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Abstract

An electrolytic process for the removal of zinc from aqueous solutions using a ¯ow-through cell with a reticulated
vitreous carbon cathode is proposed. The operational conditions for the reactor were optimized as a function of the
electrolyte pH, the cathode porosity and the solution ¯ow rate. Both a synthetic solution and a real e�uent from an
industrial electroplating plant were processed until zinc concentration dropped from 50 to 0.1 mg dmÿ3 and from
152 to 0.5 mg dmÿ3, respectively. After the processing of the real e�uent, tomographic images of the cathode were
taken in order to investigate the current depth penetration during electrolysis. Results have shown that the current
density decreases from the outer surface to the centre of the RVC cathode.

1. Introduction

Aqueous e�uents containing metallic ions from indus-
trial production, processing and surface ®nishing of
metals are conventionally treated by chemical precipi-
tation of insoluble salts and hydroxides. For some
metals, particularly zinc, conventional treatment is
e�cient for complying with the legislation for ®nal
discharge. The major drawback of the precipitation
treatment is the sludge that remains after the separation
of the solid phase.
Electrolytic cells o�er an e�cient means of control-

ling the metal ions concentration in aqueous solution
via reduction reaction. Metal ions are reduced at the
inner surface of porous electrodes as the electrolyte
percolates through the cell. Electrolytic treatment can
also be used for ®nal polishing of the treated e�uent
when concentrations much less than 1 mg dmÿ3 are
required prior to ®nal discharge. The literature presents
many types of electrolytic devices for the removal of
metals and many case studies for the removal of di�er-
ent metals. All have as a goal the maximization of
removal rates as a function of the electrode materials,
the cathode porosity and the ¯ow rate [1±12]. How-
ever, the e�ective operation of an electrochemical cell is
critically dependent on the potential distribution within
the porous electrode. The penetration depth of the
current may be limited by ohmic losses, and the metal
deposition may occur via a process not fully mass
transfer controlled.
Zinc is widely employed as a protective coating onto

ferrous materials, and electrolytic deposition from an

acidic plating bath is the most common process [13]. As
the main consumer of metallic zinc and its compounds,
the electroplating industry is a source of Zn(II)-contain-
ing aqueous waste. Drag-out from plating baths is
responsible for the zinc ion concentration in the rinse
water continuously discharged into the ef¯uent treat-
ment unit. Selective separation and recovery of zinc
from aqueous ternary mixtures of metals has been
reported [14], but the deposition of metals was, appar-
ently, not mass-transfer controlled, pointing to the
conclusion that rates of removal are electrode porosity
and ¯ow rate independent. A rotating cylinder smooth
electrode reactor has been used for zinc recovery from
aqueous mine residue [15] where small amounts of
synthetic and process sulphate solutions of low pH, were
processed and exhibited low current ef®ciency when
electrolysis was carried out under mass transfer control.
Zinc ions have low toxicity and the legislation

adopted in many countries demands 5 mg dmÿ3 of
Zn(II) containing solution for ®nal discharge of the
aqueous waste stream [16]. However, a medium sized
automatic industrial plant of zinc plating may discharge
up to 1000 dm3 hÿ1of rinse water with Zn(II) concen-
tration ranging from 40 to 200 mg dmÿ3. Here we
investigate the performance of a ¯ow-through cell, with
a reticulated vitreous carbon cathode (RVC), for the
removal of zinc taking into account that the mass of zinc
to be chemically precipitated from the aqueous waste
streams is responsible for the generation of a large
amount of sludge. First, a study of the in¯uence of pH
of the medium on the zinc deposition was conducted.
Then, using a synthetic solution, the in¯uence of the
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cathode porosity and ¯ow rate on the removal rate was
investigated. Following this study, a new series of
experiments was carried out using a real ef¯uent from
the ®rst rinse water tank from an automated zinc plating
industrial plant. Tomographic images of the cathode
allowed for an estimation of the current penetration
depth during electrolytic zinc removal. The reasons for
the choice of RVC as a cathode material are summarised
elsewhere [17].

2. Experimental details

Initially, a voltammetric study of the Zn(II) reduction
reaction on a glassy carbon rotating disc electrode was
performed to determine the range of potentials over
which this reaction is controlled by mass-transfer and
the dependence of these potentials on pH. Then a value
of potential within this range was selected and applied to
a ¯ow-through electrolytic cell.
All electrochemical experiments were performed using

a model 273A potentiostat/galvanostat system con-
trolled by the software model 270/250 (both from
EG&G Princeton Applied Research Corp.). A model
3110 Perkin Elmer spectrometer was employed to
determine the Zn(II) concentration, using an air/acety-
lene ¯ame. After completing the experiments using real
ef¯uent, the cathode was examined by X-ray tomo-
graphy using General Electric, model 9800, equipment.
Tomographic data were taken using X-rays of 120 kV,
current of 70 mA in the ®lament, and the data were
recorded as a 512� 512 square matrix. Changes of
density detected within the electrode permitted the
quanti®cation of the mass of deposited zinc. Then,
Faraday's law was used to estimate the current within
each 1.5 mm thick tomographic slice of the 12 mm thick
RVC cathode.
In the ®rst part of this study, using synthetic e�uent,

all reagents were of analytical grade and solutions were
prepared using distilled and deionised water. The Zn(II)
solution was prepared from ZnCl2 (50 mg dmÿ3of
Zn(II)) using boric acid (0.1 M) plus potassium chloride
(0.1 M) as the supporting electrolyte. HCl solution or
KOH solution was used to adjust the pH to the required
value. The pH of the solutions used in the experiments
was increased from 2.5 to 5.5 in increments of 0.5. For
the study using real ef¯uent, a 152 g dmÿ3 zinc solution
with a pH of 5.5, was supplied by Freios Varga S.A.
A glassy carbon rotating disc electrode (GCRDE)

model 616 (PARC) was used as a working electrode
(A � 0:12 cmÿ2) in the hydrodynamic voltammetric
experiments. A platinum counter-electrode and a sat-
urated calomel reference electrode (SCE) with a Lug-
gin capillary were also used. The voltammograms
were obtained in 50 mg dmÿ3 Zn(II) solutions for
several rotation rates (41.9, 94.2, 167.5, 261.8 and
376.9 rad sÿ1) by cycling the working electrode poten-
tial (one cycle) between ÿ0:20 V and ÿ1:60 V at
5 mV sÿ1.

The continuous-¯ow circuit and the ¯ow-through cell
have been previously described [12], and the RVC
sponges were supplied by the Electrosynthesis Co.
After assembling the electrochemical cell, the ¯ow

system was loaded with 3.5 dm3 of catholyte and
anolyte, each in a separate reservoir. The synthetic
catholyte consisted of the Zn(II) solution described
above. The real catholyte was a solution with unknown
concentrations of boric acid and potassium chloride,
traces of organics used as levelling, wetting and bright-
ening agents, and 152 mg dmÿ3 of Zn(II). This 5.5 pH
solution had a conductivity three times lower than the
synthetic solution. The anolyte composition was the
same as the synthetic catholyte, but without Zn(II). At
predetermined intervals, the solution leaving the ca-
thodic compartment was sampled, and the remaining
Zn(II) concentration was quanti®ed by atomic absorp-
tion spectrometry to monitor the effectiveness of elec-
trolysis. The above procedure was used to examine the
ef®ciency of RVC cathodes of different porosities (45,
60, 80 and 100 ppi) and different ¯ow rates for the
synthetic catholyte. For the real ef¯uent only an 80 ppi
RVC was used at a ¯ow rate of 120 dm3 hÿ1.

3. Results and discussion

3.1. Preliminary hydrodynamic
voltammetric experiments

Figure 1 shows i=E curves recorded in the hydrody-
namic mode for the synthetic Zn(II) solution of pH 5.5.
As stated earlier pH was increased from 2.5 to 5.5 in
increments of 0.5 and, due to the similarity between the
series of voltammograms, Figure 1 presents results
recorded for pH 5.5. In the forward scans all the curves
show waves for the reduction of Zn(II) to Zn, with a
well-de®ned limiting current plateau extending over a
potential range of at least 250 mV. The value of the
limiting current was dependent on the GCRDE rotation
rate. This behaviour is characteristic of a mass-transfer
controlled process. In the cathodic region of the reverse
scan, the current magnitude over 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 ÿ1:1 V for all
voltammograms. All features described above are
absolutely extensive to the curves obtained for all
values of pH, except for the values of the limiting
currents and for the positioning of cathodic events on
the potential axis.
Figure 2 shows Levich plots, for the limiting currents

measured at the mid point of the plateau (ÿ1:4 V vs
SCE) plotted as a function of the square root of rotation
rate (I=f 1=2), for the pH values considered in this study.
The plots were linear, con®rming that zinc deposition
was mass-transport controlled at the potentials consid-
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ered. For lower values of pH the limiting currents are
higher. As the pH increases, a decrease is observed in the
limiting currents with a clear tendency to become
constant from pH 4. From pH 4 the straight lines in
the Levich plots are superimposed. The inset in Figure 2
shows a plot of the slopes taken from the straight lines in
the Levich plots as a function of pH. As a result of the
superimposition of the curves from Figure 2, Levich

slopes became constant in the pH range 4 to 5.5 in which
zinc deposition is apparently pH independent. Reduc-
tion in the limiting currents as pH increases may be due
to the decrease in the hydrogen evolution currents.
Proton reduction is always the unavoidable competitive
parallel process to zinc deposition [18±21] and the
charge imbalance in the voltammograms from Figure 1
is evidence of this fact.

Fig. 1. Voltammograms obtained on a glassy carbon rotating disc electrode. Solution of 50 mg dmÿ3 of Zn(II) in 0.1 M of boric acid and 0.1 M

potassium chloride at pH 5.5. Potential scan rate of 20 mV sÿ1. Angular velocity as indicated on the graph.

Fig. 2. Levich plots using the limiting current values taken at ÿ1:4 V vs SCE for the solutions with pH as follows: (j) 2.5, (d) 3.0, (m) 3.5, (.)

4.0, (r) 4.5, (+) 5.0 and (�) 5.5. Inset: Slopes of the Levich's plot against pH.
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Although the Levich plot is an appropriate tool to
verify whether an electrochemical process is mass
transfer controlled or not, in this case zinc deposition
became di�usion controlled at di�erent values of po-
tential, depending on the pH of the solution. The
limiting current plateau became well de®ned at more
positive potentials as pH increased. The shifting of
potentials to more positive values as pH increases is
shown in Figure 3 which depicts the variation of the
potentials from which zinc deposition became di�usion
controlled (EPLAT) and the variation of the half wave
potentials (E1=2) with the pH. Again pH 4 is the value
from which zinc deposition starts to be reproducible,
and both potentials, EPLAT and E1=2 become constant.
The shifting of potentials to more positive values for

higher pH makes the zinc reduction easier. This is not
the expected behaviour for the critical values of poten-

tial of a redox couple. However, zinc reduction exhibits
a complex mechanism and investigations of electrocrys-
tallisation of zinc have been reported in the literature
[22±26]. Particularly interesting is the series of studies
carried out by Epelboin and co-workers [23±25] featur-
ing a complex multistage stepped mechanism involving
Zn2�, Zn�, H� species, anion adsorption and interme-
diates adsorption. The seven equilibria, proposed as
intermediate steps for the whole deposition reaction, are
critically pH and potential dependent. The concurrence
of all half reactions or some of them depends on the pH
of the solution and of the reducing potential.
Results obtained for the cyclic voltammetry on

rotating glassy carbon electrodes are a good indication
of the range of pH in which zinc reduction under mass
transfer control is reproducible and in which zinc
removal experiments can be carried out.
Fortunately, real ion zinc e�uents have a pH between

5 and 6, which makes the removal operation feasible. A
similar voltammetric study was also performed using the
152 mg dmÿ3 of zinc real e�uent, pH 5.5. Figure 4
shows the cathodic portion of the i=E curves recorded
on vitreous carbon in the same conditions described
above for the synthetic solution. Current density pla-
teaux can be observed in the same range of potentials.
Besides the di�erences in composition, conductivity and
zinc concentration, the potential of ÿ1:4 V is an
appropriate potential to conduct the experiments for
both the synthetic and real solution.

3.2. Flow-through cell performance in
zinc removal from synthetic solution

In ¯ow-through cell performance studies, the removal of
Zn(II) was conducted in the batch recirculation mode. In

Fig. 3. Shifting of the half wave potential (E1=2) and of the potentials

in which zinc deposition becomes mass transfer controlled (EPlat) to a

more positive values as the solution pH increases.

Fig. 4. Voltammograms of Zn(II) reduction in the real ef¯uent on a glassy carbon rotating disc electrode. Zn(II) concentration of 152 mg dmÿ3.
Angular velocity as indicated on the graph and potential scan rate of 20 mV sÿ1.
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the ®rst experiments solutions containing zinc ions with
initial pH of 2.5, 4.0 and 5.5 were used. Considering the
results previously obtained for lead removal [12], the
electrolysis was carried out using a 80 ppi cathode and a
¯ow rate of 120 dm3 hÿ1. Figure 5 shows the plot of
normalized concentration (C(t)/C(0)) as a function of
recirculation time. Again the in¯uence of pH on the zinc
reduction is apparent. An improvement in cell perfor-
mance is observed as the initial pH increases. Curves
obtained from pH 4 are superimposed, a value from
which the cell performance is reproducible. After
electrolysis was terminated, the ®nal pH was about 8
in all experiments.
Exponential decay of metal concentration is only

observed if the reduction reaction occurs at limiting
current [9]. Therefore, an applied potential of ÿ1:4 V
apparently causes the reaction within the porous cath-
ode to be mass transfer limited. Figure 5 also shows, in
the inset, a plot of ln[C�t�=C�0�] against time. Although
the plots of C�t�=C�0� as a function of electrolysis time
were apparently exponential, the expectation of linearity
for the ln[C�t�=C�0�] against time plot was con®rmed
only for a portion of the curve, as observed earlier [12].
Restricting the analysis to 30 min of electrolysis (5 to
35 min), slopes (s) from straight lines in the plot of
ln [C�t�=C�0�] against time give an indication of the cell
performance, since they are related to the mass transfer
coe�cient. A model of concentration±time relationships
in recirculating electrochemical reactor systems has been
proposed by Walker and Wragg [27]. An approximate
solution arose from this study in which the slope (s) in
the plot of ln[C�t�=C�0�] against time is

s �
1ÿ exp ÿ kmAeVe

Q

h i
s

�1�

where Ve is the cathode volume, Q is the catholyte ¯ow
rate, Ae is the speci®c surface area (the active area/unit
volume of cathode), km is the mass transfer coe�cient
and s is the residence time. Expanding the argument of
the exponential function in a Taylor series and taking
the two ®rst terms, 1ÿ exp�ÿx� ' x for low values of x,
and Equation 1 becomes:

s � Ve

V
kmAe �2�

in which s was replaced by V =Q and V is the total
volume of catholyte. Considering the ratio Ve=V � 0:027
used in these experiments and the values of kmAe

depicted in Table 1, the error by using Equation 2
rather than Equation 1 is around 0.2%, so that
Equation 2 was used for the kmAe estimation. Table 1

Fig. 5. Normalized concentration [C�t�=C�0�] against time curves for zinc removal experiments for di�erent pH values, obtained for a

120 dm3 hÿ1 ¯ow rate and cathode porosity 80 ppi. The pH values are as follows: (h) 2.5, (s) 4.0 and (4) 5.5. Inset: Plots of ln [C�t�=C�0�]
against time for the data shown.

Table 1. Initial Zn(II) concentrations for each experiment at pH

shown, the electrolysis times for 90% concentration reduction and

values of kmAe

pH C(0)/mg dm)3 t90%/s kmAe/s
)1

2.5 60.2 1380 0.124

4.0 54.8 960 0.148

5.5 54.4 960 0.148

Flow rate of 120 dm3 h)1 and cathode porosiy of 80 ppi
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shows values of initial concentrations, C(0), the times
for 90% removal, t90%, and values of kmAe as a function
of pH. Data show that the mass transfer coe�cient
increases with pH and becomes constant from pH 4.
The experiments depicted in Figure 5 were never

terminated before zinc concentration in the electrolyte
reached 0.5 mg dmÿ3. Moreover, as expected for a
constant potential bulk electrolysis under mass transfer
control, the time for 99% zinc reduction is around twice
the times shown in Table 1, for 90% reduction.
In view of the ®ndings for di�erent pH, solutions of

pH 5.5 were selected for the new series of experiments in
which the in¯uence of ¯ow rate and cathode porosity on
cell performance were investigated. Figure 6 shows the
curves of normalized concentration as a function of time
using four values of cathode porosity, where electrolysis
was carried out at a ¯ow rate of 120 dm3 hÿ1. As
expected, an exponential decay of zinc concentration is
observed. Figure 6 also shows the ln[C�t�=C�0�] against
time plot for 30 min electrolysis following the earlier
procedure. From Figure 6 it is possible to see that
cathode porosity can be used for the optimization of cell
performance, which is in agreement with literature data
[2±12]. Table 2 shows the e�ect of cathode porosity on
the removal rate of zinc and on the values of kmAe,
calculated from the linearization shown in the inset of
Figure 6.
Most of the improvement observed in the cell perfor-

mance is due to the increase in the available speci®c
surface area for the reaction since RVC is a poor
turbulence promoter. However, for the porosity of
100 ppi no improvement in the mass transfer coe�cient

was observed. For higher porosity RVC sponges, the
manufacturer's literature shows an overlap of the
porosity range for porosity grades of 80 and 100 ppi
(�(10±20)% of variation of nominal values), which can
make the surface area of the cathodes close enough to
make the data indistinguishable.
Using a sponge with porosity of 80 ppi and ¯ow rate

of 120 dm3 hÿ1, a concentration of 0.5 mg dmÿ3

was reached in 15 min and a ®nal concentration of
0.1 mg dmÿ3 required 25 min electrolysis. This perfor-
mance can be further improved by using higher ¯ow
rates. The in¯uence of electrolyte ¯ow rate on the
e�ectiveness of electrolysis is depicted in Figure 7, which
shows the normalized concentration decay as a function
of time and the linearised concentration pro®le (see the
inset). The data show that, using an 80 ppi sponge, as
the ¯ow rate increases the reduction of Zn(II) becomes
more effective. Following the same procedure described
above, values of kmAe were calculated from the slopes of
the ln[C�t�=C�0�] against t plot for each ¯ow rate
considered. These values are depicted in Table 3 which
also shows initial concentrations for each experiment

Fig. 6. Normalized concentration [(C�t�=C�0�] against time curves for zinc removal experiments for di�erent cathode porosities, obtained for a

120 dm3 hÿ1 ¯ow rate and pH 5.5. Porosities are as follows: (h) 45, (s) 60, (4) 80 and (,) 100 ppi. Inset: Plots of ln[C�t�=C�0�] against time for

the data shown.

Table 2. E�ect of the RVC cathode porosity on the removal rate of

zinc from chloride medium, pH 5.5

Porosity/ppi C(0)/mg dm)3 t90%/s kmAe/s
)1

45 59.6 2400 0.068

60 54.4 1500 0.111

80 54.4 960 0.145

100 54.1 1020 0.136

Flow rate of 120 dm3 h)1
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and the time demanded for 90% reduction in Zn(II)
concentration.

3.3. Electrolytic removal of zinc from the real e�uent

Taking the results obtained for the synthetic e�uent into
account, the real e�uent was processed using an 80 ppi
cathode and a ¯ow rate of 120 dm3 hÿ1. At ÿ1:4 V vs
SCE (value taken from Figure 4) the initial zinc concen-
tration of 152 mg dmÿ3 dropped to 10% from the initial
value in 80 min and reached 1 mg dmÿ3 in 110 min.
Figure 8 shows the decay of the Zn(II) normalized
concentration as a function of recirculation time. The
pro®le of the concentration decay is different from that
expected. On the basis of the observed behaviour, it was
hypothesized that the reduction reaction was not fully
mass transfer controlled within the porous electrode. In
order to investigate this hypothesis a tomographic
analysis was carried out within the electrode. The decay
of X-ray intensity passing through the electrode was
recorded. Cumulative intensity decay caused by the
crossing of n voxels (volume elements) are organized in

a square matrix and transformed into the tomographic
image. This matrix is considered as a pseudo-density map
where each voxel presents a numerical attribute called a
Houns®eld unity (H ) which is proportional to the density
of the material. Planes 1.5 mm thick were examined, and
the mass of reduced zinc was quanti®ed considering that
the variation of each tomographic coe�cient unit (1H )
corresponds to a density variation of 2.5 mg cmÿ3 [28].
The values of H were measured by the equipment
considering the di�erence between light and dark regions.
Then, tomographic images were constructed using
Khoros software.

Fig. 7. Normalized concentration [�C�t�=C�0�] against time curves for zinc removal experiments for di�erent ¯ow rates, obtained for pH 5.5 and

cathode porosity 80 ppi. Flow rates are as follows: (h) 40, (s) 120, (4) 160 and (,) 320 dm3 hÿ1. Inset: Plots of ln[C�t�=C�0�] against time for

the data shown.

Table 3. E�ect of the ¯ow rate on the removal rate of zinc from

chloride medium, pH 5.5

Flow rate/dm3 h)1 C(0)/mg dm)3 t90%/s kmAe/s
)1

40 55.4 1380 0.085

120 54.4 960 0.145

160 51.4 910 0.154

320 48.3 840 0.188

Cathode porosity of 80 ppi

Fig. 8. Normalized concentration [�C�t�=C�0�] against time curves for

zinc removal experiments for the real e�uent, obtained for a

120 dm3 hÿ1 ¯ow rate, pH 5.5 and cathode porosity 80 ppi.
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Figure 9 shows images of the `sliced' cathode. Fig-
ure 9(a) is the outer surface of the RVC electrode after
the electrolysis has been terminated and the parallel
marks are due to the turbulence promoter that is placed
very close to the cathode. Figure 9(b)±(e) are images of
zinc deposited within the electrode. Comparison be-
tween light and dark regions shows that mass of zinc
decreases from the outer surface to the centre of the
electrode. As described in the experimental section, the
cell consisted of a 12 mm thick RVC cathode sided by
two ¯at anodes, in such a way that Figure 9 presents
images of the ®rst half. Values of H for the second half
are very close to those shown in the Figure.
From the images shown in Figure 9, the mass of

deposited zinc was estimated taking into account the
values of H and their relationship with the changing
density. The value of H found for the clean surface
(H � 73:7) was subtracted from the values found for
each slice. The variation of H , or DH , represents the

attenuation of the radiation due to the mass of deposited
zinc. The mass of zinc inside a tomographic slice was
calculated using Equation (2):

mZn � DH � 2:5� 10ÿ3 � t Ae�1ÿ m� �3�

where t is the thickness of the tomographic slice
(1.5 mm), A is the speci®c surface area of the electrode
and m is the voidage of the RVC cathode. According to
the manufacturer's literature, Ae is 55.8 cm2 cmÿ3, for
80 ppi sponge, and m is 0.97. The mass of zinc contained
inside each slice was related to current density values
using Faraday's law. Figure 10 shows the values of
current density within the sponge. The symmetry is due
to the positioning of the current feeder at the centre of
the electrode (x � 6:0 mm in the Figure 10) which is
sided by two ¯at anodes. Figure 10 also shows that the
density current is constant only in the ®rst 1.5 mm on
both sides, decreasing from the outer surface to the

Fig. 9. RVC electrode tomographic images with zinc deposit taken each 1.5 mm deep. Values of Houns®eld coe�cient (H) are shown.
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centre, where almost no zinc deposit was found. A
similar pro®le of zinc distribution (apparent zinc density
variation) within RVC foams was also found by
Iacovangelo and Will [29] during zinc deposition in a
¯ow-by cell con®guration under charge-transfer control.
Using the densitometry technique in X-ray radiograph
®lm negatives, the distribution of zinc was found to be
¯ow rate dependent and foam thickness and porosity
dependent.
Considering the cell kmAe value of 0.145 sÿ1 (80 ppi

sponge porosity and 120 dm3 hÿ1) previously calculated
in Table 2, and the literature formula [30, 31], the ideal
thickness for this sponge would be 3.2 mm and the
experiments have shown that 1.5 mm is the deepest that
limiting current can reach. For thin electrodes with high
conductivity electrolytes the established theoretical
treatment is adequate [30]. However, the assumption
of fully mass transfer controlled metal deposition, a high
conductivity electrolyte and the fully conductive elec-
trode material lead to an overestimation of the calcu-
lated value in many cases. In this study the calculated
ideal thickness is twice the observed value. Ohmic losses
within porous electrodes may change a mass-transfer
limited operation to a mixed controlled process, where
electron transfer may play an important role. The
reasons may be the electrolyte conductivity, the elec-
trode conductivity or even the physical distance between
cathode and counter electrode. In the case of this study
the reason is probably the di�erence in conductivity
between the electrolytes since we used the same cell
design and the same electrode material. The real e�uent
had lower conductivity in comparison with the synthetic
one, which caused an increase in the iR drop within the
cell. Synthetic e�uent had a conductivity of 13 mS,
three times greater than the conductivity of the real
e�uent.

A similar pro®le for the current density distribution
within a porous electrode, shown in Figure 10, has been
theoretically predicted. Doherty and coworkers [32]
presented a model that simulates the distribution of
potential and current density within a porous electrode.
The model includes consideration of the electron trans-
fer control regime of the electrode reaction, mass
transport limitations and the ®nite conductivity of the
electrode material. Simulated results are presented for
several values of electrolyte conductivity, and the plots
of current depth penetration are similar to that found
experimentally in this work.

4. Conclusions

Hydrodynamic voltammetry was used for the determi-
nation of the range of potential over which Zn(II)
reduction is mass-transfer controlled. Using these po-
tentials in the porous electrode cell, the concentration of
the metal ion in the synthetic solution was reduced from
50 to 0.1 mg dmÿ3 during recirculation times ranging
from 20 to 40 min, depending on the RVC porosity,
¯ow rate and pH.
In experiments using real e�uent, for the chosen cell

design and for the composition of the e�uent used, zinc
removal was under mass transfer control in the ®rst
1.5 mm of the electrode. For deeper positions within the
cathode the reduction reaction was under mixed control,
where electron transfer also played an important role in
controlling the reaction rate. This could be an e�ect of
the poorer conductivity of the electrolyte.
The cell design used in this study showed a good

performance for the removal of zinc from simulated and
real e�uent.
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