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Abstract

Residual cyanide in cyanidation tailings can be detoxified by its oxidation to cyanate, as in the Inco and Degussa
processes. However, cyanate, the product of detoxification and other oxidation processes, may be reduced to cya-
nide in reducing environments, e.g., deepwater discharge of cyanidation tailings. This study shows that the reduc-
tion of cyanate to cyanide occurs and that the reduction rate increases with decreasing solution redox potential.
Solutions with lower pH favor the reduction rate. No significant difference was observed between the results of
tests prepared with distilled water and seawater, and the presence of cyanidation solid tailings does not show an
effect on the reduction. Because cyanate can be reduced to toxic cyanide, causing environmental concerns, the
deepwater discharges of cyanidation tailings must be handled carefully.
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Introduction

Deepwater discharge, especially marine discharge, of
wastes has been practiced for many decades. Most marine
discharges are for disposal of harbor dredged materials,
domestic solid wastes and sewage. Chesapeake Bay, New
York Bight and Santa Monica Bay are examples of the
disposal of dredged materials, domestic solid wastes and
sewage, respectively. Marine discharges are permitted, as
regulated by the Marine Protection, Research and Sanctuar-
ies Act, if the discharges “will not unreasonably degrade
or endanger human health, welfare, or amenities, or the
marine environments, ecological systems, or economic
potentials” (U.S. EPA, 1977).

Marine discharges, or marine placements, have been
practiced for the disposal of mine wastes for several de-
cades. Island Copper Mine (British Columbia, Canada)
placed its flotation tailings at depth in Rupert Inlet from
1971 through the mine’s closure in 1995. Noadverse effects
of the placement on fisheries or other ecological systems
were claimed during or after the discharge operation (Pol-

ing et al., 2002). Other deepwater discharges of sulfide
flotation tailings include the Atlas Mine (Cebu Island,
Philippines), the Kitsault Molybdenum Mine (British
Columbia, Canada), the Ramu Mine (Papua New Guinea)
and the Batu Hijau Mine (Sumbawa, Indonesia).

Deepwater discharges of gold cyanidation tailings have
also been practiced. The Minahasa Mine (N. Sulawesi,
Indonesia) and the Misima and Lihir Gold Mines (Papua
New Guinea) all discharged their tailings into nearby
deepwater. In the United States, the Kensington Mine and
the A-J Mine, both near Juneau, Alaska, recently proposed
to discharge gold cyanidation tailings into nearby waters.
The Quartz Hill Mine, on Alaska’s panhandle, proposed to
dispose of its molybdenum flotation tailings by deepwater
placement. The Kensington Mine began mine construc-
tion in 2005, but with no gold cyanidation circuits in its
final mill design. Both the A-J and Quartz Hill Mines are
currently on hold.

During the past three decades, cyanide has been widely
used for gold extraction (Oleson, 2003). Gold is extracted
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from gold ores by dissolution in cyanide solution followed by
recovery of the dissolved gold from solution using carbon ad-
sorption or zinc cementation processes. Historically, the tailings
from cyanidation processes have been discharged to tailings
ponds without treatment of the residual cyanide. Degradation
of cyanide occurs naturally with slow oxidation by air (Halbe
et al., 1979; Smith, 1988). However, with more stringent envi-
ronmental regulations, the treatment of mill effluents, or other
waste effluents, containing cyanide is required before discharge
into tailings ponds. Alkaline oxidation has been considered as
a conventional method for cyanide destruction (Hassan et al.,
1991; Wedl and Fulk, 1991; Bucknam, 1997). Photochemical
(Kimetal., 1998; Young, 1998) and electrochemical (Dziewin-
ski et al., 1995; Hofseth and Chapman, 1999) methods have
been discussed for treating tough-to-break cyanide complexes.
Cyanide destruction by biological oxidation (Lien et al., 1990;
Mosher and Figueroa, 1996) and acidification (Riveros et al.,
1996) has also been evaluated.

In recent years, the Inco SO,/Air and Degussa processes
have been widely used for cyanide destruction due to their cost-
effectiveness, and these have been valued as the only reliable
processes for slurry treatment. The processes have been used
by precious metal recovery plants to treat CIP slurry, Merrill-
Crowe barren bleed solutions, repulped filter cakes, tailings
pond water discharges and feed to underground backfill plants
(Robbins, 1996). They have also been applied to the rinsing
and abandonment of heap leach pads and the treatment of high
cyanide rinse waters from metal plating shops. Both the Inco
and Degussa processes treat cyanidation tailing slurry by oxi-
dizing toxic cyanide to much less toxic or non-toxic cyanate.
The destruction of cyanide using Inco and Degussa processes
can be expressed by Reactions (1) and (2), respectively

CN- + SO, + 0, + H,0 = CNO" + H,S0, (1)

CN- + H,0, = CNO" + H,0 )

When gold cyanidation tailings are exposed to air, about
80% of the residual cyanide is decomposed by air and sunlight
within several months (Smith, 1988). Due to the presence of
dissolved oxygen in tailings ponds, the reduction of CNO- to
CN- does not occur. Instead, CNO- further decomposes to
ammonia and carbonate (Ritcey, 1989), although the decom-
position is very slow.

Deepwater discharges of cyanidation tailings are under a
differentenvironment. The deepwater environment can be very
reducing due to low dissolved oxygen concentration and the
presence of organic matter. Under this reducing environment,
further destruction of residual cyanide by oxidation may not
occur, while the reduction of cyanate to cyanide becomes a
concern. The half-cell reaction of cyanate reduction can be
expressed as

CNO +2H* + 2e =CN- + H,0 3)

However, there has been little or no work published in the
area of cyanate reduction to cyanide under reducing or low
redox potential conditions. The objective of this study was to
investigate the conversion of cyanate to cyanide, when cyanida-
tion tailings are placed in a reducing environment.

Experimental

Solution preparation. CN"-CNO- solutions were prepared for
the tests, which examined the reduction of cyanate to cyanide,
under reducing environments. To prepare the solution using
either distilled water or seawater, lime (CaO) was added to
about 990 mL of water in a 1,000 mL volumetric flask to adjust
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the solution pH to 9.5. Then, 0.094 g of NaCN and 0.025 g of
CuSO, were added to the flask (copper ions serve as a catalyst
for the cyanide destruction reaction). A proper amount of 30%
hydrogen peroxide solution was added to the 1,000 mL flask,
which was then filled to the mark. The solution in the flask
was then transferred to a dark glass vessel. The oxidation of
the cyanide to cyanate occurs according to Reaction (2).

The solution initially contained 50 mg/L (1.92 x 103 M)
CN- and 10 mg/L (1.57 x 104 M) Cu?*. Various amounts of
hydrogen peroxide were used to control the extent of the cyanide
oxidation and, hence, the initial cyanide and cyanate concentra-
tions. Oxidation was allowed to occur for at least 48 hours.

Gold cyanidation tailings sample. A gold cyanidation tailings
sample was obtained from the Fort Knox Mine, Alaska. The
sample was taken from the discharge of the cyanide detoxifica-
tion circuit. The sample was repulped, filtered and dried before
testing. The particle size of the solid sample is approximately
65% minus 0.150 mm (100 mesh). Quartz and other silicates
are the predominant minerals in this granitic material.

Test procedures. Tests to examine the extent of cyanate re-
ductjon to cyanide were conducted using glass reactors. The
glass reactors were wrapped with aluminum foil to prevent
the exposure of the solution to light. Lime and hydrochloric
acid (HC1) were used to control solution pH. Solution redox
potentials were controlled by purging the solution with ultra-
pure nitrogen gas or hydrogen gas. All tests were conducted
at 22°C. Solution samples were taken periodically for cyanide
analyses. All tests were controlled in a closed system, except
when taking solution samples and monitoring parameters.
Solution redox potentials were measured by using a Thermo
Orion pH/ORP meter and reported with respect to the standard
hydrogen electrode (SHE).

Cyanide analysis. Concentrations of weak acid dissociable
(WAD) cyanide were determined with a Perstorp Analytical/
ALPCHEM CNSolution Model 3200 Cyanide analyzer, which
measures cyanide concentration amperometrically. The accu-
racy of the cyanide measurementis 0.1 mg/L and the analytical
time for WAD cyanide is approximately 2 minutes per sample.
Anexplanation and schematic diagram of this cyanide analyzer
were presented previously (Oleson et al., 2005).

Results and discussion

Tests were conducted to examine the extent of cyanate reduc-
tion to cyanide. Parameters examined included solution redox
potential, solution pH, the presence of gold cyanidation solid
tailings and water salinity (distilled water or seawater).

Effect of solution redox potential. Reports on redox potential
of deepwater are very limited and the likely factors affecting
the redox potential include depth of the water, oxygen penetra-
tion, organic matter and under currents. Controlled solution
redox potentials of 90, 140, 190 and 240 mV were selected
for the tests. Solution pH in each test was adjusted to 9.0. No
solids were added in the tests. The results are shown in Fig.
1. The reduction rate of cyanate to cyanide increases with
decreasing solution redox potential. A solution with a lower
redox potential presents a more reducing environment and,
hence, is more favorable for the reduction of cyanate to cya-
nide. This phenomenon is also depicted in the cyanide system
Eh-pH diagram (Fig. 2); at lower solution redox potentials,
the system favors HCN or CN", The related reactions for the
Eh-pH diagram are

MINERALS & METALLURGICAL PROCESSING



CNO- +2H* +2e =CN + H,0 4
CNO- + 3H* + 2e = HCN + H,0 (&)

CN + H*=HCN ©)

With the free energy of formation of -23.6, 39.6, 26.8 and
-56.7 kcal/mol for CNO-, CN-, HCN and H,O0, respectively
(Weast, 1980), the corresponding equations for the Eh-pH
diagram at 25°C can be expressed as

E =-0.14 - 0.029510g([CN")/[ CNO]) + 0.059pH (7)
E =0.13 - 0.0295log([HCN]/[ CNO;]) —0.089pH (8)

pH = 9.3 ~ log([HCN)/[ CN]) )

The Eh-pH diagram was established for [CN-] =3.8 x 104
M (10 mg/L), [CNO] =4.8 x 104 M (20 mg/L) and [HCN] =
4.0 x 10"* M. The HCN concentration in the system is difficult
to estimate. If the actual HCN concentration is lower than the
assumed value of 4.0 x 10 M, the boundary between CNO-
and HCN in the Eh-pH diagram will shift upward.

As mentioned above, 10 mg/L Cu2*, in the form of CuSO,,
was added to the solution during the preparation of CN--CNO"
solution. Cupric ions form a predominant cyanide complex,
Cu(CN)32‘ (Osseo-Asareetal., 1984). The copper concentration
in solution remained constant at 10 mg/L during the 48 hours
of the CN"-CNO- solution-preparation period. No precipitation
of copper oxide or hydroxide occurs, even at pH 9.0 to 9.5.
Approximately 12.2 mg/L (4.71 x 10 M) cyanide is bonded
in Cu(CN),2- for 10 mg/L (1.57 x 10 M) Cu?*. Because the
initial cyanide concentration was 6.6 mg/L at the start of the
tests (Fig. 1),31.2 mg/L cyanide was oxidized to cyanate during
the CN"-CNO- solution preparation period. The bonded (12.2
mg/L), the initial (6.6 mg/L) and the oxidized cyanide (31.2
mg/L) add to 50 mg/L of added cyanide in the preparation
period. During the test, the cyanide concentration increased
from 6.6 t0 9.5 mg/L at 90 mV in 50 days (Fig. 1), indicating
that 9.3% of the cyanate was reduced to cyanide under these
conditions. As shown in Fig. 1, the cyanide concentration is
still rising after 50 days at 90, 140 and 190 mV, indicating that
cyanate still exists and continues to convert to cyanide. The
slow but long-lasting increase in cyanide concentration can
be an environmental concern when cyanidation tailings are
discharged to environments of low redox potentials. It may
warrant further investigation of the reduction with longer
reaction periods. The result also shows that the reduction is
insignificant at 240 mV.

Effect of pH and cyanide concentration. Tests to examine
the effect of pH on CNO" reduction to CN- were conducted at
a solution redox potential of approximately 210 mV. In Fig. 3
the initial CN- concentration was 6.8 mg/L, while in Fig. 4 the
initial CN- concentration was 1.9 mg/L. Figure 5 shows the
effect of pH with a solution prepared with seawater. All three
results show that the CNO" reduction to CN" is more favorable
in solutions with a lower pH. Shown in the Eh-pH diagram
(Fig. 2), the equilibrium boundaries between CNO-andCN-and
between CNO- and HCN shift toward a higher Eh at a lower
pH, indicating that the reduction of CNO" is more favorable at
a lower pH under a fixed potential. Reaction (3) also predicts
a more favorable reduction at a lower pH.

The initial cyanate concentrations shown in Figs. 3 and 4
were calculated to be 31.0- and 35.9-mg/L cyanide eguiyalept,
respectively. Because the initial cyanate concentration in Fig.
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Figure 1 — Effect of solution redox potential on cyanate
reduction at a pH of 9.0 in the absence of solids.
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Figure 2 — Eh-pH diagram of CN-CNO"-HCN system.

4 is higher than in Fig. 3, a more significant cyanate reduction
is shown in Fig. 4.

Effect of gold cyanidation solid tailings. In tests that examined
the effect of gold cyanidation solid tailings on the CNO" reduc-
tion, the mine solid tailings sample was added to the solution
at a pulp density of 25% solid (by weight). The results of the
tests with the solution prepared using distilled water with a
solution redox potential controlled at 210 mV and a pH of 9.1
are presented in Fig. 6. Figure 7 presents the results of a solu-
tion prepared using seawater with a solution redox potential
controlled at 210 mV and a pH of 7.1. In all tests, the CN-
concentrations increase with time, but the presence of solids
does not show a significant effect on CNO- reduction.

Effect of seawater. To examine the effect of seawater on the
reduction of CNOr, tests were conducted with solutions prepared
with both distilled water and seawater. In both tests, solution
redox potentials and pH were controlled at 210 mV and 9.1,
respectively. No solid tailings were added. The results are
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Figure 3 — Effect of solution pH on cyanate reduction for
a solution prepared using distilled water, an initial cyanide
concentration of 6.8 mg/L and a redox potential of 210 mV
in the absence of solids.
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Figure 4 — Effect of solution pH on cyanate reduction for
a solution prepared using distilled water, an initial cyanide
concentration of 1.9 mg/L and a redox potential of 210 mV
in the absence of solids.
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Figure 5 — Effect of solution pH on cyanate reduction
for a solution prepared using seawater, an initial cyanide
concentration of 1.9 mg/L and a redox potential of 210 mV
in the absence of solids.
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shown in Fig. 8. In both tests, CN- concentration in the solution
increases with time, but no significant difference was observed
between the tests with distilled water and seawater.

There has been little or no work published in the area of
cyanate reduction to cyanide under reducing environments.
However, the formation of an ice-cover on the tailings pond
at the Fort Knox Mine, Fairbanks, Alaska, may provide a
similar reducing environment for study, and it is worthwhile
to examine the seasonal cyanide fluctuations at the Fort Knox
Mine’s tailings pond. An ice-cover forms on the tailings pond
from October to April each year. Before the installation of a
tailings wash thickener in 2002, the cyanidation tailings were
detoxified to 9-mg/L cyanide from 30-mg/L cyanide using the
Inco process in the cyanide destruction circuit. The cyanide
concentration decreased to 5 mg/L with an additional reaction
time due to the residual detoxification reagents, before reaching
the tailings pond. With 5 mg/L Cu?* added to the detoxification
circuit, the cyanate concentration was calculated tobe 19-mg/L
cyanide equivalent at the discharge to the tailings pond. After
breakup in April, the cyanide concentration in the tailings pond
decreases to below 0.1 mg/L in summer (Hollow et al., 2007),
when the cyanide concentration is reduced through oxidation
to cyanate by dissolved oxygen, HCN evaporation and runoff
water dilution.

The equilibrium between HCN and CN- occurs at pH
9.3 (Fig. 2). Although HCN is miscible with water, HCN in
solution can evaporate due to its low boiling point of 25.6°C
(Windholz et al., 1983). After the tailings pond freeze-up in
October, the cyanide concentration remains below 0.1 mg/L
until January, due to the remaining dissolved oxygen in the
tailings pond. The cyanide concentration then increases to a
peak of 3.0 mg/L in April before breakup (Hollow et al., 2007).
The tailings pond holds 5.7 million metric tons of water before
freeze-up and 4.8 million metric tons of water and 0.9 metric
tons of ice before breakup. A total of 2.6 million metric tons
of water in the tailing slurry was discharged to the tailings
pond from January to April. A similar amount of water with
an average cyanide concentration of 1.5 mg/LL was recycled
back to the mill from the tailings pond. The calculated peak
cyanide concentration in the tailings pond is ((5-1.5) X 2.6 x
106 +0.1 x 5.7 x 109)/(4.8 x 10%) = 2.0 mg/L, which is below
the actual value of 3.0 mg/L. It is likely that cyanate reduction
contributes to the extra amount of cyanide in the tailings pond
in the wintertime. High levels of tannin and lignin found in
the make up water are believed to contribute to fouling of the
activated carbon in the carbon adsorption circuit; they also can
lower the redox potential of the tailings pond water, especially
between January and April. The redox potential change of the
tailings pond water over various seasons at the Fort Knox Mine
may warrant a future investigation.

Itis worth noting that the cyanidation concentration used in
the Fort Knox Mine’s cyanidation circuit is very low compared
to a typical plant operation due to its mineralogical character-
istics. Where a higher cyanide concentration is used, a higher
cyanate concentration will result in the detoxification circuit,
with potential for reduction to greater amounts of cyanide in
reducing environments.

Conclusions

Test results show that CNO- can be reduced to toxic CN- in
reducing environments, such as the deepwater discharge of
cyanidation tailings. The CNO- reduction rate increases with
decreasing solution redox potential. Solutions with lower pH
favor CNO" reduction. Effects of solution redox potential and
pH on the CNO" reduction are consistent with the Eh-pH dia-
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gram of the cyanide system. When considering the deepwater
discharge of cyanidation tailings, the CN- concentration and
the CNO" concentration in the tailings are both important fac-
tors. Also, because many lead, zinc and copper sulfide flotation
plants use cyanide as a depressant, the deepwater discharge of
such flotation tailings, and the issues of CNO- reduction and
CN- concentration, must be handled carefully.
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Figure 6 — Effect of cyanidation solid tailings on cyanate
reduction for a solution prepared using distilled water, a
redox potential of 210 mV and a pH of 9.1.

a——
E 3 I
(=} __.—_"-_—'=’—._._F
Q e
z =
g 2
0
<
2 1 —— 08080
0 L —
0 10 20 30
Time, day

Figure 7 — Effect of cyanidation solid tailings on cyanate
reduction for a solution prepared using seawater, a redox
potential of 210 mV and a pH of 7.1.
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Figure 8 — Comparison of cyanate reduction for solutions
prepared using distilled water and seawater at 210 mV redox
potential and a pH of 9.1 in the absence of solids.
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