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Abstract

Ž . Ž .We evaluated the electrochemical deposition of Pb II onto Fractured Vitreous Carbon FVC electrodes from solutions
Ž .containing very low concentrations of lead in different electrolytes sulfate or chloride . To examine how the FVC surface

state influences the lead deposition efficiency, the electrodes were subjected to different electrochemical pretreatments prior
Ž .to the actual deposition process. The FVC electrode was used as a representative model of the vitreous carbon VC bulk,

avoiding the polishing procedure that could change the surface. Electrochemical pretreatment was carried out by cyclic
voltammetry in electrolytes containing chloride or nitrate anions and in some cases, ferrocyanide. Before and after the

Ž .electrochemical pretreatment, the electrode surface morphology was assessed using Atomic Force Microscopy AFM
Ž .imaging. The quantity of lead deposited on the FVC electrode surface lead deposition efficiency in each experiment was

estimated from the charge under the lead anodic, dissolution peak. Electrochemical pretreatment of electrodes in chloride or
nitrate electrolytic baths consistently reduced the lead deposition efficiency. A detailed analysis, correlating lead deposition
efficiencies to surface roughness and fractal dimension of the freshly prepared and electrochemically pretreated FVC
electrodes, indicated that the decrease in efficiency corresponded to the change in electrode surface geometry. The greater
efficiency of lead deposition observed in the chloride-containing electrolyte was due to the interaction between chloride and
deposited lead rather than a chloride interaction with the FVC substrate. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Electrolytic methods based on electrodeposition
are convenient techniques used for removal of transi-
tion and heavy metals from effluents and environ-
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w xmental waters 1–6 . The optimization of these meth-
ods requires a fine definition of the metal deposition
process; however, this is often a fundamental chal-

w xlenge 2,7–11 .
The influence of anions in the deposition bath has

been implicated as critical for efficient lead removal
w xfrom electrolytic solutions 2,12,13 . Significant dif-

ferences in the removal efficiency have been re-
ported among electrolytes containing sulfate, nitrate
or chloride anions. The presence of chloride anions
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in the electrolytic bath undoubtedly leads to the
highest removal rate, with a several fold higher

w xefficiency than the other electrolytes 2,13 . Removal
carried out using sulfate containing electrolytes re-
sults in a significant decrease in efficiency. Neither
the exact chemical influence of the different anions
nor an explanation for the difference in removal
efficiency has yet been described. To examine the
lead removal phenomenon in sulfate and chloride
solutions, we recently evaluated possible mecha-

Ž .nisms, which could enhance chloride or inhibit
Ž .sulfate lead electrodeposition onto non-polished

Želectrodes fractured vitreous carbon, FVC, and
. w xreticular vitreous carbon, RVC 13 . In our prelimi-

nary study, we demonstrated that FVC could serve as
a very good model surface for examining processes
on RVC electrodes.

As a part of a large-scale evaluation of parame-
ters, which could influence the metal deposition
process on the carbon electrodes, we considered the
notion of enhanced lead deposition onto vitreous

Ž .carbon VC via the creation of additional active
sites due to chloride co-adsorption at the electrode
surface. The possible creation of additional active
sites due to chloride adsorption onto FVC is based

w xon the findings of Mostany et al. 12 , who studied
lead deposition onto the VC electrode using chloride
electrolytic baths. This group reported that halides
co-adsorb with lead at the VC surface at the deposi-
tion potentials thus providing new additional precur-
sor active sites for metal nucleation. The authors
suggested that this co-adsorption effect does not alter
the kinetics of deposit growth, but it is expected to
influence the deposit characteristics, including the
deposit surface morphology.

We report our evaluation of the efficiency of the
chloride–surface interaction during the lead deposi-
tion process onto FVC. Prior to the lead deposition
process, which was carried out in the sulfate elec-
trolytic bath, the FVC was electrochemically pre-
treated by performing cyclic voltammetry in a chlo-
ride-containing electrolyte. We expected that during
the electrochemical pretreatment process the chloride
anions would adsorb at the carbon electrode surface
to create new active sites for lead nucleation. In
order to resolve the specific influence of the chlo-
ride anion on the formation of the mentioned adlayer,
we also used nitrate-containing electrolytes for the

electrochemical pretreatment process. In both cases,
FVC electrodes were pretreated with the above-men-
tioned anions in the presence and absence of
w Ž . xy3ry4Fe CN as one of the standard electrochemi-6

w xcal pretreatment substances 14 . In our knowledge,
the present work is a pioneer study considering the
FVC electrodes to analyze the substrate effect on the
electrodeposition process. The amount of lead de-
posited at the electrode surface was evaluated by
measuring the charge under the anodic dissolution

Ž .lead peak cyclic voltammetry . An ex situ Atomic
Ž .Force Microscopy AFM analysis was performed to

evaluate the electrode surface conditions, such as
surface morphology characteristics before and after
pretreatment, which can influence the rate and effi-
ciency of the lead deposition process.

2. Experimental

2.1. Electrochemical setup

Electrochemical experiments involving lead depo-
sition onto the FVC electrode and the electrochemi-
cal pretreatment processes were carried out by cyclic
voltammetry with a potentiostat–galvanostat EG&G
PAR 283. A freshly prepared, manually fractured

Ž . Žvitreous carbon FVC rod 0.3-cm-diameter rod pu-
.rity 99.9% purchased from Alfa, AESAR, USA,

was used as a working electrode. After manual frac-
turing, the electrode surface was evaluated visually
and only electrodes with very similar surface areas
were selected for further use. The sides of the FVC
electrodes were isolated from the solutions using
PTFE film. The surface area, for all electrodes, was
approximately 0.071 cm2. Only one experiment was
carried out with each fabricated electrode. In all
experiments, a saturated HgrHg SO electrode2 4
Ž .SSE served as the reference electrode and a graphite

Ž .rod 99.99% Alfa, AESAR, USA as a counter or
auxiliary electrode.

2.2. Electrochemical pretreatment

Electrochemical pretreatment was carried out ex-
pecting to enhance, ‘‘activate’’, the number of active
sites onto the FVC electrode for the lead deposition
process, e.g., increase the efficiency. As part of this
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pretreatment, the FVC electrode was immersed into
the electrolyte containing nitrate or chloride anion
prior to lead deposition, and then scanned in the
same range of electrode potentials as for the lead

Ž .deposition process 0.10 to y1.14 V vs. SSE . It is
important to note that the potential range of scan
potential is not sufficiently positive to increase of

Ž .oxygen–carbon O–C ratio on the surface or to
w xprovoke the formation of graphite oxides 14 . It has

been previously reported that the potential scan range
used for the electrochemical pretreatment of the FVC
surfaces provokes only surface structure modifica-
tion of the VC electrodes surfaces. The FVC was
cycled for 15 min with a constant velocity of 50 mV
sy1. Electrolytes were also tested with very low

w Ž . xamounts of K Fe CN salt, which is well charac-4 6

terized as chemical species for the electrochemical
w xpretreatment of VCE 14 . Four different electrolytic

solutions were utilized for these electrochemical
Ž .treatment processes A–D :

Ž .A. 0.5 M NaCl pHs2 ,
y2 w Ž . xB. 0.5 M NaClq1=10 M K Fe CN4 6

Ž .pHs7 ,
Ž .C. 0.5 M NaNO pHs2 ,3

y2 w Ž . xD. 0.5 M NaNO q1=10 M K Fe CN3 4 6
Ž .pHs7 .

Following the electrochemical pretreatment, elec-
trodes were rinsed with ultra pure water and immedi-
ately transferred into a lead deposition bath. Identical
experiments performed without rinsing established
that this step did not change FVC characteristics.

2.3. Lead deposition process

Lead electrodeposition onto FVC and electro-
chemically pretreated FVC electrodes was carried
out by the cyclic voltammetry technique, using 0.5
M Na SO and 0.5 M NaCl electrolytic solutions2 4

adjusted to pHs2. After immersion of the FVC
electrode into the electrolyte solution, the potential

Ž .was scanned from the Open Circuit Potential OCP
y1 Ž .at 50 mV s towards the negative limit y1.2 V ,

and then in the reverse direction. The OCP varied
with surface electrode conditions and with the elec-
trolyte. Voltammograms for the lead deposition and
dissolution processes were thus obtained. Lead con-

Ž y5 .centration was kept at 7 ppm 3.3=10 M in the

electrolytic baths. This low concentration was lower
than the solubility value of lead in sulfate solutions.
In different electrolytes, the corresponding salt of the
lead species was always used.

For solution preparation, analytical grade HCl,
Ž .HNO , H SO , NaCl, PbCl , Pb NO , NaNO ,3 2 4 2 3 2 3

PbSO , Na SO were purchased from Merck and4 2 4

prepared using ultra pure, Milli-Qe water.

2.4. AFM measurements

ŽAFM, Nanoscope III, Digital Instruments, USA,
.DI was used to visualize the freshly prepared and

electrochemically pretreated FVC electrode surfaces.
The samples for AFM visualization were prepared
according to the procedure described above, using
different electrolytes. AFM imaging was performed
ex situ, under laboratory conditions, by operating in
contact mode with standard geometry silicon nitride
probes from DI. Images were collected at the slow
scan rate of 1 Hz. Before AFM imaging, samples
were rinsed with ultra pure water. Rinsed and non-
rinsed samples showed the same patterns. Morpho-
logical characteristics of the untreated and electro-
chemically pretreated FVC electrode surfaces were
quantitatively evaluated using the Nanoscope III
software package for image analysis. To satisfy the
statistical nature of the quantitative analysis, mea-
surement images for each were collected from a
number of different parts of the sample. No destruc-
tion of the sample was noticed during imaging. All
images in this paper are presented in the so called
‘‘height mode’’, where higher parts of the surface
appear brighter in the image. All images are plotted
in a ‘‘top-view’’ presentation mode, with the same

Žscale in the x–y and z direction x–y is equal to 2
.mm, and z shows a range from 0 to 120 nm .

3. Results and discussion

3.1. Electrochemical pretreatment

The FVC surface was modified by electrochemi-
cal pretreatment, scanning the electrode potential in
the range from 0.1 to y1.14 V vs. SSE. The surface
modification was carried out by the cyclic voltamme-
try technique in several different electrolytes. The
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electrochemistry of the VC electrode in the used
media is well known and has been reported previ-

w x w xously 14 . In order to avoid perturbations 14 , by
the polishing procedure, the electrochemical pretreat-
ments were performed on an immediately freshly air
fractured surface. Although, each electrochemical
pretreatment consisted of many cycles obtained dur-
ing the 15-min scanning, only the first scan is pre-
sented here, since there was no difference between
the first and last scan. Fig. 1a shows a typical
voltammogram for FVC obtained in 0.5 M NaCl

Ž .solution adjusted to pH 2 . The electrochemical
pretreatment started at y0.450 V and stopped after
15 min at the positive potential limit, when chloride
anions are adsorbed at the electrode surface. As
expected, due to the absence of an electrode process,
this voltammogram was almost featureless. The sharp
decline in the current at the far negative potentials is
related to hydrogen evolution.

y2 w Ž . xIn the presence of 1=10 M K Fe CN , the4 6

voltammogram possessed two peaks characteris-
tic for the quasi-reversible redox process of
w Ž . xy3ry4 Ž . w xFe CN Fig. 1b 14–16 . The magnitude6

and position of the reduction and oxidation peaks did
not change during the potential scanning, indicating
that no Prussian blue film was formed on the elec-

w xtrode surface 17 . Formation of a precipitate adlayer
Ž .film on the electrode surface, from electrolyte con-

w Ž . xy3ry4taining Fe CN salts, could significantly6

change the electrode surface properties. However, at
w Ž . xour K Fe CN solution of pHs7, the conditions4 6

are unfavorable for the formation of the Prussian
blue film on the electrode surface. Because of the
neutral pH, hydrogen evolution took place at more
negative potentials than in more acidic electrolytes
Ž .pHs2 .

Fig. 1c shows the electrochemical pretreatment
scan in a 0.5 M NaNO solution at pHs2. It is3

almost identical to that observed for the chloride-
containing electrolyte, with the exception of a high
capacitive current. The oxidation and reduction peaks

w Ž . xy3ry4of the Fe CN redox system, obtained for6
y2 w Ž . x Žthe 0.5 M NaNO q1=10 M K Fe CN pH3 4 6

. Ž .s7 solution, show a higher peak current Fig. 1d
than the peak current in Fig. 1b. It is important to
note that the positive limit chosen for the scan
potential range in the electrochemical pretreatments,
is low in comparison with those used in the classical

Fig. 1. Typical voltammograms obtained during the electrochemi-
cal pretreatment of FVC electrodes at a scan rate of 50 mVrs.

Ž . Ž . Ž .Pretreatment solutions were: a 0.5 M NaCl pHs2 , b 0.5 M
w Ž . x Ž . Ž . Ž .NaClqK Fe CN pHs7 , c 0.5 M NaNO pHs2 and4 6 3

Ž . y2 w Ž . xd 0.5 M NaNO q10 M K Fe CN .3 4 6

Ž .electrochemical pretreatments 1.8 to 1.5 V vs. SSE
w x14 . In this way, we avoid the increase of the O–C
ratio on the surface and the graphite oxide formation.

3.2. Lead deposition onto FVC

Lead electrodeposition onto FVC was carried out
by cyclic voltammetry from 0.5 M Na SO or 0.5 M2 4
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Ž . Ž .NaCl electrolytic solutions pHs2 with Pb II at 7
Ž y5 .ppm 3.3=10 M . Figs. 2 and 3 show a set of

typical voltammograms obtained in the electrolytic
bath containing Na SO for FVC after different2 4

electrochemical pretreatment processes. The three
voltammograms in Fig. 4 are for lead deposition
from NaCl electrolyte solution. The discontinuities in

Fig. 2. Typical voltammograms obtained during lead deposition
onto different electrochemical pretreated FVC electrodes at a scan
rate of 50 mVrs. Electrodeposition solution contained 0.5 M

Ž . Ž .NaSO and 7 ppm Pb II . FVC electrodes used were: a freshly4
Ž . Ž . Ž .prepared surface, pretreated in: b 0.5 M NaCl pHs2 , c 0.5

w Ž . x Ž .M NaClqK Fe CN pHs7 .4 6

Fig. 3. Typical voltammograms obtained during lead deposition
onto different electrochemically pretreated FVC electrodes at a
scan rate of 50 mVrs. Electrodeposition solution contained 0.5 M

Ž .Na SO and 7 ppm Pb II . FVC electrodes used were pretreated2 4
Ž . Ž . Ž . y2in: a 0.5 M NaNO pHs2 and b 0.5 M NaNO q10 M3 3
w Ž . xK Fe CN .4 6

voltammograms of Figs. 3 and 4 are principally due
to the different OCP, before and after the potential
scan.

The presence of a reversible process appears in
the voltammogram for lead deposition onto FVC

Ž .pretreated with ferrocyanide Figs. 2c, 3b and 4b .
This reversible couple appears in a similar potential

w Ž . xy3ry4for the species Fe CN . Considering that6

lead deposition electrolyte solutions are free from
ferricyanide, the reversible couple observed in Figs.

w Ž . xy3ry42c, 3b and 4b indicates that the Fe CN 6

couple remains adsorbed on the FVC surface after
the electrochemical pretreatment process even after
lead deposition. The exact amount of the
w Ž . xy3ry4Fe CN species is difficult to estimate since6

it depends on the anion position on the electrode
Ž .surface area real and other unidentified factors. We

estimated that the amount of charge under these
Ž .peaks on average between 43 to 45 mC indicated a

w Ž . xy3ry4rather small amount of the species Fe CN ,6

equivalent to between three and six monolayers. We



( )E. Sosa et al.rApplied Surface Science 153 2000 245–258250

Fig. 4. Typical voltammograms obtained during lead deposition onto different electrochemically pretreated FVC electrodes at a scan rate of
Ž . Ž .50 mVrs. The electrodeposition solution contained 0.5 M NaCl and 7 ppm Pb II . The FVC electrodes used were: a freshly prepared

Ž . y2 w Ž . x Ž . Ž . y2 w Ž . x Ž .surface and pretreated in: b 0.5 M NaNO q10 M K Fe CN pHs7 and c 0.5 M NaClq10 M K Fe CN pHs7 .3 4 6 4 6

do not have data concerning the distribution and
w Ž . xy3ry4exact origin of the Fe CN on the FVC6

surface. However, taking into account that lead de-
position is undisturbed by the presence of
w Ž . xy3ry4Fe CN , the electrode is unlikely to be cov-6

w Ž . xy3ry4ered by a thick Fe CN film. This is pre-6

sumably adsorbed material, which could easily be
removed during the deposition process or is located
on the surface such that it does not interfere signifi-
cantly with the lead deposition process. In consider-
ing these possibilities, it is important to recall that
our electrolytic bath contains only 7 ppm of lead.
Further work to determine the nature of the electro-
chemical pretreatment process of FVC by different

anion species is currently underway in our labora-
tory.

A common feature in all the voltammograms is
the single, well-defined oxidation peak at y0.910 V
appearing during the reverse scans. The position and
shape of this peak is independent of the electrochem-
ical pretreatment process and the electrolyte used
during the deposition of lead and can be related to
lead dissolution from the FVC electrode. The current
and charge under this peak show clear dependence
on the electrode surface pretreatment and the type of
electrolyte present. The lead deposition peak in the

Ž .forward scan at ca. y1.0 V was difficult to deter-
Žmine and define due to the high background capaci-
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. Ž .tive current and the low Pb II concentration result-
ing in a small faradic current. We used the above-
mentioned dissolution peak to estimate the lead de-
position efficiency onto FVC.

The amount of lead deposited was directly related
to the overpotential value during the reduction pro-
cess, which changed slightly with the electrochemi-
cal pretreatment of the electrode and the electrolyte
present. Table 1 shows the total charge estimated
under this anodic peak. Unexpectedly, for all the
electrolytes, the highest charge, and therefore the
highest amount of lead deposited, was obtained for a
freshly prepared, FVC electrode. Any electrochemi-
cal pretreatment, for both electrolytes, resulted in a
decrease in the amount of lead deposited. This means
that the electrochemical pretreatment process based
on chloride and nitrate-containing solutions did not
‘‘activate’’ the FVC surface. Contrary, the pretreat-
ment could be described as a ‘‘deactivation’’ or
‘‘inhibition’’. Therefore, FVC toward the electrode-
position process cannot be enhanced solely by the
co-adsorption of chloride anions at the top layer
surface, under the conditions of our study. The charge
Ž .efficiency , however, increased significantly when
lead deposition was carried out from the chloride-
containing electrolyte as opposed to sulfate elec-
trolyte. Chloride thus plays an important ‘‘acti-
vation’’ role during the lead deposition process,
however, this enhancement requires the simultaneous
presence of chloride anions and lead in the deposi-
tion bath. The higher efficiency of lead deposition in
the chloride-containing electrolyte was thereby due
to a chloride interaction with the deposited lead,
rather than a chloride–FVC substrate interaction.
This assumption will be verified by in-situ SPM

techniques, directly during the electrodeposition pro-
cess, work in progress.

3.3. Characterization of electrode surface morphol-
ogy by AFM

FVC deactivation or inhibition could be due to
changes in the electrode surface morphology pro-
duced during the electrochemical pretreatment. The
fresh FVC electrode and the electrochemically pre-
treated FVC electrode surface morphologies were
evaluated using ex situ AFM. As established
previously, the kinetics and efficiency of the metal
deposition process are frequently related to electrode
surface morphology. We therefore considered the

Ž .influence of total specific electrode surface vs.
Ž .geometric nominal surface, or number of edge

plainsrsteps, on the electrode surface and its influ-
ence on the population of the deposition active sites
w x15,18–20 . Although this relationship is not always

w xsimple and straightforward 21 , we employed AFM
characterization to reveal details of changes in the
surface morphology, to determine chloride co-ad-
sorption and its influence on the lead deposition
process. Fig. 5 shows a set of typical AFM images
obtained for the FVC electrode before and after
different electrochemical pretreatment procedures.

Prior to imaging, samples were rinsed with ultra
Žpure water. The freshly prepared FVC surface Fig.

.5a possessed characteristic morphology with small
Žrectangular or elliptical types of protrusions nodular

.structure . This texture was very similar to that
w xobserved by STM 16 and also by SEM reported by

w xPontikos and McCreery 22 . Following electrochem-
Ž .ical pretreatment in NaCl Fig. 5b , the electrode

Table 1
Influence of the electrochemical pretreatment on the amount of lead deposited estimated from lead dissolution peak. Electrodeposition
solutions were different as shown. Data is from the voltammograms shown in Figs. 2–4

Ž . Ž .Electrolyte composition used for the Q 0.5 M Na SO , mC Q 0.5 M NaCl , mCA 2 4 A

electrochemical pretreatment of FVC

Freshly prepared 4.8"0.1 14.0"0.1
0.5 M NaCl 3.2"0.1 –

y2 wŽ . x0.5 M NaClq10 M K Fe CN 4.1"0.1 9.6"0.14 6

0.5 M NaNO 4.4"0.1 –3
y2 wŽ . x0.5 M KNO q10 M K Fe CN 3.9"0.1 11.0"0.13 4 6



( )E. Sosa et al.rApplied Surface Science 153 2000 245–258252

Ž . Ž .Fig. 5. AFM images of the FVC electrode surfaces 2 mm = 2 mm after electrochemical pretreatment process. a Freshly prepared surface
Ž . Ž . Ž . w Ž . x Ž . Ž . Ž . Ž .with pretreatment solutions: b 0.5 M NaCl pHs2 , c 0.5 M NaClqK Fe CN pHs7 , d 0.5 M NaNO pHs2 and e 0.5 M4 6 3

y2 w Ž . xNaNO q10 M K Fe CN .3 4 6
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surface changed very little from its original morphol-
ogy. A nodular type of surface texture with approxi-
mately the same sized surface features can easily be
recognized in the high-resolution images. However,
the electrode surface appears to have a higher corru-

gation. All images were plotted with the same scale
in the x, y and z directions. Quite significant changes
in the FVC surface morphology can be seen after
electrochemical pretreatment in 0.5 M NaClq1=

y2 w Ž . x Ž .10 M K Fe CN pHs7 electrolyte. The main4 6

Ž .Fig. 6. Surface morphology illustrated by a set of cross-sections recorded on corresponding images Fig. 5 of the FVC electrodes after
Ž . Ž . Ž . Ž . w Ž . xelectrochemical pretreatment. a Freshly prepared surface pretreated in: b 0.5 M NaCl pHs2 , c 0.5 M NaClqK Fe CN4 6

Ž . Ž . Ž . Ž . y2 w Ž . xpHs7 , d 0.5 M NaNO pHs2 and e 0.5 M NaNO q10 M K Fe CN .3 3 4 6



( )E. Sosa et al.rApplied Surface Science 153 2000 245–258254

features become significantly larger, with a charac-
Ž .teristic quadratic shape Fig. 5c . However, it is

unclear whether the morphology of the top electrode
layer belongs to the FVC or to the adsorbed
w Ž . xy3ry4Fe CN adlayer.6

Ž .Activation in 0.5 M NaNO pHs2 , produced3

rather large and triangular surface plates which were
Ž .dispersed all over the electrode surface Fig. 5d .

FVC pretreated in 0.5 M NaNO q1=10y2 M3
w Ž . x Ž .K Fe CN pHs7 gave a very irregular and4 6

Ž .heterogeneous type of surface Fig. 5e .
We performed a quantitative description of the

electrode surface after each electrochemical pretreat-
ment process to characterize the electrode surface
and to interpret these findings in relation to the
efficiency achieved for the particular lead deposition
process. Before carrying out this process, we needed
to determine which method to be used for surface
morphology evaluation and which parameters would
sufficiently and adequately provide an appropriate
characterization.

We chose to evaluate the surface morphology
parameters with the accompanying AFM software to
estimate surface roughness and other morphological
parameters on the basis of the whole set of collected
points within the image analyzed. This was advanta-
geous in the analysis of both the homogeneous and
the FVC electrode surfaces. Fig. 6 shows a set of
cross-section profiles taken from the upper part of
the each image presented in Fig. 5.

To produce comparable images, these were plot-
ted with the same x- and z-scale. The profiles

Ždemonstrate the difference in height corrugation in
.z-scale, related to the surface roughness as well as

lateral size among the surface features. Previous
w xSPM studies 16,23–25 characterized the electrode

Žsurface via changes in the surface roughness i.e.,
w x.root-mean-square roughness, RMS R due to aq

Žvariation in z-dimensions height of the surface fea-
.tures . Fig. 6, however, illustrates that for a quantita-

tive description, the surface morphology parameters,
which are related to the height and lateral size,
should also be taken into account. We thus selected
the few, simple parameters of surface roughness,
surface feature size and fractal dimension to charac-
terize our system. Surface roughness, which changes
in the z-direction due to a difference in the grain

w xheight, was estimated using RMS R function asq
w xdescribed 25,26 . Table 2 shows that the highest

w xRMS R s8.974 nm, was obtained for FVC with-q
w xout treatment. Interestingly, McDermott et al. 16

reported this same parameter as double our calcula-
tion. Our quantification may be due to higher resolu-
tion in the STM techniques used in this evaluation.
Other surfaces with electrochemical pretreatment

w xpossessed smaller RMS R , which meant that dur-q

ing the electrochemical pretreatment process, an ac-
tual smoothing out of the sample must have been
occurring. According to this evaluation, the
smoothest FVC surface was that pretreated in 0.5 M

y2 w Ž . x Ž .NaClq1=10 M K Fe CN pHs7 solu-4 6

tion. However, in comparison with the cross-section
profiles in Fig. 6, the smoothest surface was the one
pretreated in 0.5 M NaNO q 1 = 10y2 M3

w Ž . x Ž .K Fe CN pHs7 solution. The difference ob-4 6
w xserved could be related to the fact that the RMS Rq

was calculated from all points in the AFM image,
and that the cross-section profile represents only
1r512 of the total profiles in a single image.

Changes in the lateral dimensions of the surface
Ž .features along the x and y axes are represented by

parameters such as shape, size and feature density.

Table 2
Surface analysis from AFM images obtained from FVC electrodes after electrochemical pretreatment performed in different chemical
solutions

Ž .Electrolyte composition used for the RMS R , Feature shape and size Feature Fractalq
2Ž .electrochemical pretreatment of FVC nm nm density dimension

10Freshly prepared 8.974 Rectangular, 7800–9750 1.02–1.28=10 2.561
100.5 M NaCl 8.663 Rectangular, 2000–7000 1.3–5.40=10 2.510

y2 9wŽ . x0.5 M NaClq10 M K Fe CN 6.672 Square, 22,500–32,400 3.09–4.44=10 2.4134 6
90.5 M Na NO 8.128 Triangular, 36,000–42,000 2.38–2.90=10 2.3603

y2 wŽ . x0.5 M KNO q10 M K Fe CN 7.380 – – 2.2803 4 6
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To complete this analysis, several features with dom-
inant shapes and sizes were identified and their
surface area was calculated. The main purpose of the
analysis was to relate the feature density with active
site density for the deposition process. We estimated
that the surface with the greatest number of smallest
features was most likely to have the largest number
of plane edges and active sites. Our results showed

Žthat the feature density and possibly the number of
.active sites for the lead deposition process de-

creased due to the electrochemical pretreatment pro-
Ž .cess Table 2 . This is the same trend at that ob-

served for electrode roughness.
Since surfaces with larger numbers of grain edges

could have more active sites and more specific area
for the electrode reaction than a simple-flat surface,
we also carried out fractal analysis on our electrode
surface images to estimate the geometric complexity
of the electrode surface. Fractal analysis, though
complex and infrequently applied, provides a mathe-
matical summary of the geometric complexity of the
surface analyzed. Our evaluation employed an AFM
software package. Fractal dimension provides an ob-
jective means for comparing two or many different

w xfractals 27–29 . The fractal dimension of a three-di-
mensional surface, as is the case of our AFM im-
ages, besides having the characteristic feature in

Ž .lateral x–y axes, also depends on the surface
roughness. Therefore, the fractal dimension repre-
sents the most complex parameter handled in our
surface morphology characterization. Comparing the
fractal geometry of differently prepared electrodes,
we were able to see which surface was more com-
plex in terms of the geometry of the top electrode
features, and consequently, which surface provided
the most active sites for the lead deposition process.
Of course this is only true when the chemical com-
position of the surface layer remains constant during
the electrochemical pretreatment process. Fractal
analysis has been used in the characterization of

w xmetal electrodeposited surface morphology 30–33 ,
yet no one has studied the bare electrode surface
Ž .substrate or attempted to predict the efficiency of
the deposition process based on the electrode surface
fractal characteristics. For details of the fractal di-

w xmension evaluation, see the DI-manual on AFM 34 .
The results of our evaluation are presented in Table
2. The highest fractal dimension and the highest

Fig. 7. Dependence of the lead deposition efficiency, expressed as a charge under the lead anodic peak from voltammograms in Figs. 2–4,
Ž . Ž w x.Q , on the electrode surface roughness RMS R . The FVC electrodes were pretreated under different chemical conditions. LeadA q

Ž . Ž . Ž .deposition was carried out in solutions containing 7 ppm of Pb II and: a 0.5 M Na SO and b 0.5 M NaCl.2 4
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complexity were possessed by the FVC surface with-
Ž .out electrochemical pretreatment 2.561 . With elec-

trochemical pretreatment in the chloride-containing
electrolyte, the fractal dimension diminished. Note
that in the case of a perfectly flat surface, such as a
three-dimensional object, the fractal value is 2.000.
The lowest value among the samples tested was
obtained for FVC treated in the nitrate solution.

A freshly prepared FVC, without electrochemical
pretreatment, possessed the most complex surface
morphology and would probably be the most effi-
cient substrate in the lead deposition process. The
electrochemical pretreatment process produced sur-
face flattening, smoothing and the creation of larger
and more uniform, top-layer surface features. The
observed changes closely resembled the trends seen
previously for surface roughness and feature density.

3.4. Lead deposition efficiency Õs. electrode surface
morphology

We correlated the lead deposition efficiency with
the surface morphology characteristics of the FVC

used. Fig. 7 shows the dependence of the amount of
Ždeposited lead expressed via current of the anodic-
.dissolution peak on the electrochemically pretreated

ŽFVC electrode surface roughness measured before
.the lead deposition process . For both deposition

Ž .baths sulfate and chloride , a linear relation was
established. The amount of lead deposited increased
as the electrode surface roughness increased, as ex-
pected when higher electrode surface areas were
available for the deposition process. Regardless of
the RMS values, the amount of lead deposited in the
chloride-containing electrolytic bath was always
greater than in the sulfate-containing bath. Consider-
ing the slopes of the lines in Fig. 7, alterations in the
surface roughness apparently caused a more signifi-
cant increaserdecrease in the lead efficiency for
deposition from the chloride electrolyte than from
the sulfate. Fig. 8 shows the relationship between QA
Ž .amount of lead deposit and the value of the fractal
dimension for FVC after different electrochemical
pretreatment processes. Although, the linear relation-
ship is not as good as in the case of RMS, it is
certain that lead efficiency is also related to the

Fig. 8. Dependence of the lead deposition efficiency, expressed as a charge under the lead anodic peak from voltammograms in Figs. 2–4,
Ž .Q , on the electrode fractal dimension parameter. The FVC electrodes were pretreated under different chemical conditions. LeadA

Ž . Ž . Ž .deposition was carried out in solutions containing 7 ppm of Pb II and: a 0.5 M Na SO and b 0.5 M NaCl.2 4
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fractal dimension of the substrate surface. This is the
same kind of relationship observed in the Q rRMSA

graph and is expected, since fractal dimension is,
among other factors, also a function of RMS. The
same or very similar relationships between deposi-
tion efficiency and electrode morphology were ob-
served when comparing the graphs in Figs. 7 and 8.
Therefore, electrode surface characterization, via the
estimation of RMS or fractal dimension, was of
similar importance.

The impact of electrode geometry on the lead
deposition process is showed in these graphs.
Changes in lead deposition efficiency were strictly

Žrelated to alterations in electrode morphology geom-
.etry effect . By extrapolating the lines obtained to

Žlimiting values of fractal dimension and RMS inter-
.ception with the y-axis , it is possible to estimate an

efficiency of 2.2 times higher for the sulfate and 2.7
to 3.3 times higher for the chloride baths. The higher
efficiency is attributable to surface roughening or an
increase in the fractal dimension of the electrode
surface. Certainly, this type of estimate is also valid
in reverse for inhibition due to the surface smoothing

Ž .effect our data .

4. Conclusions

Ž .The electrolytic removal of Pb II by electrodepo-
Ž .sition onto fractured vitreous carbon FVC elec-

trodes from aqueous solutions containing chloride or
sulfate electrolytes was evaluated. Based on previous
reports that lead deposition efficiency could be in-
creased by the co-adsorption of chloride species at
the substrate surface, we subjected our FVC elec-
trodes to different electrochemical pretreatments prior
to the actual deposition process. Electrochemical pre-
treatment was carried out by cyclic voltammetry in
electrolyte solutions containing chloride or sulfate

w Ž . xy3ry4anions. In some solutions, a Fe CN couple6

was used as well. The electrochemical behavior of
the pretreatment process appeared to be simple, and
did not indicate a great modification of the electrode
surface. The chosen voltammetric pretreatment
avoids the increase of O–C ratio and carbon oxide
formation on the pretreated electrode. The electrode
surface was characterized by AFM before and after
electrochemical pretreatment. The image obtained

indicated the changes in the electrode surface mor-
phology were due to the electrochemical pretreat-
ment process. In order to characterize the observed
changes quantitatively, several parameters, such as
surface roughness, fractal dimension and surface fea-
ture density were used. AFM images revealed that
electrochemical pretreatment lead only to electrode
surface smoothing. The freshly prepared, untreated
FVC surface had the highest roughness and highest

Ž .fractal dimension surface complexity .
The quantity of lead deposit formed on the FVC

Ž .electrode surface lead deposition efficiency in each
experiment was estimated from the charge under the

Ž .lead anodic dissolution peak. The results obtained
showed that using the electrochemical pretreatment
process based on the exposure to chloride or nit-
rate anions, with or without the presence of
w Ž . xy3ry4Fe CN , failed to ‘‘activate’’ the FVC elec-6

trode in terms of an increase in the lead deposition
efficiency. On the contrary, following any of the
electrochemical pretreatment processes, this effi-
ciency always decreased.

A detailed analysis based on the correlation be-
tween the lead deposition efficiency with a surface
roughness and fractal dimension of the freshly pre-
pared and electrochemical pretreatment processed
FVC electrodes showed that the observed decline in
the efficiency corresponded to changes in the elec-
trode surface geometry. The smoother surfaces with
lower roughness and lower fractal dimension most
probably also possessed lower numbers of
stepsrgrain edges, which in the case of the metal
deposition process could be valuable active sites.
However, our data also clearly indicated a difference
between the lead deposition efficiency carried out in
chloride vs. sulfate electrolyte. The chloride elec-
trolytic bath for lead deposition resulted in a several
fold higher efficiency than the sulfate bath. The
observed increase was related to the presence of
chloride during the lead deposition process, and not
to chloride accumulation on the electrode surface
prior to the deposition process. The increase in the
lead deposition efficiency was based on the ‘‘activa-
tion’’ mechanism involving a chloride–lead deposit
interaction or, as we stated previously, the lead
deposits smoothing effects.

The FVC is a good model for studying RVC
electrochemical properties. For these reasons, we
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expect that the conclusions concerning the electro-
chemical pretreatment could be useful to improve the
technological applications of the RVC in several
electrolytic processes as metal removal from aqueous
solutions, substrate for conductor polymers deposi-
tion and electroreduction of water. This work suggest

Ž .that Pb II removal from the electrolytic baths
containing sulfate could be improved if the elec-
trodeposition process is performed in the presence of
chloride ions. The appropriate concentration of sul-
fate-chloride in solution must yet be established for
optimized lead removal from lead-containing waters.
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