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ABASTRACT

Packed bed electrodes, made of stacked screens, have been used as cathodes for
the removal of lead ions from flowing alkaline electrolytes. We consider the coulombic
efficiency £=* ipb/(ipb+iH)» and the collection efficiency given by y = iyop./ nFvc0, where
iuesp.) is the geometric limiting current for lead deposition. Two regions are defined in the
current-potential relations, depending on whether hydrogen evolution does, or does not,
contribute to the measured current, corresponding to % less than, or equal to, 100%,
respectively. The geometric limiting current, in«p.), increases with increase of v. The
collection efficiency (ij/) increases as v decreases and/or L increases. Operating the cell at
higher flow rates increases the overall coulombic efficiency, over a broader range of cell
currents.

Introduction

Many industrial waste waters are contaminated with heavy metal ions which must
be substantially removed before disposal in the surrounding environment (1-3). Several
such ions are precipitated as hydroxides by the addition of calcium oxide or sodium
hydroxide (4,5). This method lowers the concentration of the soluble lead tons down to
about 20 pp;:i (6), which is greater than the allowed concentration in effluents and
increases the total chemical content of the effluent (4-6). Electrodeposition offers the
advantage of removing many polluting metal ions without adding chemicals. For this
reason, electrochemical techniques have been used for the removal of contaminants from
waste water streams (7,8).

Flow-through porous electrodes possess some attractive features for this
objective: i.e., a) They allow for continuous rather than batch operation, b) They provide
a high surface area enclosed in a fairly small volume, which enhances the productivity of
the cell house, c) They can be operated at fairly high rates, which are maintained by
forced convection of the electrolyte within the electrode, and d) They separate the reacted
from the non-reacted electrolytes when the electrode works with a 100% conversion
efficiency per pass. This electrode system has been extensively studied for the destruction
of organic and inorganic wastes (9-12) or the recovery of metal ions (13-19)and its
literature was frequently reviewed (20-25). The incentive for such applications might be
the economic value of the electrowon metal (e.g., Au, Ag, Cu orZn)(16-19)orthe
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Figure 2 shows the effect of electrolyte flow rate on the current-potential (i-E)
relations for the electrodeposition of lead from 3 M NaOH containing 40 ppm lead ions.
The electrode was composed of 10 stacked screens of mesh size 60 giving a bed thickness
of 0.56 cm, with a specific surface area of 74 cm*1. The i-E relation of the hydrogen
evolution reaction (h.e.r.) was measured in the blank electrolyte to enable the partial
hydrogen and lead currents to be obtained at different potentials, as shown below. The
potentials shown in the figure are those measured at the exit (upper) face of the electrode
which faces the counterelectrode.
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Fig. 2 Effect of electrolyte flow rate on the i-E relations for the electrodeposition of lead
from 3M NaOH containing 40 ppm lead. (no. of screens = 10 of 60 mesh).

Two reactions support the measured current i.e.,

2-Pb(V~ + 2H2O + 2e" = Pb + 4OrT, E, = -0.727 V (Hg/HgO) [1 ]
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fulfillment of the environmental standards for effluent disposal (e.g., removal of Cd, Hg,
Ni, CN, or Pb ions) (12,26-29).

Lead and lead-containing compounds are widely used in many industries (4,30)
which produce industrial waste waters containing lead. In view of the proven danger of
lead on human health and on other living organisms (1,3), one must search for an efficient
technique for the removal of lead ions from such effluents before their disposal into the
environment.

The objective of this work is to explore the features of the electrodeposition of
lead ions from flowing alkaline solutions using packed bed electrodes. Alkaline waste
waters contaminated with lead are produced from some industries e.g., electroplating and
oi! refining (4,30).

Results and Discussions

Figure 1 shows a schematic representation of the electrode chamber of the
electrolytic cell. The packed bed electrodes were made of stacked copper screens. These
were electroplated with lead, using a fluoborate bath (31), prior to introduction into the
flow cell. The reference electrode was an Hg/HgO/1 M NaOH (equilibrium potential of
0.098 V (NHE)(32)), placed at the exit face of the electrode. The electrolytes were
prepared from Analar NaOH or K.OH and distilled water.
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Fig. 1 A schematic representation of the electrode chamber of the electrolytic cell. A and
C: copper leads to the electrode, B: A mercury connection to the electrode, CE: Counter
electrode, D: The cell wall, E: Rubber cylinder, G: Fritted glass disk, S: Packed bed
electrode, R: Reference electrode and P: Platinum connection.
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F.ffcrtsnf flow rate:
Figure 2 shows the effect of electrolyte flow rate on the current-potential (i-E)

relations for the electrodeposition of lead from 3 M NaOH containing 40 ppm lead tons.
The electrode was composed of 10 stacked screens of mesh size 60 giving a bed thickness
of 0.56 cm, with a specific surface area of 74 cm'1. The i-E relation of the hydrogen
evolution reaction (h.e.r.) was measured in the blank electrolyte to enable the partial
hydrogen and lead currents to be obtained at different potentials, as shown below. The
potentials shown in the figure are those measured at the exit (upper) face of the electrode
which faces the counlerelectrode.
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Fig. 2 Effect of electrolyte flow rate on the i-E relations for the electrodeposition of lead
from 3M NaOH containing 40 ppm lead. (no. of screens = 10 of 60 mesh).

Two reactions support the measured current i.e.,

2-PbO2
z" + 2H2O + 2e" = Pb + 4OH"; E, = -0.727 V (Hg/HgO) [1]
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2H2O + 2e~ = H2 + 20H~, E2 = -0.926 V (Hg/HgO) [2]

where Ei and E2 are, respectively, the equilibrium potentials of the lead deposition
reaction and the h.e.r. calculated taking into account the activities of the hydroxyl and the
lead ions using Nernst equation (33). Note that E| is less sensitive to the lead ion than to
the hydroxyl ion activity (33). In principle, reaction 2 interferes with reaction 1 to an
extent which depends on the prevailing potential and the values of the kinetic parameters
of both reactions. The extent of this interference determines the coulombic efficiency of
the process (c.f. Eq. 4). Figure 2 shows the positions of the equilibrium potentials for
both reactions, which define regions I and II in the current-potential relations. Region I
is more cathodic than Ej, but more anodic than E2. In view of these equilibrium
potentials, the current-potential relations in region I are attributed to the electrodeposition
of lead, i.e., reaction 1 only. Within this region, the measured current increases rapidly
with potential towards a limiting value (ii^exp))which is reached in region II. About 80%
of this limiting current was reached within the potential range of region I (about 50 mV
more cathodic than the equilibrium potential of reaction 1). Figure 2 shows that this
geometric limiting current increases with the concentration of lead in the electrolyte.
Since in region I the evolution of hydrogen is thermodynamically prohibited, the
coulombic efficiency,' £, of the process is 100% (see below). Conversely, in region II,
the measured current is given by :

itotai = iH +ipb [3]

where in and iPb are the partial currents supported by reactions 2 and 1, respectively. As
the potential becomes more negative (more cathodic), we reach a limiting value of in,,
denoted iuexp.) . Further increase in the potential (in the cathodic direction) would not
increase iPt,. It would only result in an increase in \H, which causes a much slower
increase in the total measured current with potential.

Coulombic Efficiency:

Inspection of the polarization curve (Fig. 2) reveals that the contribution of the
partial current supported by the h.e.r., iH, to the total measured current, i,otai, equals zero
in region I. Thus the measured current in region I is due to lead deposition only. At the
lower part of region II, the situation is not significantly different than in region I, i.e., the
rate of the h.e.r. is negligible. This is attributed to the fact that the rate of the h.e.r. on
lead is very small compared to that of lead deposition, (ion/pb in 0.5 M NaOH « 10"7 A cm'
2 and ioPb

2Vb in (0.05 M Pb2+ + 1 M KNO3)« 0.1 A cm"2) (42,43). The corresponding
value of iopb2+/pb in a solution of 40 ppm lead is about 4x10*4 A cm'2.

The coulombic efficiency, %, is defined as the percentage of the measured current
supported by the lead deposition reaction, i.e.,

1Pb
[4]
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The coulombic efficiency was calculated from the current-potential relations obtained at
various conditions using Eq. [4]. Figure 3 illustrates the effects of electrolyte flow rate
on the coulombic efficiency, %. The electrode was composed of 8 screens of 60 mesh.
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Fig. 3 Effect of electrolyte flow rate on the coulombic efficiency for the electrodeposition
of lead from 3M NaOH containing 40 ppm lead. The electrode was 8 screens of 60 mesh.

Note that, the coulombic efficiency, %, remains practically 100% down to a
potential of about -1.3 V (Hg/HgO), which is about 400 mV more negative (cathodic)
than the equilibrium potential of the h.e.r. No significant contribution from the h.e.r. in
this region was observed, because of the extremely low value of the exchange current
density of the h.e.r. on Pb, see above. As the potential becomes more cathodic, i.e.,
further in region II, the coulombic efficiency, \, decreases. In this region the lead
deposition reaction is controlled by mass transfer at its limiting current and hence any
increase in the current is due to the increase in the hydrogen reaction rate which is now
under increasingly negative (cathodic) potentials.

990



Collection Efficiency:

The collection efficiency, y, is defined as the percentage of the feed
concentration of the reactant collected per single pass through the electrode. The
experimentally measured geometric limiting current obtainable from this system is related
to the feed (c°) and the emerging (cL) concentrations of the reactant by (13):

[l-(cL/c0)] [5]

As the collection efficiency increases, cL decreases, and the electrolyte exits from the
electrode with lower concentrations. When cL approaches zero, the electrode achieves
complete deposition of the lead ions per pass, and the collection efficiency, \j/, is 100%.
Under this condition, the maximum obtainable limiting current, ii/ma*), is given by:

iL(max) ^ n F v C 0 [6]

The above equation applies only under conditions of complete conversion of the reactant
into products in one pass. In many cases, the experimentally measured geometric limiting
current is lower than that given by Eq. 7 due to interfacial mass transfer limitations
(21,44,45). Under conditions of pure mass transfer control, the measured geometric
limiting current is related to the structural and transport properties of the system by
(13,17):

iL(exP.) = nFvc0 [1- exp (-kmSL/v) ] [7]

where km is the average mass transfer coefficient between the flowing electrolyte and the
internal surface area of the packed bed. The collection efficiency, vj/, is given by:

V = [iL(exp.)/iL(rnax)] X 100
= [1- exp(-kmSL/v)] x 100 [8]

Note that km is a complex function which involves S, D, \x, L and v raised to a fractional
exponent (46). Figure 4 illustrates the variation of the measured collection efficiency, \\i,
with the electrolyte flow rate at different electrode thicknesses, for electrolytes containing
40 ppm lead ions in 3 M NaOH. The figure reveals that \\i increases either by increasing
the electrode thickness or by allowing the electrolyte to flow at lower flow rates.
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Fig. 4 Effect of electrolyte flow rate on the collection efficiency for the electrodeposition
of lead at different electrode thicknesses. The electrolyte was 3M NaOH containing 40
ppm lead.

Conclusions

The measured geometric limiting current of the electrodeposition of lead
increases with the increase of the electrolyte flow rate, and/or electrode thickness. These
results indicate that the process is predominantly controlled by mass transfer. They also
indicate that, we can approach the geometric limiting current of lead deposition with only
a modest level (< 200 mV) of polarization. We have also shown that both the coloumbic
efficiency (%) and the collection efficiency (\y) are affected by the viscosity and flow rate
of the electrolyte, electrode thickness and the mesh size of the screens.
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Ideally, one would like to design a system which removes lead completely in one
pass or in few cycles of passes. A high value of y can be achieved by working at low
electrolyte flow rates, by using thick electrodes, or by using electrodes of large specific
surface areas, i.e., greater mesh size. The selection of any of these options has some
consequences which affect the coulombic efficiency, % and the behavior of the system.
So, there is an optimization problem which calls for quantitative answers to the questions
raised by each option. The development and application of a mathematical model is
underway to provide such answers. The results will be reported later on.
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