





There are therefore considerable moral, legislative and
economic reasons for minimising pollution by heavy metals.
The treatment is likely to be most effective at the source
of the pollution, as discharge of untreated or partially
treated effluent into public sewer systems merely creates a
secondary source of pollution in the form of discarded
sludge.

1.2 Techniques for the Removal of Heavy Metal Ions from

Solution

1.2.1 Conventional Treatment Method

Electroplating and other wastes containing heavy
metals are generally treated in & manner which varies
little from place to place (3, 4, 5, 7). The steps
of this treatment scheme may be briefly summarised

as follows.

(a) Alkaline chlorination Cyanide wastes must be
rendered harmless by oxidation before discharge.
The cyanide is completely destroyed with the
formation of CO, and Ny or is converted to
cyanate which, as may be seen from Table 1.1 is

approximately one thousand times less toxic.
This conversion or destruction is performed
under alkaline conditions using either chlorine
gas or hypochlorite.

The reactions with sodium hypochlorite are

NaCN + NaOCl—=NaCNO + Nac1  (detoxification)
2NaCN + 5Na0C1 + H,0 —eN, + 2NaHCO, + 5NaCl
' (3estruction)
(b) Chromium reduction Hexavalent chromium is not
precipitated in the next step of the process
and is therefore reduced under acid conditions
to the trivalent form. The reducing agents

most frequently used are ferrous sulphate,
sodium metabisulphite and sulphur dioxide.



(c) Neutralisation and precipitation After cyanide
oxidation and the reduction of hexavalent chromium
neutralisaticen, by means of sodium hydroxide or

lime for acid solutions or sulphuric acid for
alkaline solutions, takes place. The metal
hydroxide precipitates thus produced are then
dewatered either by direct filtration or by
settling. The resulting sludge (containing
10 - 50% solids) is dried and then is either
dumped or incinerated.

The conventional process, which has been proved in
numerous applications, has several disadvantages. The
handling of the bulky sludge (which initially contains
about 99% water) poses considerable problems, as does
transport and disposal of the dewatered or dried sludge. A
further consideration is that valuable metals are not
recovered in a form suitable for recycling. It is also
becoming increasingly more difficult to meet effluent
discharge standards Ly precipitation alone, as the limiting
concentrations produced by this method are in some cases
greater than current or future standards. Considerable
attention is therefore being given to alternative treatment
methods.

1.2.2. Alternative Treatment Methods

Three membrane processes, namely ultrafiltration,
reverse osmosis and electrodialysis are available
for the recovery of metal values from waste
solutions (7 - 10). Ultrafiltration and reverse
osmosis rely on the application of pressure to a
dilute solution. This causes the solvent to
permeate a membrane and results in the treated
solution emerging from the apparatus depleted of
solvent and at a considerably higher concentration.
The applicability of the reverse osmosis technique
to the treatment of certain heavy metal waste
solutions is limited by the fact that the membranes
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suffer from an inability to reject cyanide complexes
which pass through into the treated solution. In
the electrodialysis method the reverse situation
applies, with the charged solute species beinyg
removed from the solution under the action 01 a
potential gradient. Operating costs for electro-
dialysis tend to be lower than for the other two
techniques.

Two further methods which are frequently employed in
treating solutions are the closely related techniques
of jon exchange and solvent extraction (5, 7, 11).
Ion exchange is most applicable to solutions of
concentration 200 parts per million or lower while
solvent extraction is better suited to the treatment
of more concentrated wastes. Capital costs for ion
exchange are high but the long term economics do
appear to be changing in its favour as a result of
the capacity of this technique for water recycling

(7).

Cementation of some heavy metals from solution onto
scrap iron is still practised ( 5, 7 ) but the
operation does not produce sufficiently low metal
concentrations. A further consideration is that all
metals are not completely removed but rather that
iron is merely substituted for other, more objection-
able, materials. Other less well known methods
which may be used are foam fractionation (11),
complexing of metal ions with polyelectrolytes (11)
and the absorbtion of metal ions as organo-metallic
complexes on activated carbon (8 , 11 ),

Electrolytic Methods

A1l the methods of metal ion removal considered thus
far, while they might succeed in producing a treated
effluent of sufficiently high quality, suffer from a
common dravback, namely that in no case can the

metal be completely recovered from the waste stream
without further treatment. At best a high degree of
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concentration is achieved and in the worst case a
useless sludge, which itself creates a considerable
pollution problem, is produced. This leaves electro-
lysis as the only method currently capable of producing
metal directly from effluents in a form suitable for
recycling.

The conventional flat plate electrochemical cell has
been used for many years for treating fairly con-
centrated solutions. Silver is routinely recovered
from photographic wastes (5) and in the electroplating
industry such cells are used for the oxidation of
cyanides and the regeneration of chromic acid

(4, 5, 9). Both the electrowinning and electro-
refining of nickel make use of such cells, Below
concentrations of abcut two grams per litre, however,
plating efficiency drops dramatically and unless the
current density is progressively reduced competing
reactions eventually dominate.

The poor performance at low concentrations of con-
ventional cells is due to mass transfer limitations.
As the current density is increased more and more
reactant is consumed, until a point is reached where
the concentration of the reactant at the electrode
surface becomes zero. The rate of deposition then
becomes lTimited by the rate of diffusion to the
electrode and any fur‘her increase in current density
or decrease in reactant concentration must result in
some competing reaction (usually that of hydrogen
evolution) becoming significant. The designer of a
cell intended for operation at low concentrations
must therefore either specify a very low current
density (and consequently a very high surface area)
or must reduce the resistance to mass transfer by
stirring or by some other means.

The packed bed electrode cell, in which the
conventional plate electrode is replaced by a three
dimensional fixed (12-55, 108-127) or fluidised
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The passage of 96487 coulombs through an electro-
chemical reactor produces a total of one gram
equivalent of products at an electrode. This
quantity of electricity is called a Faraday and
is designated by F.

Consider the general electrode reaction

3

in which the stoichiometric coefficients V4 (the
coefficient of the component i when involved in the
jth reaction) are positive for oxidised components
and negative for reduced components. The following
example should clarify the usage of this notation.

In the reaction

Ni“t + 28 — N\i [2.4]

the various values are as follows

nj I -

£ = 2+ —
Z2

M"> = i s = -

For a single reaction j the number of moles of the
product i produced by the partial current Iij

flowing for t 1is given by

N;J. = vij L ¢ [2.5]
n.F

If the component i is produced or consumed in more
than one clectrode reaction the total number of moles

produced is

I
b i
2 = S
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between the bulk electrolyte and the electrode surface.
Limitations on the rate of mass transfer give rise to a
diffusion overpotential nge

In electrode kinetics, as in conventional chemical
reaction kinetics, the slowest partial reaction is rate-
determining for the total reaction. The magnitude of the
overpotential is therefore governed by the slowest
partial reaction. In particular:

(a) when there is no limitation on mass transfer the
rate of reaction is entirely controlled by charge
transfer overpotential and,

(b) if mass transfer to or from the surface is the
slowest process taking place then pure diffusion
overpotential will be encountered.

2.1.5.1. Charge Transfer Overpotential

The occurrence of charge transfer overpotential at
metal / metal-ion electrodes is caused by the
hindrance of the transfer of the metal ions from the
electrolyte to the electrode and vice versa. This
hindrance is caused by the activation energies for
the transfer of charged species across the electrical
double layer at the electrode surface. A quasi-
thermodynamic treatment of the system may lLe
employed to yield the well known Butler-Volmer
equation

B exp( 12F n) - exp (-(lnx) zF n) [2.13]
RT s TR
RT
In this equation the current density i 1is related
to the overpotential n by means of the kinetic

parameters io and o«

The exchange current density io arises from the
fact that at equilibrium there is no net flow of
current. The rates of the anodic partial reaction
and cathodic partial reaction at an electrode
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(the first and second terms within the square
brackets respectively) are equal and the relation-
ship

i,=-i =i [2.14]

holds. If the potential is shifted away from its
equilibrium value one or other of tne partial
reactions increases in rate and a net current flows
in accordance with equation [2.13]. The value of

io depends on concentration and temperature. The
precise form of the concentration dependence will be
given in a later section when the equations for the
mathematical model of the packed bed cell are
derived.

The transfer coefficient may take on any value between
zero and unity but for a single electron transfer
process the value is usually of the order « = 0,5.

In Figure 2.1 the dependence on the charge transfer
overvoltage of the total electrode current density
and the partial anodic and cathodic current densities
is shown as calculated from equation [2.13] with

a= 0,5 and z=1 . It is apparant

that the anodic partial current density has dwindled
into insignificance by the time a cathodic over-
potential of approximately - 100 millivolts has been
attained. The converse also applies for large

anodic overpotentials.

At large cathodic overpotentials ( o <<:§%-)

equation [2.13] may therefore be simplified to give

2 RT : RT '
T TM=a JzF In ¥ = Mea oF Inji| [2.15]

which is of the same form as Tafel's empirical
equation
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FIGURE 2). DEPENDENCE OF TOTAL AND PARTIAL CURRENT
DENSITIES ON CHARGE TRANSFER OVERPOTENTIAL,
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2.1.5.2 Diffusion Overpotential and Limiting Current

Diffusion overpotential appears when the supply of
reactants at the electrode or the removal of the
reaction products is rate determining when current
flows.

It is a well known fact that a laminar layer of
liquid is formed at a solid surface, regardless of
whether the 1iquid is stirred or not. In an
electrode reaction the substances which react
electrochemically at the surfacs must diffuse
through this layer, the thickness of which may
vary fron & = 0,05 cm in stagnant solution to

as little as 5 = 0,001 em 1in a system which is
vigorously stirred.

For strongly supported electrolytes, in which

migration effects are negligible, transport across the
diffusion layer can only take place if a concentration
gradient exists. The flux is given by Fick's first law

N, = -0,9C4

[2.23]
L Tdx

2
where D, (cm /Sec) is the diffusion coefficient
and —L  (mol/cm cm)

dx

is the concentration gradient. Combination of this
result with Faraday's law (equation [2.5]) gives,
with due consideration to sign

oYy dc. _
f =<0, 21 [2.24]

i
dx

where 1 1is the current density (amp/cmz). At
steady state and in the absence of homogeneous
chemical equilibria within the diffusion layer the
flow of any component to or from the surface is a
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current density which is twice that predicted by
equation [2.26] for a strongly supported electrolyte.
A relatively small concentration of supporting
electrolyte (of the same order as that of the reacting
species) has a dramatic effect on the influence of

the eleciric field in the diffusion layer: under
these circumstances the limitirg current is reduced
from 2.0 times to a value of only 1,22 times the
limiting current density in very strongly supported
electrolyte,

Electrochemical Kinetics of Multiple Electrode

Reactions

Typical polarisation curves for simul taneous reactions,
in this case for metal deposition occurring
simultaneously with hydrogen evolution, are given in
Figure 2.5. The partial current density for metal
deposition is limited by the rate of mass transfer

to the electrode: this is generally not the case for the
hydrogen reaction for which mass transfer limitations
are often less significant. In Figure 2.5 the

metal is represented as being less noble than

nydrogen and it may be seen therefore that at the
minimum potential for metal deposition hydrogen
evolution has already been initiated, so that che
current efficiency for metal deposition must

inevitably be less than unity. For the deposition

of a more noble metal on the other hand, there is

a range of cathodic overpotential in which only

that reaction takes place with one hundred per cent
efficiency.

According to the principle of additive combination
of all partial pr zesses (first formulated by
Wagner and Traud (71)) the total current densit,
is the sum of all the partial current densities.
The electrochemical kinetics of the individual
reactions are not altered in any fundamental way
as the result of the simultaneous occurrence of
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2.2 Fixed Bed Electrode Literature Survey

2.l

Introduction

The conventional flat-plate electrochemical ceil has
many well established applications in electrochemical
techniques involving the treatment of concentrated
electrolyte solutions (68). At low concentrations
of the electrochemically active species however, mass
transfer limitations become increasingly more
significant and acceptable current efficiencies and
space-time yields can no longer be achieved with

the conventional apparatus. The cell designer is
therefore forced to consider alternative approaches
for the treatment of very dilute solutions. Such
design approaches generally include mass transfer
enhancement (obtc ned by increasing the relative
velocities of electrolyte and electrode) and
increased surface area to volume ratios (usually

by means of novel cell geometries).

Cne approach which has been adopted, anc which forms
the subject of this investigation, is to replace the
plate electrode by a three dimensional packed bed of
conducting material (11-55, 108-127). This is not a
particularly novel concept as such electrodes have
been mentioned in work dating back a number of
decades and even into the last century

(39, 42,62,133-135). Some authors have, in fact,
drawn attention to the dubious novelty of certain
subsequent patent claims (9, 41, 62).

Comparitive data for a Targe number of cell designs
are given in Table 2.1 (41, 72 ). The limiting
current values are estimates for a 0,01 melur
solution (n = 2). In the case of packed and
fluidised bed electrodes the 1imiting current
values are related to the projected plane current
feeder area: the values related to the actual

bed surface area are of the order of six
milliamperes per square centimetre.
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