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The electrochemical oxidation of cyanide, with the simultaneous recovery of cadmium present in a typical
plating rinse wastewater, was conducted in a bipolar capillary gap disc stack electrochemical reactor under
batch recirculation mode. The concentrations of cyanide and cadmium present in the reservoir of the batch
recirculation system were measured as a function of electrolysis time at various flow rates, pH values, and
applied cell potentials. The objective of this work was to explore the feasibility of using a bipolar disc
electrochemical reactor that consisted of graphite as the electrodes to remove cyanide and Cd ions from the
plating industry effluent using batch continuous recirculation modes. Experimental results showed that the
reactor was able to reduce (from rinse water with a cyanide concentration of 240 mg/L and cadmium
concentration of 50 mg/L) the content of toxic species by more than 99%, so that the treated water can be
reused for further operations.

1. Introduction

Metal-plating industries generate large volumes of wastewater
from spent rinses that contain toxic metal ions such as Cd, Cu,
Au, Pb, Ni, Ag, and Zn ions, as well as acids, alkalis, and
cyanide. Therefore, the toxic and hazardous effluents that
emanate from the plating factories must be properly treated, so
that they do not cause more damage to the environment.1,2 All
these substances are highly toxic and have been regulated by
the Pollution Control Board. In conventional treatments, the
cyanide-bearing plating effluent is treated with alkaline chlo-
rination, with the precipitation of metal ions as hydroxides, and
it is being discharged into the public sewer. Water is a scarce
resource. Government has stressed industry to increase process
water recycling to reduce water consumption.

Cadmium is highly toxic;3 it causes cancer, and it is
teratogenic and potentially mutation-causing, with severe sub-
lethal and lethal effects at low environmental concentration. It
is associated with increased mortality, and it affects respiratory
functions, enzyme levels, muscle contractions, growth reduction,
reproduction, and bio accumulations in the livers and kidneys.
The free cyanides inhibit cytochrome oxidase, thereby sup-
pressing aerobic respiration and thus cause cyanide toxicity.4

The toxicity of complex cyanides is usually low; however, the
degradation products often include free cyanides, which are
toxic.

There are several known methods for treating cyanide-bearing
effluents from plating industries. Cyanide can be removed using
chemical,5-8 photolytic,9-11 catalytic,12 ultrasonic,13,14biologi-
cal,15 ion exchange,16 and electrolytic methods.17-23 The
conventional means for treating wastewaters that contain
cadmium follow alkaline precipitation. The methods frequently
used for the removal of cadmium from solutions include
chemical precipitation as a hydroxide, sulfide or as insoluble
salts (combined with flocculation). This process presents a
difficult task, with respect to the removal of the generated

sludge. Attempts have been made to avoid the expensive
filtration that is required by this technique. Other methods such
as adsorption,24,25ion flotation,26 and electrocoagulation27 have
been shown to be applicable for removing metal ions from waste
solutions. Unfortunately, all of these techniques, including
chemical precipitation, are inappropriate for large solution
volumes with very low concentrations of metal ions.

The electrochemical treatment method is an alternative
process that generates no secondary pollutants.28 In fact, the
main reagent is the electron, which is a clean reagent. As a
consequence, the electrochemical technique has been tested for
several applications, such as metal ion removal and recovery,28,29

as well as electrodialysis.30-32 The electrochemical method is
an alternative treatment technique for the destruction of cyanide
at the anode and the recovery of heavy metals at the cathode
without generating a sludge problem. Complex cyanide and
concentrated cyanide solutions can also be treated using this
method. The process is especially suitable for the electroplating
industry, where the DC power supply is available and other
plating equipment can be adopted for the waste treatment
process. The destruction of cyanide and the simultaneous
removal of cadmium present in the rinse water in an electro-
chemical process is achieved by direct or indirect anodic
oxidation of cyanide, as well as by the cathodic reduction of
cadmium directly at the cathode. The process of utilizing strong
oxidizing agents, such as hypochlorite and chlorine that is
generated during the electrolysis for the oxidation of pollutants,
is called indirect oxidation.28

In the present investigation, the required amount of sodium
chloride is added to the rinse water, which acts as a supporting
electrolyte,33,34 and in-situ-generated strong oxidizing agents
such as hypochlorite and chlorine during the process treatment
can be effectively utilized. Although many papers were pub-
lished on the treatment of cyanide- and cadmium-containing
rinse water, the use of bipolar disc stack reactors for treatment
was not given much importance. Bipolar disc stack reactors have
great interest, because of their simple geometry (see Figure 1a).
The radially divergent flow in gaps will greatly enhance the
rate of electrochemical reaction for low-conducting fluids.
Bipolar disc reactors are widely preferred for electrochemical
reactions, because of their compactness, and they are simple
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and easy to operate and maintain. The main disadvantage of
this reactor is the presence of parasitic electrical currents or
bypass currents through the electrolyte at the inlet and outlet
of the electrode stack.35 The electrochemical approach for the
destruction of the cyanide ion and the cathodic removal of the
Cd ion are not new; however, the effect of the paired task in
this type of reactor that has been used is hitherto unknown.
Again, the reactor is highly useful for handling low-conductivity
rinse water, because a narrow-gap interelectrode distance can
be maintained to the desired level to reduce the IR drop.

Hence, the main objective of the present work is to investigate
the applicability of the electrochemical destruction of cyanide
present in the effluent with a simultaneous removal of cadmium,
using a bipolar disc stack reactor, so that the treated water can
be reused for further operation.

2. Materials and Methods

2.1. Materials. All the chemicals used were of analytical
grade. Based on the practical data collected from different
plating industries (see Figure 1b for rinse water generation in
industry), the synthetic rinse water concentration for the cyanide
ion and the Cd ion was fixed at∼250 ( 20 mg/L of cyanide
and∼50 ( 5 mg/L, respectively. The synthetic rinse water was
prepared by dissolving the required amounts of sodium cyanide
and cadmium chloride in a 200 mg/L sodium chloride supporting
electrolyte solution. The pH of the electrolyte was maintained
constant with the addition of 10 N sodium hydroxide solution.

2.2. Experimental Setup.The schematic diagram of the
experimental setup is shown in Figure 1a, with a perspective
view of the disc stack system. The setup consists of a reservoir,
a magnetically driven self-priming centrifugal pump, a flow
meter and the electrolytic cell connected to an electrical circuit

Figure 1. Schematic diagrams of (a) the experimental setup, with a perspective view of the bipolar stack reactor, and (b) the cadmium cyanide plating rinse
tank layout, with the work flow indicated by arrows.

Figure 2. Effect of the flow rates on the variation of the extent of
unconverted cyanide ion with electrolysis time. Conditions: [CN-]o ) 240
mg/L; [Cd2+]o ) 50 mg/L; pH 10; [NaCl]) 200 mg/L; applied potential
) 40 V.
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consisting of a 3 A/120 V (DC) regulated power supply, an
ammeter, and a voltmeter. The electrolytic cell is made of
Perspex that contained 11 graphite disc electrodes. The cell stack
consists of two circular polyvinyl chloride (PVC) end frames
1.25 cm thick. A hollow cylindrical Perspex rigid tube with an
inner diameter of 10 cm and height of 11 cm is placed between
these two frames. The two graphite discs were fixed onto the
two PVC end frames. Theses two discs act as feeder electrodes,
and the remaining nine discs are arranged between these two
discs. The inner radius (r) and outer radius (R) of the disc are
0.5 and 4.5 cm, respectively. The spacers (s), which are
comprised of 4-mm-thick polypropylene bits, isolate the elec-
trodes from each other (see Figure 1). A feeder electrode at the
top acts as the anode and the bottom electrode acts as the
cathode. In this way, the reactor acts as a stack of 10 unit cells
fed into the solution in a parallel manner, maintaining the current
series and flow parallel configuration system. The stack of
circular disc electrodes has a 1-cm central bore, through which
the electrolyte flows inward and the overflow was collected in
the reservoir from the top of the reactor and continuously
recirculated. Provisions have been made for the electrolyte inlet
and outlet. The total cell volume without electrodes is∼780
mL and with electrodes is∼370 mL. The free volume of the
electrolyzer is 400 mL, and the reservoir capacity is 3.0 L. The
area of each disc is 0.636 dm2. Thus, the total area of anode/
cathode for 10 unit cells is 6.36 dm2.

2.3. Experimental Procedure.Electrolysis was conducted
under batch continuous recirculation mode. Total volume of 3
L of solution (rinse water that had a CN- concentration of 240
mg/L and a Cd2+ concentration of 50 mg/L, with a supporting
electrolyte concentration of 200 mg/L at pH 10) was taken for
each experiment and circulated at the flow rate of 180 L/h
through the reactor, and the applied voltage was 40 V for
electrolysis. The extent of cyanide destruction, as well as the
extent of cadmium removal, was studied under various condi-
tions such as different cell voltages, pH values, and volumetric
flow rates. The effluent was treated at two different cell voltages
(viz., 30 and 40 V) and the pH was varied as pH 7 and pH 10.
The liquid flow rate into the reactor was varied over a range of
30-240 L/h in five stepssnamely, 30, 60, 120, 160, and 240
L/h. The flow rate of the effluent was measured using a
calibrated rotameter, and the duration of the electrolysis was 5
h. The samples were drawn from the reservoir every half hour
to estimate the cyanide and cadmium concentrations present in
the electrolyte solution. The cyanide concentration was estimated
using potentiometric titration,36 whereas the cadmium concen-
tration was estimated using atomic absorption spectroscopy
(AAS).

3. Results and Discussion

As stated previously, experiments have been conducted in a
bipolar stack cell, and the results are presented in Figures 2-5

and Table 1 by varying the operating conditions, such as flow
rate, pH, and applied potential. When the effluent with a low
concentration of cyanide in an alkaline medium, with the
supporting electrolyte NaCl, is circulated in a bipolar stack cell,
we assume that indirect oxidation of cyanide occurs in the bulk
of the electrolyte, via hypochlorite to a cyanate ion, which is
further decomposed to carbonate or carbon dioxide and nitrogen,
and a simultaneous reduction of the Cd2+ ion to cadmium
through deposition on the cathodic surfaces of bipolar stack also
occurs. At high CN- concentrations, there is the possibility for
direct anodic oxidation of cyanide to cyanate and cynogen.17

The direct electro-oxidation rate of cyanide and cyanate ions is
dependent on the catalytic activity of the anode, as well as on
the diffusion rate of the ions in the active points of the anode
and the applied current density. The indirect electro-oxidation
rate of cyanide is dependent on the diffusion rate of the oxidants
into the solution, the flow rate of the effluent, the temperature,
and the pH. In moderate alkaline solutions, a cycle of chloride
f chlorine f hypochlorite f chloride is observed, which
produces OCl-.

3.1 Electrochemical Destruction of Cyanide.In the reser-
voir, the variation of the extent of unconverted cyanide ion with
timesthat is, the ratio of [CN-]/[CN-]o versus timesis
presented in Figure 2 for five different volumetric flow rates,
Figure 4 for two different pH values, and Figure 5 for two
different applied potentials.

3.1.1. Effect of Flow Rate.Experiments were conducted at
five flow rates, keeping other parameters constant. It can be
ascertained from Figure 2 that the cyanide concentration
decreases as the electrolysis time increases. The rate of decrease
of cyanide concentration is larger in the beginning of the process,
and it tries to approaches a constant value at the end of the
process (i.e., after 4 h of electrolysis). Figure 2 also shows that
the rate of cyanide degradation increases as the electrolyte
circulation rate increases, and the electrolyte concentration of
cyanide ion in the bulk of the reactor decreases and reaches a
constant value (this does not decrease beyond a flow rate of
180 L/h). The rate of cyanide degradation is dependent on the
bulk concentration of cyanide ion. This may be explained as
follows: Higher flow rate showed a significant rate of destruc-
tion of cyanide, and this may be due to the increased production
of oxidants in the process. We have used low concentrations of
chloride and cyanide. As the electrolyte circulation rate in-
creases, the transport of the Cl- ion from the bulk to the
electrode surfaces increases. This would facilitate Cl2 generation,
as well as the dissolution of Cl2 to form OCl- for reaction with
the cyanide ion.

3.1.2. Effect of pH.The oxidation of cyanide under different
pH conditions gives different degradation rates. The results of
the experiments conducted to examine the effect of pH are
shown in Figure 3. The removal rate of cyanide is relatively
high at pH 10, compared with that at pH 7. The rate of reaction
is considerably more in basic solution, because of the ready

Table 1. Summary of the Results Obtained in the Oxidation of Cyanide and the Simultaneous Reduction of Cadmiuma

Power Consumption (kWh/kg) Transfer Coefficient,kb (x 104 cm/s)flow rate,
Q (L/h)

current,
I (A)

final [CN-]
(mg/L)

final [Cd2+]
(mg/L) cyanide cadmium cyanide cadmium

30 1.1 75 9 441.21 1775.60 4.1 5.5
60 1.2 44 7 433.69 1875.96 5.1 7.1

120 1.3 21 4 399.22 1899.99 7.3 9.1
180 1.4 4 1 393.22 1893.87 8.8 10.1
240 1.4 4 1 393.22 1893.87 9.9 10.4

a Reservoir volume,V ) 3 L; pH 10; applied voltage,Va ) 40 V; duration of electrolysis,t ) 5 h; electrode area,Ae ) 636 cm2; [NaCl] ) 200 mg/L;
[CN-]o ) 240 mg/L; [Cd2+]o ) 50 mg/L. b For CN- oxidation,k ) 8.36u0.44 (R2 ) 0.99276), and for Cd2+ reduction,kL ) 9.66u0.32 (R2 ) 0.98368) (where
R2 represents the coefficient of correlation).
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formation of OCl- (pKa ) 7.44) ion, which implies that the
basic pH conditions are more favorable for conducting reactions
in which chlorine is evolved.37 On the other hand, it has been
noticed that an increase in pH beyond 10 does not yield any
improvement in the rate of cyanide degradation. Thus, the pH
of the electrolyte has been maintained at 10 for the remainder
of the experiment. Note that if the reaction is conducted at a
pH that is too low, there is a possibility of generating cyanogen
chloride, which is a very toxic intermediate. For this reason,
the chlorination of cyanide is usually conducted at pH>10.

3.1.3. Effect of Cell Voltage.Figure 4 shows the removal
rate for the anodic oxidation of cyanide, as a function of the
applied potential. The current supplied is dependent on the
applied potential, which influences the rate of Cl2 generation
(or the rate of cyanide removal) and the current density is
dependent on a heterogeneous rate constant, which can be
governed by a simple Tafel-type expression for the applied
potential, as might have been expected in any other electro-
chemical process.

3.2. Electrochemical Reduction of Cadmium. In the
reservoir, the variation of the extent of unconverted Cd2+ ion
with timesthat is, the ratio of [Cd2+]/[Cd2+]o versus timesis
presented in Figure 5 for five different volumetric flow rates,
keeping other parameters constant. It can be ascertained from
Figure 5 that the cadmium concentration decreases as the
electrolysis time increases. Also note from Figure 5 that the
rate of cadmium removal increases as the electrolyte circulation
rate increases, and the electrolyte concentration of the Cd2+ ion
in the bulk of the reactor decreases and reaches a constant value
(where the concentration of Cd2+ ion at the electrode surface is
zero, which is the limiting case); this does not decrease beyond

the flow rate of 180 L/h. The rate of cadmium removal is
dependent on the bulk concentration of Cd2+ ions in the reactor.

3.3. Power Consumption.The results, which are presented
in Table 1, show that the flow rate of the effluent into the reactor
also significantly influences the power consumption. Only a few
percent of total energy requirement of the electrochemical step
is needed to pump the electrolyte around the electrolyte cycle
and a small fraction of the energy is necessary to maintain a
sufficiently fast flow through the narrow gaps between the
electrodes.38

The specific energy consumption for electrolysis,P (given
in units of kWh/kg), is computed using the expression

where the numerator represents the power input (in kilowatt
hours),Va is the applied voltage (given in volts),I is the current
(in amperes) flowing in the circuit, andt is the duration of
electrolysis (in hours) needed to bring the initial concentration
of effluent, Co (in units of mg/L), to a final concentrationCt

(also given in units of mg/L) in the volume of the reservoir (V,
given in liters). The flow rate of 30 L/h was observed to offer
higher power consumption per kilogram of CN- removal (from
240 mg/L to 75 mg/L), whereas at the same flow rate, it was
observed that the power consumption per kilogram of simul-
taneous removal of Cd2+ ions, from 50 mg/L to 9 mg/L, is
minimum. It was noticed that the power consumption per
kilogram of cyanide removal decreases as the flow rate
increases, up to 180 L/h, and reaches a constant value and no
change with respect to increases of flow rate beyond 180 L/h.
Furthermore, it is observed that the power consumption per
kilogram of cadmium removal increases as the flow rate
increases and reaches an optimum value at 120 L/h, and then
reaches a constant value and no change with respect to increases
in the flow rate beyond 180 L/h. It is interesting to note that, at
180 L/h, the power consumption for the degradation of cyanide
from 240 mg/L to 4 mg/L is 393.22 kWh/kg of cyanide (or
94.4 Wh/L of rinse water), and the power consumption for the
simultaneous removal of cadmium from 50 mg/L to 1 mg/L is
1893.87 kWh/kg of cadmium (or 94.7 Wh/L of rinse water).

3.4. Rinsewater Management.The concentrations of cad-
mium and cyanide generated due to spray rinsing, drag out of
plated articles (in Figure 1b) for each and every washing of

Figure 3. Effect of pH solution on the variation of the extent of unconverted
cyanide with electrolysis time. Conditions: [CN-]o ) 240 mg/L; [Cd2+]
) 5 mg/L; [NaCl] ) 200 mg/L;Q ) 180 L/h; applied potential) 40 V.

Figure 4. Effect of applied potential on the variation of the extent of
unconverted cyanide with electrolysis time. Conditions: [CN-]o ) 240 mg/
L; [Cd2+] ) 5 mg/L; [NaCl] ) 200 mg/L;Q ) 180 L/h; pH 10.

Figure 5. Effect of the flow rates on the variation of the extent of
unconverted cadmium ion with electrolysis time. Conditions: [CN-]o )
240 mg/L; [Cd2+]o ) 50 mg/L; pH 10; [NaCl]) 200 mg/L; applied potential
) 40 V.

P )
VaIt/103

[(Co - Ct)V/106]
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sheets there is build up of concentration in each of the rinse
tank. The cadmium and cyanide concentration of the spray tank
and drag-out tank (dead tank) is considerably high, compared
to the concentration in the rinse tank. That is the reason why
the solutions from a drag-out tank are generally used to make
up a plating bath, to avoid the loss of proprietary chemicals,
such as brighteners that are normally used by plating shops.
Moreover, the concentration buildup in the drag-out and rinse
tank is dependent on the total area of the plated sheets to be
cleaned and the capacity of the wash tank. From the numbers
of sheets plated or plated area, and the corresponding concentra-
tion rise in each rinse tank (for the given volume of the rinse
tank) due to rinsing, a correlation can easily be derived in plant
practice. This can help to prepare a schedule of operation of
treatment plant in a stack reactor for effective management for
recycle of water for rinsing operation. We can continuously
remove cadmium and cyanide ions from the rinse water using
a electrochemical stack reactor and recycle the water so that
water conservation can be achieved. More cadmium can be
recovered by anodic stripping periodically.

3.5. Reaction Mechanism and Reactor Modeling.In the
electrochemical treatment of rinse water that contains cyanide,
as well as heavy metals such as cadmium, several possible
reactions can occur at the electrodes. In this process, cyanide is
oxidized either indirectly via hypochlorite or directly at the
anode to a cyanate ion, which is further decomposed to
carbonate or carbon dioxide and nitrogen. The reactions are as
follows.

At the anode:

In the bulk of the solution:

At the cathode:

Because cyanide and cyanate ions are not very active electro-
chemically, the primary reaction that occurs at the anodes is
Cl- ion oxidation (eq 1a) with the liberation of Cl2, which is a
robust oxidizing agent. Because the wash water is generally
basic, in which case the side reaction (eq 1b) occurs, generating

oxygen, which is a relatively weak oxidant and, hence, is not
useful in the present context of effluent treatment, and this leads
to a reduction in current efficiency. If the reactions happened
to occur via eqs 1c and 1d, instead of eqs 4 and 5, there will
also be a reduction in current efficiency, because of the
formation of cyanate and carbonate ions. The counter reactions
(eqs 6a and 6b) that occur at the cathode would be the reduction
of the Cd2+ ion and water only when no other reducible species
are present. Equations 1d and 6b occur when complex species
are present. In regard to the reactions in the bulk, gaseous Cl2

dissolves in the aqueous solutions, because of ionization, as
indicated in eq 2. The rate of reaction is considerably greater
in basic solution, because of the ready formation of OCl- ion
(pKa ) 7.44) in eq 3, implying that the basic or neutral pH
conditions are more favorable for conducting reactions that
involve chlorine.37 The indirect electro-oxidation rate of cyanide
is dependent on the diffusion rate of the oxidants into the
solution, the flow rate of the effluent, the temperature, and the
pH. In moderate alkaline solutions, a cycle of chloridef
chlorine f hypochloritef chloride occurs, which produces
OCl-. The pseudo-steady-state theory can be applied to each
of the intermediate products (HOCl and OCl-) taking part in
the bulk solution. Then, we denoteri as the rate of reactioni
for the sequence

Using eqs 8-10, we then can easily deduce the following
expression:

From the material balance of the main equation (eq 1), we can
relate-rCl-/2 ) rCl2, and, finally, we can rewrite it as

where the rate of reactionri and the rate constantski (for i ) 2,
3, 4, and 5) are defined, with respect to the bulk and the rate
expression for the main electrode reaction, per eq 1, can be
rewritten as

wherek1 is the heterogeneous electrochemical rate constant.
Hence, in the following section, an attempt has been made to
establish a relationship between the reacting species in the bulk
and that at the electrode surfaces. The basic relationship
applicable to all electrochemical reactions is Faraday’s law,
which relates the amount of substance reacted at the surface to
the charge (IAt) passed isMAIAt/nF (assuming 100% current
efficiency) and the characteristic measurable parameter is current
density,iA, which is defined asiA ) IA/Ae. Thus, the electro-

Main reaction: 2Cl- f Cl2 + 2e- (1a)

4OH- f O2 + 2H2O + 4e- (1b)

CN- + 2OH- f CNO- + H2O + 2e- (1c)

CNO- + 4OH- f CO3
2- + 1

2
N2 + 2H2O + 3e- (1d)

Cd(CN)4
2- + 8OH- f Cd++ + 4CNO- +

4H2O + 8e- (1e)

Cl2 + H2O f H + + Cl- + HOCl (2)

HOCl T H + + OCl- (3)

CN- + OCl- f CNO- + Cl- (4)

2CNO- + 3OCl- + H2O f 2CO2 + 2OH- +

3Cl- + N2 (5)

Cd2+ + 2e- f Cd (6a)

2H2O + 2e- f H2 + 2OH- (6b)

Cd(CN)4
2- + 2e- f Cd + 4CN- (6c)

-rCl2
) k2[Cl2] (7)

rHOCl ) k2[Cl2] - k3[HOCl] + k′3[H
+][OCl-] ) 0 (8)

rOCl
- ) k3[HOCl] - k′3[H

+][OCl-] - k4[CN-][OCl-] -

k5[CNO-][OCl-] ) 0 (9)

rCNO
- ) k4[CN-][OCl-] - k5[CNO-][OCl-] ) 0 (10)

-rCN
- ) k4[CN-][OCl-] (11)

-rCl2

2
) -rCN- ) k′4[CN-][OCl-] (12)

-rCl2

2
)

rCl-

4
)

k2[Cl2]

2
) -rCN- ) k4[CN-][OCl-] (13)

-r′Cl2
)

r′Cl

2
) k1[Cl-] (14)
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chemical reaction rate (for the disappearance of reactant A) can
be expressed as

where IA is the current passed in timet, MA the molecular
weight, n the number of electrons transferred per mole of
reaction,Ae the electrode area,VR the reactor volume, andF
the Faraday constant (F ) 96 500 C or As/mol). Note that

wherea is the specific electrode area (defined asa ) Ae/VR).
Assuming that the main electrode reaction is governed by a
simple Tafel-type expression, then

The reaction may be assumed to be under mixed control,
because the data show that both the voltage and the recirculation
rate affect the reaction rate. The reactant Cl- ion is transported
from the bulk to the electrode surface, where it undergoes
electrochemical oxidation to Cl2 and it may be transported back
to the bulk via a diffusion reaction in the bulk. Then,

The elimination of [Cl-]s, using eqs 16 and 17, results in

where

From a material balance of species Cl-, by taking note of eqs
12 and 13, we can write

During electrolysis, because a constant potential or current
is applied, the rate of generation of [OCl-] will remain constant,
under a given set of experimental conditions; however, it varies
as the applied potential or current is altered. Then,

Because of the fact that Cd2+ ions are electrochemically
active, the primary reaction that occurs at the cathode is
electrochemical reduction of the Cd2+ ion (eq 6). With the wash
water being generally basic or neutral, the parallel cathodic
reaction (eqs 6a) occurs and generates hydrogen. This may lead
to a decrease in cathodic current efficiency.

Because the concentration of cadmium present in the
wash water is low, the electrode potential and the electrolysis
conditions refer to a lean solution of metal ions and are
fixed so that the removal of cadmium is completely mass-
transfer-controlled. The disc cathode is then operated at its
maximum duty, corresponding to the limiting currentIL, which
may be expressed in terms of mass-transfer coefficient (kL), the
electrode area (A), and the bulk Cd2+ ion concentration ([Cd2+]),
i.e.,

It is further assumed that the entire cathode surface is active,
and the reactor performance is characterized by the factorkLa,
wherea is the total cathode area per unit volume of the reactor,
which may be determined by direct measurement of the limiting
currentIL at a known concentration, followed by application of
a rearranged form of the previously mentioned eq 24. This
relation may be written as

The mode of operation of the bipolar disc stack reactor, as
depicted in Figure 1, involves continuous recirculation of the
rinse water. There is a gradual depletion of the concentration
of the cyanide and Cd2+ ions in the reservoir. To design the
plant for treatment processes, the development of the model is
essential, which permits prediction of the variation of concentra-
tion of the cyanide and Cd2+ ions, with time, in the reservoir.
The basic assumptions involved in the ensuing derivation may
be outlined as follows.

A back-mix flow exists in the present reactor system. It
was determined based on a tracer experiment known as residence
time distribution (RTD) method. An approximate model that
represents the given bipolar disc stack reactor in which the
reactions occur is described by a continuously stirred tank
reactor (CSTR). The dynamic material balances to each of the
component or species at reactor can be written as

The reservoir is assumed to be a perfectly back-mixed system.
The concentration variation of cyanide/Cd2+ ions in the reactor
can be written as

The left-hand side (LHS) of the equation represents the rate of
change of mass of cyanide/Cd2+ ions in the free volume of
reactor,VR is the free volume of the reactor, andC′ is the
concentration of cyanide/Cd2+ ions leaving the reactor. The first
two terms of the right-hand side (RHS) of the equation represent
the mass rate of cyanide/Cd2+ ions entering and leaving the
reactor, whereasQ is the volumetric flow rate andC is the
concentration of cyanide/Cd2+ ions. The last term in the RHS
of the equation represents the rate of disappearance of mass in
the solution due to reaction. The mass balance for the effluent
reservoir is

-(VR

Ae
)d[A]

dt
)

iA
nF

(15)

-rA) -
d[A]
dt

)
iAa

nF

-(VR

Ae
)d[A]

dt
)

iA
nF

) k′[A] exp(bE) (16)

-
r′Cl-

2
) r′Cl2

) k1[Cl-] ) k′la[Cl-]s exp(bE) (17)

iA
zF

) kL([Cl-] - [Cl-]s) (18)

iA
zF

) k[Cl-] (19)

1
k

) 1
kL

+ 1
k′1 exp(bE)

(20)

iA
zF

) k′[Cl2] (21)

iA
zF

) k′′[CN-][OCl-] (22)

iA
zF

) kobs[CN-] (23)

iA
zF

)
IL

zFA
) kL[Cd2+ ] (24)

IL

zFVR[Cd2+]
) kLa (25)

rate of change mass of species in the reactor)
(rate of mass input)- (rate of mass output)- ∑

(rate of mass of species disappeared or
generated during chemical reactions)

VR(dC′
dt ) ) QC - QC′ - kAeC′ (26)
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Furthermore, it can also be assumed that the reactor is under
steady-state conditions, and eq 26 can be rewritten as

wherea is the specific electrode area (a ) Ae/VR), and eq 28
can be rewritten as

The mass balance eq 27 can be solved. After substitution of
an expression forC′ from eq 29, knowing the initial concentra-
tion is C ) Co at t ) 0, the resultant equation can be written as

whereCo is the initial concentration of cyanide/Cd2+ ions in
the reservoir.

Note that the extent of conversion is defined asX ) (Co -
C)/Co. The unconverted species (1- X), which is equal toC/Co,
decreases exponentially with time.

According to eq 30, the slope of the plot of ln(C/Co) vs t, or
ln(1 - X) vs t, gives the value (kA/Q)/[τ(1+ kA/Q)], from which
the value ofk, which is the pseudo-mass-transfer coefficient,
may be computed. The results obtained are presented in Table
1, with respect to cyanide oxidation as well as cadmium
reduction. The increase in flow rate of effluent into the reactor
significantly increased the value of the mass-transfer coefficients,
which resulted in a higher extent of fractional conversions.

4. Conclusions

Bipolar disc stack reactors have attracted great interest,
because of their simple geometry. The radially divergent flow
in gaps will highly enhance the rate of electrochemical reaction
for low-conducting fluids. A planar radially symmetric flow is
enforced at the inner edge of the disc and directed outward
through gaps. As the flow proceeds in the radial direction, the
channel is widened, in proportion to the increasing radius.
Therefore, we have a laminar decelerating divergent flow. Using
the continuity equation (in cylindrical coordinates:Vr/r + ∂Vr/
∂r + ∂Vz/∂z ) 0), we can compute the average velocity38 in the
gap (of distances; see Figure 1) from the following:

where

and

Furthermore, the average mass-transfer coefficient can be
obtained using the relationk ) aub; Table 1 shows that, for

cyanide oxidation,b ) 0.44 and, for the electrochemical
reduction of cadmium,b ) 0.32. In the case of the electro-
chemical oxidation of cyanide, this may be theoretically
explained by applying Ruckenstein’s renewal model,39

wherek is dependent onu0.5. This model assumes zones of good
mixing from which the boundary layer grows anew. In
our system, the generation of hydrogen, oxygen, and chlorine
is responsible for the creation of good mixing zones in
the gaps of a bipolar disc stack. With regard to the value ofb
) 0.32 for the electrochemical reduction of the Cd2+ ion,
this observation indicates that the mass-transfer rates for
the flow channel may be expressed theoretically using a
Leveque-type equation,39 in which kL is dependent onu0.33.
Only a few percent of the total energy requirement of the
electrochemical step is needed to pump the electrolyte around
the electrolyte cycle. Most of it is consumed, to overcome
the pressure drop in filters, flow meters, and control valves,
and only a small fraction of the energy is necessary to maintain
a sufficiently fast flow through the narrow gaps between
the electrodes.38 A list of symbols is presented in the Nomen-
clature section at the end of this paper for immediate
reference.

Experiments have been conducted in a bipolar electrochemical
cell covering different ranges of operating conditions. It has
been concluded from the present investigation that>99%
cyanide destruction, with 98% cadmium removal, has been
achieved under optimum condition using this electrochemical
cell. The results indicate that the cyanide present in the effluent
can be destroyed with the simultaneous removal of cadmium.
Thus, it can be concluded that the electro-oxidation of cyanide,
with a simultaneous metal-ion deposition technique, can be
effectively applied to remove cyanide present in the effluent
with other heavy metals.

Nomenclature

a ) specific electrode area;a ) Ae/VR

Ae ) electrode area
b ) Tafel parameter
Co ) initial concentration
C′ ) reservoir entry concentration or reactor exit concentration
C ) reservoir exit concentration or reactor entry concentration
E ) electrode potential
F ) Faraday constant (96 500 C/mol or As/mol)
I ) current
IL ) limiting current
i, iA ) current density
k, kL ) transfer coefficient
ki ) reaction rate constant of bulk
k′i ) surface reaction rate constant
n, z ) number of electrons exchanged
P ) specific energy consumption
Q ) volumetric flow rate
ri ) rate of the reaction of speciesi in bulk
r′i ) rate of the reaction of speciesi in the electrode surface
R ) coefficient of correlation
r ) inner radius of disc
R ) outer radius of disc
s ) capillary gap
t ) time
u ) mean electrolyte velocity in gap
Va ) applied voltage
V ) reservoir volume
VR ) free volume of reactor
X ) extent of conversion

V(dC
dt ) ) QC′ - QC (27)

τR )
VR

Q
) C - C′

kaC′ (28)

C′
C

) 1
1 + kaτR

) 1
1 + (kAe/Q)

(29)

C
Co

) exp{- t
τ[ kAe/Q

1 + (kAe/Q)]} (30)

u ) Q
nAm

Am )
Ao - Ai

ln(Ao/Ai)

Ao) 2πRs

Ai ) 2πrs
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τR ) reactor residence time;τR ) VR/Q
τ ) reservoir residence time;τ) V/Q

Acknowledgment

We acknowledge the Director of the Central Electrochemical
Research Institute, Karaikudi, for all his encouragements.

Literature Cited

(1) Botz, M. M. Cyanide Treatment Methods. InThe Cyanide Guide;
Chadwick, J., Mudder, T. I., Eds.; Mining Environmental Management,
Special Issue 9; Mining Journal Books, Ltd.: London, 2001; p 28.

(2) Mudder, T. I.; Botz, M. M. Cyanide and Society: A Critical Review.
Eur. J. Miner. Process. EnViron. Prot. 2004, 4 (1), 62.

(3) Waalkes, M. P. Cadmium Carcinogenesis in Review.J. Inorg.
Biochem. 2000, 79, 241.

(4) Gijzen, H. J. Cyanide Toxicity and Cyanide Degradation in Anaerobic
Wastewater Treatment.Wat. Res. 2000, 34, 2447.

(5) Kitis, M.; Akcil, A.; Karakaya, E.; Yigit, N. O. Destruction of
Cyanide by Hydrogen Peroxide in Tailings Slurries from Low Bearing
Sulphidic Gold Ores.Miner. Eng. 2005, 18, 353.

(6) Parga, J. R.; Cocke, D. L. Oxidation of Cyanide in a Hydrocyclone
Reactor by Chlorine Dioxide.Desalination2001, 140, 289.

(7) Cakrillo-Pedroza, F. R.; Nava-Alonso, F.; Uribe-Salas, A. Cyanide
Oxidation by Ozone in Cyanidation tailings: Reaction Kinetics.Miner. Eng.
2000, 13 (5), 541.

(8) Parga, J. R.; Shukla, S. S.; Carrillo-Pedroza, F. R. Destruction of
Cyanide Waste Solutions Using Chlorine Dioxide, Ozone and Titania Sol.
Waste Manage.2003, 23, 183.

(9) Augugliaro, V.; Loddo, V.; Marci, G.; Palmesano, L.; Lopez-Munoz,
M. J. Photocatalytic Oxidation of Cyanides in Aqueous Titanium Dioxide
Suspensions.J. Catal. 1997, 166, 272.

(10) Grieken, R.; Aguado, J.; Lopez-Munoz, M.; Marugan, J. Photo-
catalytic Degradation of Iron-Cyanocomplexes by TiO2 Based Catalysts.
Appl. Catal., B2005, 55, 20.

(11) Malato, S.; Blanco, J.; Vidal, A.; Richter, C. Photocatalysis with
Solar Energy at a Pilot-Plant Scale: An Overview.Appl. Catal., B2002,
37, 1.

(12) Kitis, M.; Karakaya, E.; Yigit, N. O.; Civelekoglu, G.; Akcil, A.
Heterogeneous Catalytic Degradation of Cyanide Using Copper-Impregnated
Pumice and Hydrogen Peroxide.Wat. Res.2005, 39, 1652.

(13) Saterlay, A. J.; Hong, Q.; Compton, R. G.; Clarkson, J. Ultrasoni-
cally Enhanced Leaching: Removal and Destruction of Cyanide and Other
Ions from Used Carbon Cathodes.Ultrason. Sonochem. 2000, 7, 1.

(14) Nichita, M. T.; Rosca, I.; Iordache, I. Sonochemical Enhancement
of Cyanide Oxidation Methods.EnViron. Eng. Manage. J.2003, 2 (4), 333.

(15) Evangelho, M. R.; Goncalves, M. M. M.; Sant’Anna, G. L., Jr.;
Boas, R. C. A Trickling Filter Application for the Treatment of a Gold
Milling Effluent. Int. J. Miner. Process.2001, 62, 279.

(16) Fernando, K.; Tran, T.; Laing, S.; Kim, M. J. The Use of Ion
Exchange Resins for the Treatment of Cyanidation Tailings, Part 1sProcess
Development of Selective Base Metal Elution.Miner. Eng.2002, 15, 1163.

(17) Bakir, O. U.; Toru, E.; Koparal, S. Removal of Cyanide by Anodic
Oxidation for Wastewater Treatment.Wat. Res. 1999, 33 (8), 1851.

(18) Roberto, M.; Lanza, V.; Bertazzoli, R. Selection of a Commercial
Anode Oxide Coating for Electro-oxidation of Cyanide.J. Braz. Chem.
Soc. 2002, 13 (3), 345.

(19) Monteagudo, J. M.; Rodriguez, L.; Villasenor, J. Advanced
Oxidation Processes for Destruction of Cyanide from Thermoelectric Power
Station Wastewaters.J. Chem. Technol. Biotechnol. 2004, 79, 117.

(20) Lidia, S.; Geoffrey, H. K; Ricardo, M. S; Ricci, F.; Kaul, S. N.
Hydrodynamic Effects on the Performance of an Electrochemical Reactor
for Destruction of Copper CyanidesPart 1: In Situ Formation of the
Electrocatalytic Film.Chem. Eng. Sci.2005, 60, 523.

(21) Lidia, S.; Geoffrey, H. K; Ricardo, M. S; Ricci, F.; Kaul, S. N.
Hydrodynamic Effects on the Performance of an Electrochemical Reactor

for Destruction of Copper CyanidesPart 2: Reactor Kinetics and Current
Efficiencies.Chem. Eng. Sci. 2005, 60, 535.

(22) Cheng, S. C.; Gattrell, M.; Guena, T.; MacDougall, B. The
Electrochemical Oxidation of Alkaline Copper Cyanide Solutions.Elec-
trochim. Acta2002, 47, 3245.

(23) Lidia, S.; Kaul, S. N.; Molga, E.; Faveri, M. D. Comparison of the
Performance of a Reactor Equipped with a Ti:Pt and an SS Anode for
Simultaneous Cyanide Removal and Copper Recovery.Electrochim. Acta
2000, 46, 381.

(24) Singh, D. B.; Rupainwar, D. C.; Prasad, G.; Jayaprakas, K. C.
Studies on the Cd(II) Removal from Water by Adsorption.J. Hazard. Mater.
1998, 60, 29.

(25) Mohan, D.; Singh, K. P. Single- and Multi-component Adsorption
of Cadmium and Zinc Using Activated Carbon Derived from BagassesAn
Agricultural Waste.Wat. Res. 2002, 36, 2304.

(26) Scorzelli, I. B.; Fragomeni, A. L.; Torem, M. L. Removal of
Cadmium from a Liquid Effluent by Ion Flotation.Miner. Eng.1998, 12
(8), 905.

(27) Escobar, C.; Soto-Salazar, C.; Toral, M. I. Optimization of the
Electrocoagulation Process for the Removal of Copper, Lead and Cadmium
in Natural Waters and Simulated Wastewater.J. EnViron. Manage.2006,
81, 384.

(28) Rajeshwar K.; Ibanez J. G.EnVironmental Electrochemistry;
Fundamentals and Applications in Pollution Abatement; Academic Press:
New York, 1997.

(29) Dutra, A. J. B.; Espinola, A.; Borges, P. P. Cadmium Removal
from Diluted Aqueous Solutions by Electrowinning in a Flow-by Cell.
Miner. Eng.2000, 13 (10-11), 1139.

(30) Jakobsen, M. R.; Fritt-Rasmussen, J.; Nielsen, S.; Ottosen, L. M.
Electrodialytic Removal of Cadmium from Wastewater Sludge.J. Hazard.
Mater., B2004, 106, 127.

(31) Marder, L.; Bernardes, A. M.; Ferreira, J. Z. Cadmium Electroplat-
ing Wastewater Treatment Using a Laboratory-Scale Electrodialysis System.
Sep. Purif. Technol.2004, 37, 247.

(32) Anne, J. P. Characterization and Electrodialytic Treatment of Wood
Combustion Fly Ash for the Removal of Cadmium.Biomass Bioenergy
2003, 25, 447.

(33) Hussain, A.; Minz, J.; Ganapathi, P.; Berchmans, L. J.; Sankara-
narayanan, M.; Sabarathinam, RM.; Basha, C. A.; Vijayavalli, R. Electrolytic
Destruction of Cyanide Capillary Gap Disc Reactors.Trans. SAEST1999,
34 (2), 65.

(34) Sankaranarayanan, M.; John Berchmans, L.; Ganapathi, P.; Sabar-
athinam, R. M.; Basha, C. A.; Vijayavalli, R. Investigation on the
Simultaneous Removal of Cyanide and Cadmium Using Packed Bed
Reactors.Trans. Met. Finish. Assoc. India1992, 1 (2), 45.

(35) Bonvin, G.; Comninellis, G. Scale up of Bipolar Electrode Dtack
Dimensionless Numbers for Current Bypass Estimation.J. Appl. Electro-
chem.1994, 24, 469.

(36) Sabarathinam, R. M.; Vijayavalli, R. Potentiometric Determination
of Cyanide in Effluents Having High Concentration of Chloride.Bull.
Electrochem. 1986, 2, 207.

(37) Vaghela, S. S.; Jethva, A. D.; Metha, B. B.; Dave, D. P.; Adimurthy,
D.; Ramachandraiah, G. Laboratory studies of Electrochemical Treatment
of Industrial Azo Dye Effluent.J. EnViron. Sci. Technol.2005, 39, 2848.

(38) Horn, R. K. Similarity of Flow in Disc Stack Cells. InElectro-
organic Synthesis Technology. Krumpelt, M., Weissman, E. V., Alkire, R.
C., Eds.; AIChE Symposium Series No. 185; American Institute of Chemical
Engineers: New York, 1979; p 125.

(39) Robertson, P.; Cettou, P.; Matic, D.; Schwager, F.; Strorck, A.;
Ibl, N. Electro Synthesis with the Swiss Roll Cell. InElectro-organic
Synthesis Technology. Krumpelt, M., Weissman, E. V., Alkire, R. C., Eds.;
AIChE Symposium Series No. 185; American Institute of Chemical
Engineers: New York, 1979; p 115.

ReceiVed for reView March 17, 2007
ReVised manuscript receiVed July 5, 2007

AcceptedJuly 19, 2007

IE0704039

6424 Ind. Eng. Chem. Res., Vol. 46, No. 20, 2007


