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ABSTRACT

The treatment of aqueous effluents resulting from cyanidation process is one of the main
problems in the gold mining industry. Different methods are used for cyanide destruction or
cyanide regeneration. Ozone is an alternative that presents the advantage of the removal of
cyanide of cyanidation tailings. The reactions of oxidation of cyanide by ozone were studied in
aqueous solutions using a bubble column and a mechanically-stirred reactor. These reactors
were operated at different conditions of ozone dosage rate, gas-flow rate and cyanide
concentrations. The rate of the oxidation of cyanide by ozone can be described by an equation,
which is of first order with respect to ozone and independent on the cyanide concentration. The
reaction of ozone with cyanide occurs by oxidation of one mole of cyanide by one mole of
ozone. This work shows that the rate of oxidation of cyanide by ozone is independent of the
type of reactor. © 2001 SDU. All rights reserved.
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1. INTRODUCTION

Cyanidation is the main process used worldwide for the extraction of gold. In Mexico,
around 50% of the produced gold is extracted by cyanidation. This percentage has
been increasing in the last years (INEGI, 2000). The resulting wastewater of
cyanidation of gold minerals contains large amounts of cyanide. Environmentally,
cyanide is toxic to all living species. The Mexican Environment Laws have established,
for example, a maximum allowable limit of 2mg/l total cyanide (Official Journal of
Mexican Government, 1990).
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Cyanide consumption is one of the most important factors that contributes to the
total operating cost of a cyanidation plant. The theoretical stoichiometryindicates that
to dissolve the gold contained in a typical ore, only 3 to 4 grams of cyanide per ton of
mineral should be consumed; nevertheless, typical cyanide consumption ranges from
300 to 2000g/t. It its worth mentioning that the largest loss of cyanide occurs
through the formation of thiocyanate and cyanide complexes with copper, zinc and
iron (Soto et al., 1995; Byerley and Enns, 1984).

From the environmental and economical point of view, the treatment of cyanide
effluents has been a necessary operation in the processes that use cyanide as a
consumable (Scott and Ingles, 1987). The methods currently applied to destroy
cyanide in cyanidation effluents are based upon the oxidation of cyanide with air/SQ
(Inco Process), hydrogen peroxide (Degussa Process) and biodegradation (Ritcey, 1989,
Mosher and Figueroa, 1996).

Ozonation is a promising technology to treat cyanide effluents. It is a strong
oxidant and produces non-toxic products. According to the literature, the oxidation of
cyanide with ozone occurs fast and is most probably limited by the transport of the
gas to the aqueous phase (Khandelwal et al., 1959; Mathieu, 1977; Zeevalkink et al.,
1980; Gurol et al., 1984; llie et al.,, 1998).

The objective of the present study is to generate fundamental knowvledge on the
kinetics and mechanisms of the reaction of ozone with cyanide. Also, the effect of the
type of reactor or liquid-gas contacting system upon the transfer of ozone to the
aqueous phase is to be addressed, and parameters such as ozone consumptbn and
stoichiometric relations among reactants and products are to be evaluated.

2. EXPERIMENTAL
2.1. Apparatus

The experimental setup consisted of a conventional bubble column, see Figure 1,
(0.057m diameter and 1.8m height) equipped with a sparger mm pore size, 0.02m
diameter and 0.027m height) located at the bottom of the column. A second reactor
which is a mechanically-stirred cell, see Figure 2, (0.2m diameter and 0.2m height)
also equipped with a sparger (2um pore size, 0.02m diameter and 0.027m height),
and an ozone generator (Pacific Ozone L22) was used. Online monitoring was
performed for the solution pH (Orion SA520), oxidationreduction potential (ORP,
Orion 520-A, Au vs. Ag/AgCl with temperature sensor), dissolved-ozone (ATI
A15/64).

2.2. Procedure

Tests were performed in each reactor by bubbling an oxygenozone mixture
through 2.7 liter of solution for a given period of time. Ozone was produced from pure
oxygen and its concentration was controlled by manipulating the intensity of the
electric current and the flow rate of oxygen fed to the generator.
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Figure 1. Bubble column reactor
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Figure 2. Mechanically-stirred reactor
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Ozone concentration in the gas phase was analyzed by means of the iodometric
method while ozone in solution was monitored by using a dissolved-ozone electrode.

Experiments to study the reaction of ozone with cyanide were performed at
different ozone concentrations in the gas phase and cyanide initial concentration in
the aqueous phase.

The pH of the solution was fixed in a value of 10, similar at industrial solutions.
Cyanide was analyzed both by titration with silver nitrate and with the help of a
cyanide-specific electrode. Ammonia electrode was used for determining cyanate.

3. RESULTS AND DISCUSSION.

The cyanide oxidation was studied in the two reactors: a mechanicallystirred
reactor and a bubble column. In these tests, a solution of NaCN at an initial pH of 10,
containing 200 to 750mg/Il cyanide was used.

Figure 3 shows the oxidation of cyanide by ozone using the bubble column, at
room temperature. This figure also shows measures of pH, redox potential and
dissolved ozone.
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Figure 3. Cyanide ozonation, T=27°C, Fg=4l/min, Vsg=2.92cm/s, Vsl=1.41/min,
Va03g=0.068g/min

It is observed that as long as cyanide is present in solution, redox potential,
dissolved ozone and pH values remain nearly constant. When cyanide is completely
oxidized these parameters change: Redox potential increases to around 600mV, pH
slightly decreases (probably due the fact that the solutbn is not buffered), and
dissolved ozone starts to drift, which indicates that other ozonation reactions, such as
cyanate and ammonia oxidation, are taking place.
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It is worth noting in Figure 3 that the evolution of redox potential is closely related
to the evolution of cyanide concentration, suggesting cyanide oxidation may be
followed and manipulated by using a redox potential control loop both to the
complete destruction of cyanide and to optimize the ozone consumption.

According to equation 1, the product of cyanide oxidation is cyanate:

CN™ +0, - CNO +0, (1)

In order to determine whether that all ozone added is cansumed by the cyanide
oxidation, as suggested by the behavior of dissolved ozone in Figure 3, a recipient
containing a KI solution was installed in the exhaust gases.

Ozone analyzed by iodometric method was not detected during cyanide
destruction. According to this, as shown in Figure 4, ozone consumption is 1.85gram
of ozone per gram of cyanide in solution, this number being independent of cyanide
concentration and ozone addition rate (in the range of 0.06 at 0.14g/min). From a
balance of cyanide, it becomes apparent that one mole of cyanide is oxidized by one
mole of ozone to produce one mole of cyanate, as indicated by the stoichiometry of
reaction.
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Figure 4. Ozone consumed for cyanide oxidation at different ozone addition rate and initial
cyanide concentration
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Figure 5. Cyanide oxidation with ozone, using the mechanically -stirred reactor. T=25°C, pH=10

The Figure 5 shows cyanide oxidation with ozone, using the mechanicallystirred
reactor using a stir speed of 500rpm, obtained of a preliminary mass transfer study
(Carrillo et al, 1998).

It is observed that the oxidation of the cyanide is linear with regard to time and,
therefore, independent of the concentration of initial cyanide; for this reason, a
solution with an initial cyanide concentration of 1040mg/I is destroyed at the same
rate as that of a solution whose initial cyanide concentration is 450mg/I, that is the
rate of oxidation is 50.2mg/Imin. The figure also shows that the cyanide oxidation
rate is enhanced by increasing the ozone addition rate.

The observations realized for the Figure 5 are the same ones that can be observed
for the results found in the bubble column, Figure 6. In both figures, the cyanide
oxidation is enhanced by increasing the ozone addition rate and is not affected by the
initial cyanide concentration in the solution. On the other hand, cyanide decay linearly
with time which means that cyanide oxidation rate is constant, that is to say, that
follows a zero order reaction where the cyanide destruction velocity increasing
proportionally with the ozone addition rate.

The data resulting obtained from the two reactors can be presented by a simple
kinetics model. The model, described by equation 2, fits the experimental data fairly
well (correlation coefficient greater 98%). The cyanide oxidation rate constant
obtained is about 10°mol/Is, i.e., cyanide disappearance rate is in the range of 15 to
26mg/Imin, for the ozone addition rates used in this work.

lev- |, —|ev | =k (2)
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Figure 6. Cyanide oxidation with ozone, using the bubble column. T=25°C, pH=10
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Figure 7. Cyanide oxidation rate with regard to the ozone addition rate, for the two reactors.
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The Figure 7 shows the cyanide oxidation rate or cyanide destruction with regard to
the addition of ozone, for the two reactors.

It is interesting to observe that for both reactors there is no difference in the slopes
of the curves, that which indicates that the reactor type doesn’t influence in the
cyanide oxidation rate. Considering that the two reactors do not affect the cyanide
oxidation rate, this also can be calculated by means of the following engineering
relationship:

Oxidation rate, g/Imin=[190.53+/-15] [ozone addition rate, g/min] (3)

The results obtained indicate that the oxidation of cyanide with ozone is a very fast
chemical reaction, where the ozone, when being absorbed in the solution, immediately
reacts with the cyanide. Therefore the restrictive step is the concentration of available
ozone in the gas phase, and less depend on the hydrodynamic characteristic of the
reactors, or their transfer characteristics.

4. CONCLUSIONS

The reaction of ozone with cyanide at alkaline pH values is fast and controlled by
ozone addition rate. The oxidation of cyanide is a first order reaction with respect to
ozone and zero order with respect to cyanide. Ozone consumption data show that
one mole of cyanide is oxidized by one mole of ozone to produce one mole of
cyanate. Oxidation of cyanide by ozone is faster than the oxidation of cyanate and
consequently cyanate remains in solution until cyanide is completely oxidized.
Although two gas-liquid contacting system were used, a bubble column and a
mechanically-stirred reactor, the hydrodynamic factors of these reactors do not affect
the cyanide oxidation rate, because the mass transfer of ozone gas to the aqueous
phase is fast and, therefore, only the ozone concentration in gas is the limiting facor
of the reaction.
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NOMENCLATURE
CN- :Concentration of cyanide in solution, mol/I
[CNT] :Concentration of cyanide in the bulk solution, mol/I
[CN1o :Initial concentration of cyanide in solution, mol/I
CNO” :Concentration of cyanate in solution, mol/I
Fg :Flow gas rate, I/min
ky :Cyanide destruction rate constant, mol/ls
O3 :Concentration of ozone dissolved, mol/I
Osg :Concentration of ozone in gas, in weight percentage, %
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ORP :Oxidation-reduction potential, mV
T :Time, s
T :Temperature, °C
Vsg :Gas superficial velocity, cm/s
Vsl :Liquid flow rate, I/min

VaOsg :0Ozone addition rate, g/min
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