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The aim of this work was to establish an electrolytic method for the removal of lead from wastewater
using a three-dimensional, reticulated vitreous carbon cathode. During the development of the
experimental setup, particular attention was paid to the electrolyte ¯ow rate and to the cathode
porosity. The electrolytic cell employed potential values in such a way that the lead reduction
reaction occurred under mass transport control. The potentials were determined by hydrodynamic
voltammetry using a borate/nitrate solution as the supporting electrolyte on a viterous carbon
rotating disc electrode. The cell proved to be e�cient in removing lead and was able to reduce the
levels of this metal to 0.1mg dm)3 in 20min of recirculation, using the ratio catholyte volume/
cathode volume equal to 0.027. The best con®guration for this removal was a cathode porosity of
80 ppi and a solution ¯ow rate of 240 dm3 h)1.

Keywords: e�uent lead removal, wastewater, electrolytic cell fN metal removal, reticulated vitreous carbon (RVC),
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1. Introduction

Increasing legal pressures are forcing industry to ac-
cept responsibility for waste treatment or storage in
an attempt to minimize pollution. The permanent
responsibility to care for waste materials. `from cra-
dle-to-grave' is encouraging not only a move towards
zero-e�uent discharge but also towards the adoption
of solutions at the source of e�uents rather than at
the end of the industrial process.

Electrochemical technology o�ers an e�cient
means of controlling pollution as it provides removal
of heavy metals via redox reactions. The literature on
metal ion removal from aqueous solutions using
porous electrode cells is extensive [1±13]. By ¯owing
simulated e�uents containing metal ions through
porous cathodes, it is possible to achieve both high
mass transfer rates and large surface areas for the
electrochemical reaction. Metals in such solutions are
reduced at the inner surface of the porous electrodes
as the electrolyte is percolated through the cell.

In this paper we present an electrolytic cell with a
porous cathode of reticulated vitreous carbon (RVC)
which was designed to remove metal ions from
aqueous streams and was used in this study for the
removal of lead. Both the electrolyte ¯ow rate and the
cathode porosity were optimized in order to maxi-
mize the capacity of lead removal.

The toxicity of lead has been known for many
years, and the clinical symptoms of prolonged expo-
sure to a lead-contaminated environment are well
de®ned [14, 15]. Lead enters waterways via e�uent
discharges from electroplating, metal ®nishing, ex-

plosive producing and battery manufacturing indus-
tries. As result of its high toxicity, the concentration
of Pb(II) and other highly toxic metallic ions such as
cadmium, chromium and mercury in drinking water
is restricted to several ppb [16]. Unfortunately,
studies for lead removal has received few attention.
Wang and Dewald [8] electrodeposited lead at a ¯ow-
through reticulated vitreous carbon electrode
accompanied by a simultaneous anodic stripping
voltammetry for monitoring of e�uents. More re-
cently an elegant study carried out by Ponce de Leon
and Pletcher [17] reported the results obtained for the
removing of Pb(II) from di�erent pH 2 aqueous
media. The experiments were conducted at a ¯ow-by
cell with RCV electrode. Even considering the
knowledge gained by perusal of these papers, we
have, therefore, become interested in investigating the
performance of a ¯ow-through cell with a RVC
cathode using solutions with characteristics closer to
those presented by a real aqueous waste from elec-
troplating industry. Drag-out from lead plating bath
to the rinsing water tank result in a borate/nitrate
solution of Pb(II) with pH ranging from 4 to 6.

The choice of RVC for the porous cathode is
based on the observations that this material (a) is
chemically and electrochemically inert over a wide
range of potentials and also with a wide variety of
chemicals, (b) has a high speci®c surface area within
the porous structure that is accessible to electro-
chemically active species, (c) has a high ¯uid per-
meability, (d) is easily shaped as required by cell
design considerations, and (e) has good mechanical
resistance [18].
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2. Experimental details

The development of the electrolytic cell for Pb(II)
removal was carried out in two stages. Initially, a
voltammetric study of the Pb(II) reduction reaction
on a glassy carbon rotating disc electrode was per-
formed in order to determine the range of potentials
over which this reaction is controlled by mass-trans-
fer. Subsequently, a potential value within this in-
terval was selected and applied to a ¯ow-through
electrolytic cell containing a reticulated vitreous car-
bon cathode. The electrolyte ¯ow rate and the cath-
ode porosity were varied to establish the best
conditions for lead removal.

2.1. Apparatus

All electrochemical experiments were performed
using a PAR model 273A potentiostat/galvanostat
system controlled by the software PAR model 270/
250 (both from EG & G). In both stages, three-elec-
trode cells were used, as described below. A model
AA 12/1475 Varian spectrometer was employed to
determine the Pb(II) concentration, using an air/
acetylene ¯ame.

2.2. Chemicals and materials

All reagents were of analytical grade and did not
undergo further puri®cation. Distilled and deionized
water was used to prepare all solutions. The Pb(II)
solution was prepared daily from Pb(NO3)2 using
boric acid (0.5M) plus sodium nitrate (0.05M) as
supporting electrolyte. The resulting solution pre-
sented pH4.8. The atomic absorption standards were
prepared from a Titrisol standard solution (Merck).
The reticulated vitreous carbon (RVC) was pur-
chased from Electrosynthesis, and a Na®onÒ 417
membrane was supplied by DuPont.

2.3. Hydrodynamic voltammetry

The hydrodynamic voltammetric experiments were
carried out in a conventional three-electrode cell with
separated compartments for each electrode. A glassy
carbon rotating disc electrode (GCRDE) model 616
(PARC) was used as working electrode. A large-
surface platinum counter-electrode, and a saturated
calomel reference electrode (SCE) within a Luggin
capillary were also used. The glassy carbon electrode
was polished to a mirror-like surface using 1.0 , 0.3
and 0.04 lm alumina slurries, consecutively, on pol-
ishing cloths. The current±voltage curves were ob-
tained in bu�ered 50mg dm)3 Pb(II) solutions,
pH 4.8, for several rotations (41.9, 94.2, 167.5, 261.8
and 376.9 rad s)1) by cycling the working electrode
potential (one cycle) between 0.0 V and )1.0V at
2mV s)1. All experiments were carried out at room
temperature (around 298K).

2.4. Flow-through cell con®guration

The dual continuous-¯ow cell design is shown sche-
matically in Fig. 1(a). The system consisted of an
electrochemical cell, two 4.0 dm3 PVC reservoirs for
catholyte and anolyte, two recirculation pumps, and
two sets of ¯owmeters, with a ¯ow range from 60 to
600 dm3 h)1, for controlling the catholyte and anolyte
¯ow rates. These components were connected
together by polyvinylchloride and polyethylene tubes.

The electrochemical cell shown in Figure 1b was
made from ®ve NylonÒ plates (13 cm ´ 30 cm
´ 1.25 cm) mounted in a `sandwich' form. The cell
was divided into one cathodic and two interlinked
anodic compartments, separated by a Na®onÒ 417
membrane. The cathodic chamber was mounted be-
tween two turbulence promoters. To prevent elec-
trolyte leakage, rubber joints were placed between
each of the cell components. The cathodic compart-

Fig. 1. (a) Dual continuous-¯ow cell design. (b) Electrolytic cell for
lead removal.
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ment consisted of a rectangular frame of Nylon in
which a block of reticulated vitreous carbon (5.0
cm ´ 15.0 cm ´ 1.25 cm) was ®xed. The electrical
contact was made by a stainless steel plate located on
one of the inner sides of the frame, and welded to a
copper wire (4mm diam.), and cemented to the RVC
with a conducting silver cement. Two stainless steel
sheets (5.0 cm ´ 15.0 cm ´ 0.05 cm), each located in a
1.0 cm deep cavity within the end plates (Fig. 1(b)),
comprised the anodes. Copper wires were soldered to
the two plates of the stainless steel anode to provide
the electrical contact. A saturated calomel reference
electrode within a Te¯onÒ Luggin capillary entered
the catholyte compartment through a hole drilled in
the upper side of th RVC cathode-containing frame.
The cell had two electrolyte entrances and two elec-
trolyte exits. In this system, the electrolytes ¯ow
separately and simultaneously in a closed circuit
through the catholyte and anolyte compartments.

2.5. Procedure

After assembling the electrochemical cell, the ¯ow
system was loaded with 3.5 dm3 of catholyte and
anolyte, each in a separate reservoir. The catholyte
consisted of a bu�ered 0.5M boric acid, 0.05M sodi-
um nitrate and 46 mg dm)3 of Pb(II) as an average
value of metal concentration (see Table 1 for real
values). As stated earlier the pH of the resulting
solution was 4.8. The anolyte composition was the
same as the catholyte, but without Pb(II). The ¯ow
rates of both electrolytes were adjusted to the same
value (60, 120 or 240 dm3 h)1). Then, a constant
potential of )0.8 V vs SCE was applied to the cell
from a potentiostatic power supply, in the controlled-
potential mode. As observed in the preliminary hy-
drodynamic voltammetric study, the reduction of the
Pb(II) at this potential is mass transport-controlled.
At predetermined intervals, the solution leaving the
cathodic compartment was sampled, and the re-
maining Pb(II) concentration was quanti®ed by
atomic absorption spectrometry in order to monitor
the e�ectiveness of electrolysis. The above procedure
was also used to examine the e�ciency of RVC
cathodes of di�erent porosities (20, 45, 60 and 80 ppi).

3. Results and discussion

As stated earlier, the development of the electrolytic
cell for Pb(II) removal was accomplished in two

phases. In order to determine the appropriate re-
duction potential for the removal of Pb(II) ions from
the chosen medium under conditions of turbulence, a
preliminary hydrodynamic voltammetric study was
carried out. Subsequently, this potential was applied
to the electrolytic cell under several combinations of
electrolyte ¯ow rate and RVC cathode porosity.

3.1. Preliminary hydrodynamic voltammetric
experiments

Figure 2 shows a series of voltammograms obtained in
the hydrodynamic mode for a solution containing
50mg dm)3 of Pb(II) in 0.5M boric acid and 0.05M

sodium nitrate. The potential was cycled between 0.0
and )1.0V on a glassy carbon rotating disc electrode
(area 0.1257 cm2) at 2mV s)1 using ®ve di�erent
rotation rates (41.9, 94.2, 167.5, 261.8 and
376.9 rad s)1). As can be seen, in the forward cathodic
scan all the curves show waves for the reduction of
Pb(II) to Pb, with a well-de®ned limiting current pla-
teaux extending over a potential range of at least
400mV. The value of the limiting current was depen-
dent on the GCRDE rotation rate. This behaviour is
characteristic of a mass-transfer controlled process. In
the cathodic region of the reverse scan (sweep), the
current magnitude after the limiting current plateaux
was higher than that registered in the forward scan.
This feature is to be expected for a system involving
nucleation and growth of a metal phase on the carbon
electrode. In the reverse sweep, an oxidation peak
current was also observed at )0.4V in all voltammo-
grams. Despite the fact that the voltammograms from
Fig. 2 showwell de®ned ¯at plateauxofmass transport
controlled currents, shifting the potential lower limit to
more negative values, the currents still increased,
probably due to roughening of the lead deposits. The
increase in the electrode area results in greater currents
for lead reduction and hydrogen evolution.

Application of the Levich equation is an appro-
priate test to verify whether an electrode process is
under mass transfer control [19]. The limiting cur-
rents measured at the midpoint of the plateaux
()0.8V) were plotted as a function of the square root
of rotation rate (I against f 1/2) as shown in the inset
of Fig. 2. The plot was linear, con®rming that, lead
deposition became mass transport controlled at
potentials more negative than )0.6V. In this case
hydrogen evolution ampli®es the response without
apparently changing its shape.

Table 1. Initial Pb(II) concentrations for each experiment and the electrolysis times for 90% and 99% of the concentration reduction

60 dm3 h)1 120 dm3 h)1 240 dm3 h)1

C(0) t90% t99% C(0) t90% t99% C(0) t90% t99%
/mgdm)3 /min /min /mgdm)3 /min /min /mgdm)3 /min /min

20 ppi 45.0 39.8 112.2 48.3 56.0 137.2 36.7 29.1 79.7

45 ppi 45.0 18.4 42.3 51.7 17.1 39.6 46.7 11.8 24.4

60 ppi 45.0 19.2 28.2 51.7 13.4 28.0 41.7 9.8 24.7

80 ppi 51.7 8.9 17.8 45.0 8.2 15.5 43.3 8.8 13.4
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3.2. E�ciency of Pb(II) removal by the recirculating
¯ow-through cell

In ¯ow-through cell performance studies, the re-
moval of Pb(II) was conducted in the recirculating
mode. The depletion of lead concentration by po-
tentiostatic electrolysis at the reticulated carbon
cathodes was evaluated by measuring the remaining
Pb(II) concentration in the catholyte compartment
solution as a function of the electrolysis time. The
levels of lead were quanti®ed by atomic absorption
spectrometry. The initial Pb(II) concentration in the
catholyte, shown in Table 1, was added to 3.5 dm3 of
a solution with the same composition as that used in
the preliminary experiments; the anolyte (0.5 M boric
acid plus 0.05M sodium nitrate) contained no lead. A
potential of )0.8 V vs SCE was applied at the RVC
cathode for the electrodeposition of lead. This po-
tential value was the midpoint of the limiting current
plateaux obtained in the experiments with the
GCRDE. Thus, as long as the hydrodynamic boun-
dary layer with the RVC electrode is equal to or
greater than that at GCRDE, this potential will
result in mass transfer limited operation. Twelve
experiments resulting from the combination of RVC
cathode porosity (20, 45, 60 and 80 ppi) and
electrolyte ¯ow rate (60, 120 and 240 dm3 h)1) were
carried out.

Table 1 shows the initial values of lead concen-
tration, C(0), and the time for 90% and for 99% of
removal with respect to the twelve experiments. The
Pb(II) concentration decreased to 1% from the initial
value after an electrolysis time of 13 to 130min, de-
pending on the RVC cathode porosity. The time of
electrolysis for concentration reduction of 99% is
2:2� 0:3 times greater than that for 90% of reduc-

tion. This is an evidence of a mass transport con-
trolled process. According to Pletcher et al. [6]
controlled potential electrolysis at a reticulated
cathode, carried out under mass transfer control, may
be modelled as

ln
C�t�
C�0� � Kt �1�

where C�t� is the concentration of the metallic ion as
a function of the time of electrolysis, and K will be
de®ned later. Simple calculations using Equation 1
show that the value for the ratio t99%/t90% is equal 2
for a mass transport controlled reduction reaction.

Figure 3 illustrates the decrease in normalized
Pb(II) concentrations [C(t)/C(0)] with the length of
electrolysis, using di�erent RVC cathode porosities
(20, 40. 60 and 80 ppi), at a catholyte ¯ow rate of
240 dm3 h)1. All the curves had the same pro®le in
which the lead ion concentration dropped nearly ex-
ponentially with the time. To reach 90 or 99% of
concentration reduction, the electrolysis demanded
less time for higher porosities. This behaviour re¯ects
di�erences in the speci®c surface areas of RVC
cathodes, since an increase in RVC porosity results in
a larger area being available for the electrodeposition.
In the conditions of the experiments shown in Fig. 3,
a concentration of 0.1mg dm)3, which corresponds to
a 99.8% reduction, was achieved in 20, 30, 40 and
120min using sponges of 80, 60, 45 and 20 ppi, res-
pectively.

The in¯uence of electrolyte ¯ow rate on the e�ec-
tiveness of electrolysis is also depicted in Fig. 4,
which shows the normalized concentration in order
to make the comparison easier. The data show that as
the ¯ow rate increases the reduction of Pb(II) becomes
more e�ective. This behaviour was attributed to a

Fig. 2. Series of voltammograms obtained with a glassy carbon rotating disc electrode. Solution of 50mgdm)3 of Pb(II) in 0.5M of boric
acid and 0.05M of sodium nitrate. Potential range 0 to )1.0V vs SCE. Scan rate 2mV s)1. Rotation rates indicated on the graph. Inset:
Levich plot of (IL vs f 1/2) for the limiting currents shown.
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greater rate of mass transport of Pb(II) due to an
increase in the electrolyte ¯ow rate.

Although the plots of C(t)/C(0) as a function of
electrolysis time were apparently exponential, the
expectation of linearity for ln[C(t)/C(0)] against time
was con®rmed only for the ®rst 30 min of electrolysis.
For longer times, when greater than 90% of the lead
had been removed, a slight deviation from linearity
occurs. The reason for that is the probable loss of
current e�ciency as lead is being removed. The
electrolytic process of lead removal shows an in-
creasing current e�ciency for higher values of foam
porosity and ¯ow rate, despite some discrepancies.
Table 2 shows the current e�ciency for 90 and 99%
of lead removal. The remarkable di�erence between
the two values, for each operating condition of the
cell, is due to the lead concentration drop. As lead
ions are removed, the current for hydrogen evolution

becomes more signi®cant relative to the current for
Pb(II) reduction and reduces the e�ciency. The loss of
e�ciency as lead is removed is the reason for the
deviation from linearity in the plots of ln[C(t)/C(0)]
against time. For this reason these plots (insets from
Figs, 3 and 4) were limited to times of 30min. A low
deviation from linearity was also observed for the
®rst ®ve minutes of the experiments. This is presum-
ably related to the nucleation process that takes place
in the early moments of polarization. Voltammo-
grams of Fig. 2 show that hysteresis of the nucleation
process extends over about 300mV at a scan rate of
2mV s)1. A similar nucleation process also occurs on
the RVC cathodes causing some delay in the lead
layer growth.

As stated earlier, controlled potential electrolysis
at a reticulated cathode in a recycle mode follows
Equation 1. In that expression K is de®ned as:

Fig. 3. Normalized concentration [C(t)/C(0)] against time curves, obtained for a 240 dm3 h)1 ¯ow rate and cathode porosities of (n) 20,
(s) 45, (h) 60 and (e) 80 ppi. Initial Pb(II) concentrations shown in Table 1. Potential )0.8V vs SCE. Inset; Plots of ln [C(t)/C(0)] against
time for the data shown.

Fig. 4. Normalized concentration [C(t)/C(0)] against time curves, obtained for a 60 ppi cathode porosity and ¯ow rates of (n) 60, (s) 120
and (h) 240 dm3 h)1. Initial Pb(II) concentrations shown in Table 1. Potential )0.8V vs SCE. Inset: Plots of ln[C(t)/C(0)] against time for
the data shown.
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K � ÿ VekmAe

Vr
�2�

where Ve is the cathode volume, Ae is the speci®c
surface area (the active area/unit volume of cathode),
Vr is the total volume of catholyte and km is the mass
transfer coe�cient.

Since Ve/Vr is a constant, the values of kmAe, taken
from the slopes of lnC(t)/C(0) against time plots,
presented in the Table 3, give an indication of cell
e�ciency for each operating condition. The results
shown in Table 3 were calculated using Equations 1
and 2. Considering that Ve/Vr is 0.027 for the cell
con®guration used in this study and taking into ac-
count the approximate electrode areas taken from the
RVC manufacturer's literature, it is possible to cal-
culate the mass transport coe�cient, km, also pre-
sented in Table 3. The cell con®guration that showed
the most Pb(II) removal (80 ppi) presented a km value
of 4.17 ´ 10)3 cm s)1 that is apparently ¯ow rate de-
pendent. But also it is interesting to note that the km
values do not increase much with the RVC porosity,
at least for 60 and 240 dm3 h)1 data. This is in
agreement with previous results [17] where it is noted
that RVC foam appears to be a poor turbulence
promoter, and most of the improvement in perfor-
mance comes from the increase in Ae.

The current e�ciency for the con®guration using
an 80 ppi cathode and ¯ow rate of 240 dm3 h)1 was
14% for the removal of 99% of the metal ion, which
meant a reduction in the Pb(II) concentration from
43.3 to 0.43mg dm)3 in 13.4min. Although the liter-
ature reports higher current e�ciency than we found
for 90% lead removal [17], the equipment used in this
study has shown very satisfactory performance. In
the experiments reported here the electrolysis was
never terminated before the Pb(II) concentration
reached 0.1mg dm)3 or less. As shown in Fig. 3,

reduction to 0.1mg dm)3 occurred in 20min of elec-
trolysis for the 80 ppi cathode and a ¯ow rate of
240 dm3 h)1.

4. Conclusions

The cell used in this study showed a good perfor-
mance in removing lead from simulated e�uents. The
inclusion of a ¯ow spreading mesh mounted on the
RVC cathode avoided the development of preferen-
tial ¯ow channels, as con®rmed by the uniform col-
our change in the cathode after each experiment.

Hydrodynamic voltammetry was adequate for
studying the Pb(II) reduction reaction under mass
transport control. The limiting current plateaux in
the resulting voltammograms showed the range of
potential over which the Pb(II) reduction reaction is
mass transfer controlled.

Using these potentials, the concentration of Pb(II)
was reduced to 0.1 ppm during recirculation times
ranging from 20min to 2 h, depending on the RVC
porosity and the ¯ow rate and using Ve/Vr = 0.027.
Best rates of lead removal were obtained at the higher
cathode porosities and ¯ow rates.
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