.
Charge determinationgjep 20 s at—1.3V, v 250 mV s ASV-SW determinationdgep 20 s at—0.8 V;a=25mV, f= 50 Hz.

2.6 and 6.3um. The calculations for 6 andifL are straight-  19.2j,g mm2. Fig. 3 shows the ASV peak current for lead
forward. For the two BAS electrodes (GEEnd GCE), the as a function of the PSS loading. For loadings higher than
results show that even for identical electrodes, Iarge varia- 4.81.9 mm—Z, the peak current decreased, reaching the value
tions can occur, especially in the amount of deposited mer- for the uncoated TMFE at 9i6g mni2, i.e., for an estimated
cury where, in some cases, the charge density increased 90%hickness of 9.2um. Hence, PSS films thinner than ca il
Conversely, that effect was less significant for the ASV peak present no diffusion restrictions to lead and, actually, the film
current density where the maximum variation was 30%. It improves the accumulation of this metal cation. This is quite
must be noticed that for a single GCE, the reproducibility of remarkable for such thick ionomer layers. Usually, polymer
the PSS coatings is very higl8], so the observed variations  |ayers of ca. Jum or less are prepared in order to limit dif-
cannot be assigned to lack of reproducibility in the coating fusion restriction§15,17,20,21]; exceptions are reported for
process. Moreover, those effects were observed also for thepolyestersulfonated Eastman AQ B®] and Nafion films
bare GC electrodes (experiment 6) and, therefore, they may beprepared without any casting solvéa} where ca. f.m lay-
related to the intrinsic microstructure of the actual glassy car- ers were successfully used.

bon, determining the characteristics of the produced mercury  |n order to evaluate the cation exchange properties of the
film. In fact, significant differences in the GC microstruc- PSS coatings, additional experiments were performed with-
ture have been reportd@7] even for electrodes from the  out the application of potential during the accumulation pe-
same manufacturer. Surprisingly, the use of a small area elecriod. Hence, the PSS-modified TMFE was equilibrated at
trode (GCE) allowed larger amounts of deposited mercury. open circuit, in a stirred solution of Pb (6.0 x 108 M)
However, lower ASV peak current densities were observed. for 20 s. Afterwards, a square wave scan was app"ed, from

Furthermore, for GCE the repeatability of the ASV deter- 0.8 to—0.1V, to measure the amount of lead incorporated
minations was slightly poorer (3.2—-4.6%) than that for the inthe PSS coating (equilibration time of 5 s-40.8 V). In the
larger area electrodes (2.2-3.8%). absence of any accumulation time, no ASV signal for lead

For the present set of experiments, the overall results showwas obtained indicating that the metal ion concentration in

that the variation of the drop volume or the number of depo- solution is too low to contribute to the signal of the incorpo-
sition cycles did not have a marked effect on the charge and

current densities. For 8L (experiment 1), the current and

charge densities were the lowest and, for the highest droplet ' o

volume, 9uL, the repeatability was slightly worse (R.S.D.

values forgng changed between 3.7 and 5.6%). In addition, S 08

for this higher drop volume, care must be taken in ensuring } .

that the drop does not stay out the electrode surface area. % 04 1 ° .
Further, the procedures using sequential depositions (2 + 2 + =

2l and 3 + 3ulL) did not improve the results and are time oo

consuming. Therefore, and for further studies, it was decided
on using GCE and the procedure with the single deposition ) 5
of a 6L droplet. Loading / pg mm
Changing the concentration of the PSS solution provides _ )
better wav to increase the bolvmer loadina. Hence. the PSilg' 3. Effect of the PSS loading on the ASV-SW peak current of Igagl.

a _y . poly g. ! 0sat—0.8 V. SW parameterst= 25 mV, f= 50 Hz. Concentration of lead,
concentration was varied from 25 to 50, 75 and 100 mM, €Or- g 00 x 108 M. PSS coatings on GGEThin mercury films plated ex situ
responding to a four-fold increase in loadings, from 4.8 to with q=7.0uC mm2.

0 5 10 15 20 25
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Table 2

ASV-SW signals of lead (+standard deviatioNs; 6) accumulated at PSS-
coated TMFEs (GCBH by application of potential and at open circuit, for
different PSS loadings

PSS loading Ipeb) (RA); lpeb) (RA);
(ng mm2) tgep=20s at tgep=20s at
-0.8V open circuit
0 0.55+ 0.03 0
4.8 1.024+0.03 0.332+ 0.008
9.6 0.53+ 0.02 0.203+ 0.005
14.4 0.48+ 0.02 0.194+ 0.005
19.2 0.42+ 0.01 0.173+ 0.004

SW parametersa = 25 mV, f= 50 Hz.

rated ionsTable 2presents thé,pp) values for PSS-coated
mercury film electrodes with different polymer loadings, ob-
tained with and without the application of potential during the
accumulation period. These data show that PSS is able to pre-
concentrate cations due to electrostatic interactions, namely
by an ionic exchange mechanism. Even for thicker coatings
(>9.6pg mm2, i.e., >9.2um), that mechanism was respon-
sible for a large fraction of the analytical signal, although
there were some restrictions to mass transportation through
the polymer layer (the signal at open circuit for the coating
with 19.2ug mm2 decreased to half the value observed for
4.8ugmm-2).

SEM images (Fig. 4A and B) highlight the morphologi-
cal differences for polymer coatings with different loadings.
For the PSS coating with 48y mm2, the polymer layer
looks less compact, presenting wider channels and higher
roughness. Nevertheless, all PSS coatings present a rather
loose and spongy structure that will certainly facilitate the
cation transportation towards the electrode surface and, on
the other hand, will allow a more efficient interaction of the
target cations with the anionic sulfonate groups of the immo-
bilized polymer. The building of this type of structure may
be a consequence of the recasting method via the solvent
evaporation of a PSS solution in sodium/potassium phos-
phate buffer (ionic strength 0.15 M) which may contribute :
to the coiling of the polyion chain and to the stabilisation of T TR T R
the adsorbed layer, as observed by oti¢?s43,47]. There- . — .
fore, the recastl_ng_ of So_dmm_PSS from an ionic solution Fig. 4. Scanning electronic micrographs (x5000) of different coatings on
leads to stable tri-dimensional coatings on glassy carbon andgc: (a) Pss, loading 4.8g mn2; (B) PSS, loading 14.4g mm2: and
this explains the very low solubility of these PSS-modified (C) Nafion, loading 11.6.g mm 2.
electrodes in the electrolyte media used for the voltammetric
experiments. Another consequence of the coiling of the PSStrodes were prepared by deposition gfl6of a 25 mM poly-
polyion chain is the increase of the number of exposed sul- mer solution giving loadings of 23 nmol mriin monomeric
fonate groups per unit area, thus intensifying the electrostaticunits (i.e., in sulfonate groups). The corresponding mass load-
interactions. These considerations associated to the SEM eXings were 4.8 and 25;7g mm 2, respectively, for PSS and

aminations supportthe observed voltammetric data described\A. The estimated thicknesses of the PSS and Nafion films

IMAT1IO 15.8kYV XS.00K 8.8845n

above. were 6 and 13.m, respectively. Forthe PSS-coated electrode,
the mercury charge density was ca.@ mm 2 (correspond-

3.3. Comparison of the PSS-TMFE with the ing Hg electrolysis time of 20 s, cBection 2.3), whereas for

Nafion-coated TMFE the NA-modified electrode, the use of a higher electrodepo-

sition time (40 s) was necessary to achieve a similar charge
The characteristics of the PSS-TMFE were compared with density. This is indicative of diffusion restrictions to mercury
those of a Nafion-coated TMFE (NA-TMFE). Both elec- cationsthroughthe NAlayer and/or aweaker cation exchange
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ability, comparatively to what occurs for PSS. This fact can within the Nafion polymer (films of am thickness). That
be explained by the higher thickness of the NA-coated elec- was a rather low value compared with the 30-40% obtained
trode in spite of both layers having the same concentration for PSS in the present work (cfable 2). Due to the differ-
of sulfonate groups. A second NA-coated electrode with the ent mass of the monomeric units of the two polymers, the
same thickness as the PSS electrode (&9 correspond-  PSS-coated electrode has 4.8 mmol of sulfonate groups per
ing to 11 nmol mnT? in monomeric units, deposited from a  gram of polymer, whereas for the Nafion coating, that value
11.3mM solution) was also prepared, and in this case, theis ca. five times lower. Hence, PSS presents a less compact
mercury electrodeposition time was 20 s (charge density of structure with more sulfonate groups (per gram) available
ca. 5uC mm2). for interaction with cations. All these considerations support
Firstly, the analytical performance was comparkable 3 the experimental data providing an explanation for the high
presents the calibration data for lead, also compared to thatcation exchange ability and the overall higher sensitivity of
of a bare TMFE. Good calibration curves were obtained for the PSS-coated TMFEs for the ASV methodology.
all electrodes. However, a substantial increase in sensitivity
(~45%) for the PSS-coated electrode was observed compar-3.4. lon exchange and permselectivity properties of the
ing with the two NA-coated electrodes. Also, all modified PSS coatings
electrodes showed improved sensibility to lead compared to
the uncoated TMFE. It should be noted that for the presentNA  Additional cyclic voltammetric experiments at PSS-
coatings, with relatively high thickness, prepared simply by coated electrodes with different loadings (4.8, 9.6, 14.4 and
recasting from the commercial NA115 solution, the ASV de- 19.2ug mm~2) were carried out in order to obtain more in-
termination of lead was enhanced, in accordance to the resultformation on the ion exchange and permselectivity properties
of Buckova et al[9]. Nevertheless, doubling the number of ofthe PSS coating. In this set of experiments, no mercury film
sulfonate exchange sites (i.e., the loading) did not bring aboutwas plated. The selected electroactive species were two an-
a significant improvement of sensitivity, due probably to the ions of different molecular weight and charge, [Fe(gR)
increase in thickness. The R.S.D. values of six replicated (MW 212) andL(+)-ascorbic acid (MW 176), and dopamine
measurements df, for the overall set of standard solutions (MW 192). At the working pH 7.0r(+)-ascorbic acid (pK
changed between 0.6 and 2.6% for the NA-TMF electrodes = 4.10) and dopamine (pi= 8.87) are anionic and cationic,
and 0.5 and 1.5% for the PSS-TMFE. The limits of detection respectively. Voltammetry at the uncoated GC electrode was
were similar for all electrodes, ca. 0.3—0.5nM (3s). Never- also performed for comparison. For all PSS coatings, no
theless, the lowest value was observed for the PSS-coated/oltammetric peaks were detected for [Fe(gR}/4~ (see
TMFE. All these results demonstrate the enhanced perfor-Figs. 5A and 6), indicating that the negatively charged film
mance of the PSS-coated mercury film electrode for ASV totally excludes ferricyanide ion. This exclusion certainly has

determinations. an electrostatic nature due to the high charge of that anion but
Optical micrographs reported for Nafion coatings indi- may include also the effect of the semi-permeability of the
cated the formation of compact, transparent lay&s28]. PSS membranes to molecular size. On the other hand, for the

SEM images for the present Nafion coatings corroborate ascorbate anion, decreasing peak currents were observed in-
those observations (cFig. 4C): a rather compact structure dicating a progressive exclusion, more pronounced for higher
was produced with very low roughness. The morphologi- thickness coatings. However, the ascorbate anion was not to-
cal differences between PSS and Nafion coatings explain, attally rejected by the PSS films (dfigs. 5B and 6), which
least partially, the observed variations in the current responseamay be related to the lower molecular weight of this species
to lead; the denser the polymer coating, the more restricted(lower than that of the ferricyanide anion) and lower anion
will be the cation diffusion. Hoyer et aJ17] estimated that  charge. In contrast, increasing peak currents were observed
ca. 5% of the total peak current of lead, cadmium and cop- for dopamine (Figs. 5C and 6), indicating the incorporation
per could be assigned to incorporation by cation exchangeof this cationic species into the PSS film. But, for the thicker

Table 3
Calibration data for the SW-ASV determination of lead (2.00-10.00-8 mol dm~3) at PSS- and NA-coated TMF electrodes and at the bare TMFE (using
GCE)

Electrode Loading (nmol mn72) Thickness (pum) Slope (A M~1)2 r(N=5) L.O.D. (nAY
PSS-TMFE 23 6.0 16.20+ 0.03 0.9998 0.26
NA-TMFE 23 13 10.92+ 0.04 0.9998 0.52

11 5.9 11.30+£ 0.03 0.9997 0.44
TMFE — — 89+ 0.6 0.9998 0.41

Deposition time 20 s. SW parameteass 25 mV, f= 50 Hz. Mercury charge densities between 5 apCfnm2 (see text for details).
a Standard deviations included.
b P <0.05 for all calibrations.
¢ Calculated for 3s.
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Fig. 5. Cyclic voltammograms of [Fe(Chf~ (A), L(+)-ascorbic acid (B) and dopamine (C) (1 mM solutions in pH 7 phosphate buffer) at the @Cand
at the PSS-coated GGEb). PSS loading: 4.8g mni2 (A), 14.4pg mmi~2 (B and C). Scan rate, 20 mV'§.

PSS film, dopamine is being partially excluded, certainly due anionic surfactant with a very high molecular weight, e.g.,
to diffusion restrictions. Based on these results, the cut-off bovine serum albumin (a globular protein with MW 68,000),
molecular weightMcy, of the PSS film with 14.4.g mn—2 complete exclusion was observed: only for a 25 ppm BSA
(thickness 1&m) may be estimated as ca. 190, the molecular solution, the ASV signal of lead (lead concentration 6.00
mass of dopamine. This value is approximately twice the one x 10~8 M) decreased slightly, ca. 7%. On the other hand,
presented for mixed membranes of PSS and poly-L-lysine working in the presence of cationic surfactants may have
[36], which were certainly denser than the present PSS coat-important effects: for instance, hyamine (HYA, MW 448),
ings. Nevertheless, a selective determination of dopaminein concentrations higher than 3 ppm, unexpectedly produced
in the presence of equal amounts of ascorbate could not bethe total fouling of the PSS-coated electrode in spite of having
achieved at any PSS-coated electrode: even for a PSS loading molecular weight higher thavi,;. The linear conforma-
of 14.4p.g mm 2, ascorbate anion contributed to ca. 12% of tion of HYA and the presence of the cationic group near the
the oxidation signal. By comparison with published data for end of the molecule chain may facilitate its transportation
NA-coated electrodes, the ascorbate anion is excluded to ahroughout the PSS coating. For the uncoated TMFE, HYA
lower extent at the PSS layers, which is certainly related to also fouled the electrode surface. However, for a 25 ppm solu-
the higher density of the recast nafion coatifi&fy. tion of poly(allylaminehydrochloride) (MW 15,000), a large

In a previous study, the anti-fouling characteristics of the molecular weight cationic polymer, no fouling effects were
PSS coatings on glassy carbon were tested using Triton X-observed, i.e., the ASV peak current of lead remained un-
100, sodium dodecyl sulfate and agar, by determining the changed compared to that obtained in the absence of any
ASV signal of lead at a PSS-coated TMFE (PSS loading surfactant.
4.8ugmm-2) [28]. Of those surfactant species, SDS was It may be concluded that the PSS coatings are charge se-
not completely excluded in spite of being anionic (SDS so- lective, as expected for a cation exchange polyelectrolyte,
lutions from 5 to 25 ppm). That observation can now be ex- and are also permselective to molecular size. Also, the PSS
plained due to the fact that SDS is a mono-negatively chargedcoatings present anti-fouling properties especially for higher
species with a molecular weight close to the expedfiggl MW tensioactives at moderate concentrations (lower than
value, behaving similarly to the ascorbate anion described 25 ppm).
above. Conversely, performing the same experiment with an

3.5. Analysis of real samples using the PSS-coated
TMFE

BTN The applicability of the PSS-coated TMFE in the ASV
< A determination of trace heavy metals was checked in contami-
o0 nated estuarine water containing moderate levels of dissolved
= = organic matter (Fig. 7A and Bable 4). The results show that
59\, the PSS-coated TMFE can be successfully used to quantify

AN trace metals in samples with relatively high DOC, where the
0 10 20 bare mercury film electrode fails. This was especially true
for sample B (DOC 10 ppm) for which the TMFE was com-
pletely fouled. These results highlight the potentialities of
Fig. 6. Effect of the PSS loading on the CV cathodic peak current of t_he ex situ PSS-TMFE _for the directand sens_ltlve _dEtermma'
[Fe(CN)sJ3~ (circles), L(+)-ascorbic acid (squares) and dopamine (trian- tion of trace levels of dissolved heavy metal ions in samples
gles). Experimental conditions ashiig. 5. containing surface-active compounds.

Loading / ug mm”
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Fig. 7. SW stripping voltammograms of two estuarine waters (samples A and B) at the TMFE (a) and at the PSS-TMFE)GEES loading: 4.8g mn2;
SW parametersa = 25 mV, f= 50 Hz and §ep 180 s at—0.8 V.

;ngs‘:/v determinations in contaminated estuarine water samples at the uncoated TMFE and at the PSS-coated TMFE

Sample A (nM) Sample B (nM)

Cu P Cd Cu Pi? Cd
TMFE 2.69+ 0.09 3.75+ 0.08 nd nd nd nd
PSS-TMFE 2.7% 0.05 3.83+ 0.05 1.74+ 0.06 2.59+ 0.06 1.31+0.03 0.65+ 0.02

SeeFig. 7for experimental conditions. nd: not detected.
a Values corrected for the blank value (0.12 nM).

The accuracy ofthe ASV determinations atthe PSS-coatedstantial increase in the sensitivity of the ASV determinations
TMFE was tested by analysing copper in certified seawa- of lead at the PSS-coated TMFE, compared both with the
ter NASS-5. This water sample was used without any pre- uncoated TMFE (84%) and with Nafion-coated electrodes
treatment. The obtained concentration of copper was#.64 (43-49%). Furthermore, PSS coatings were charge selective,
0.28 nM (N= 3), which compares very well with the certified as expected for a cation exchange polyelectrolyte, and were
value of 4.6 7+ 0.72 nM. The amount of lead was quantified also permselective to molecular size. For PSS films of ca.
as (12.0+ 0.8) x 10711 M (N = 3), which is three times the 18 um thickness (i.e., ca. 1dg mm~2), the cut-off molecular
certified value (40 pM). In spite of our best efforts, the blank weight shall be ca. 190. The applicability of the PSS-TMFE
level of lead in our laboratory environment could not be low- in the direct ASV determination of trace heavy metals was
ered further to allow analysis at the pM level. A clean room demonstrated by analysing lead, copper and cadmium at the
facility would certainly be necessary to allow such very low low nanomolar level, in estuarine waters containing moder-
level determinations. ate levels of dissolved organic matter, where the uncoated

TMFE failed due to fouling. The accuracy of the ASV de-
terminations with the PSS-coated TMFE was also tested by
4. Conclusion quantifying copper in certified seawater NASS-5.
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