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Abstract

The effects of key variables on weak-acid-dissociable (WAD) and free cyanide oxidation by
ozone injection in gold mine pulp were studied at laboratory scale to find an alternative
cyanide treatment. A fractional factorial analysis of five process variables (O3/O; flow, reac-
tion time, NH4HSO3 concentration, temperature, and pH) informed a 60-run experimental
matrix, in a 1 L cylindrical reactor, with the process variables controlled during the ozone
injection. The findings may inform future strategies for safer cyanide management in gold
mining processes. Free cyanide is the most toxic form of cyanide. Its oxidation increases
with higher O3/0, concentrations, longer exposure time, and higher pH. Maintaining a
pH above 7 is crucial. Lower pH values favor the dissociation of cyanide into its toxic,
free form. WAD cyanide oxidation depends mainly on the O3/0O, concentration, exposure
time, and NH4HSO3 concentration. Increasing O3/0O; and time enhanced both WAD and
free cyanide oxidation, while NH4sHSO3 concentration affected oxidation rates differently.
The results show that free cyanide was significantly more oxidized (84.1413%) than WAD
cyanide (67.2423%). Controlling the WAD cyanide process yields excellent free cyanide
oxidation. This represents ongoing improvement at an industrial scale. This approach
quantifies the extent to which process variables affect the WAD and free cyanide oxidation
under controlled conditions, thereby greatly reducing environmental impact.

Keywords: cyanide oxidation; ozone injection; environmental impact; gold mine pulp

1. Introduction
1.1. Generalities of Cyanide

Since the 19th century, the mining industry has used cyanide to extract gold from
low-grade ores due to its stability in forming soluble cyanide-gold complexes and its
efficiency in selectively dissolving gold [1]. However, the process generates leachates and
sludges; that is, highly toxic cyanide complexes are produced, including cadmium, copper,
zing, free cyanide, and weak-acid-dissociable (WAD) cyanide [2,3]. Unfortunately, when
these complexes are not properly disposed of, they cause serious harm to humans and
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aquatic ecosystems [4,5]. The persistence and toxicity of cyanide complexes necessitate
the development and evaluation of treatment technologies. Among the most studied
conventional methods are air /SO, oxidation (INCO process), hydrogen peroxide oxidation,
alkaline chlorination, ultrasound, electrochemical oxidation, and biological treatments [6].
Although technically viable, these methods generate high solids loads, require expensive
reagents, have low efficiency, and produce chemically complex byproducts that must
be transformed into non-hazardous waste for disposal in accordance with applicable
regulations [3,7]. On the other hand, ozonation, an advanced oxidation process, is a
promising alternative for oxidizing free cyanide and WAD complexes due to its high
oxidation potential (E° = 2.07 V) [8].

Cyanide complexes can be oxidized to form cyanate (CNO™ ), CO,, and nitrogen, de-
pending on the operating conditions (pH, O3 dosage, retention time, etc.). These oxidation
reactions have been extensively studied [9]. Despite evidence of ozone’s effectiveness in ox-
idizing cyanides in mining slurries at the laboratory level, our understanding of oxidation
mechanisms and kinetics under real-world plant conditions remains limited [10]. Therefore,
this research proposes to address ozonation by directly injecting ozone into the slurry of an
operating mine. Specifically, the objective of this research is to evaluate the efficiency and
oxidation mechanisms of free cyanide and weak-acid-dissociable (WAD) species.

The anion CN™ is a strong binder of metal cations solvated in an aqueous solution, a
property used in many commercial processes, such as gold mining [1].

Cyanide compounds are used in large quantities, amounting to 2.6 million tons an-
nually. Sodium cyanide, used in precious metals refining, the chemical industry, and
electroplating, among other processes, accounts for 14% of global cyanide compound
production [1]. Some cyanide compounds are generated as solid waste, released into the
atmosphere, or associated with wastewater, as in aluminum production, the steel industry,
and gas production, to name a few; however, as pollutants, they are most commonly found
in water and soil. Due to the high toxicity of free cyanide (HCN and CN ) in freshwa-
ter systems, the maximum level is 22 ug/L, as aquatic organisms are significantly more
sensitive to cyanide than humans [1].

Cyanide compounds dissociating with a weak acid (at pH 4.5) are known as weak-
acid-dissociable cyanide (WAD cyanide) and are simple salts that can produce free cyanide.
Cyanide compounds that dissociate under the action of a strong acid (pH less than 2)
are more complex salts that are known as strong-acid-dissociable cyanide (SAD cyanide).
Under normal conditions, SAD cyanide is more resistant than WAD cyanide, forming a
stable complex in solutions of gold, iron, and cobalt.

Total cyanide refers to all cyanide compounds present in solution. Table 1 shows
the different cyanide species in the liquid phase [1], where metal-cyanide complexes are
divided into weak and strong complexes for industrial applications.

Table 1. Classification of metal-cyanide complexes in aqueous solution [1].

Phase

Classification Compound

Liquid (water)

Free cyanide HCN,CN™

Weak complexes
Ag(CN)*~,CACN~, Zn(CN);~, Cd(CN);, Cd(CN);~
Strong complexes
Fe(CN)g~, Fe(CN)?~, Co(CN)g~, Au(CN),

Metal-cyanide complexes

Cyanate, thiocyanate CNO™,SCN~

Organocyanides Nitriles, cyanohydrins

https://doi.org/10.3390 /mining6010009


https://doi.org/10.3390/mining6010009

Mining 2026, 6,9

30f19

The free cyanide corresponds to the soluble hydrogen cyanide (HCN(aq)), which is a
weak acid and can dissociate into the cyanide ion (CN ™), according to Reaction 1. The ther-
modynamic equilibrium of this reaction, like a function of pH and electrochemical potential,
is shown in Figure 1; at pH < 9.3, HCN is the dominant free cyanide species, whereas at
higher pH, the cyanide ion (CN ™) is the dominant species. A positive electrochemical
potential is required to form cyanate (CNO™) under both acidic and alkaline conditions.

HCN(ag) = H" +CN~ (1)

CN_ - 10-3M \
= CN
— i ] | |

0 . 8 12 16

pH
Figure 1. Electrochemical potential vs. pH diagram for the system CN-H,O at 25 °C.

Hydrogen cyanide has a high vapor pressure; therefore, it volatilizes rapidly from lig-
uid surfaces under ambient conditions, reducing the cyanide concentration in the solution.
This means that cyanide leach systems are operated at pH values above 10 to minimize
losses [3]. Another pathway is that hydrogen cyanide and free cyanide can be oxidized
with little change in system potential, forming CN~, CNO™, and HCN (Figure 1).

The evolution of the species depends on the electrochemical potential and pH, cre-
ating opportunities for electrochemical oxidation, where the hydroxyl radical drives the
development of special electrodes, such as doped diamond boron (DDB), which offer a
wide potential window. However, this research establishes the basis for developing a new
process that maximizes efficiency while minimizing costs.

The stability of metal-cyanide complexes varies, requiring pH conditions ranging
from moderate to highly acidic for dissociation. As observed in reaction 2, the dissociation
of metal-cyanide complexes releases free cyanide [4].

M(CN)?™ = Mt +xCN~ )

Weak metal-cyanide complexes are those in which cyanide ions are weakly bound to
the metal cation, allowing them to dissociate under mildly acidic conditions (pH = 4 to 6)
to release free cyanide. Because of their dissociative nature, these complexes are regulated
in concert with free cyanide in water [11].

Strong metal-cyanide complexes include those with heavy transition metals, such as
iron, cobalt, platinum, and gold. These complexes require highly acidic conditions (pH < 2)
to dissociate and release free cyanide. Compared to weak complexes, strong metal-cyanide
complexes are more stable in aqueous solution and are relatively less toxic [12].
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As shown below (reactions 3 and 4), free cyanide can be oxidized to cyanate (CNO™)
or hydrogen cyanate (HCNO), depending on pH [5].

CN™ 4+ H,O =CNO™ +2H" +2¢~ (3)

HCN + H,O = HCNO +2H" +2¢~ (4)

Strong oxidants, such as chlorine, hypochlorite, ozone, and hydrogen peroxide, can
oxidize free cyanide. However, chlorine generates highly toxic byproducts. Under neutral
to alkaline conditions, the final product is cyanate (CNO™), a non-toxic compound [13].

Gurol M.D. et al. (1985) studied the ozonation of free cyanide and found that ozone
(O3) primarily reacts with the cyanide ion, while its reaction with HCN is minimal [5]. It
was determined that the presence of free cyanide promotes the formation of free radicals
(HO-, HOO-), where both radical-driven reactions and the direct reaction of free cyanide
with ozone contribute to its oxidative destruction. Some of the responses identified by
Gurol and Bremen for the ozonation of free cyanide are as follows [5].

O34+ CN~ — CNO™ + 0, )

HCN + HO- — HCNO + HOO- 6)
CN™ + HO- — CNO~ + HOO:- )
CN™ + HO- — -CN+OH"™ ®)
.CN +-CN — (CN), )

(CN), +20H™ — CNO™ + CN™~ + H,0 (10)

The direct reaction of molecular ozone with the cyanide ion corresponds to Reaction 6.
Other reactions of ozone with water, specifically with OH™, produce the superoxide radical
(O ), which reacts strongly with ozone to form the hydroxyl free radical (HO) [14].

The ozonation reaction of free cyanide to cyanate is relatively slow; cyanate accumu-
lates in the solution until all free cyanide is completely oxidized.

Weak metal-cyanide complexes are generally readily oxidized by oxidizing agents,
such as ozone. Complexes with WAD-type bonds, such as those of nickel and silver,
oxidize more slowly. Complexes with weaker bonds, including cadmium, copper, and zinc,
decompose rapidly in ozone [14].

1.2. INCO Process

The INCO process (commercialized by INCO Ltd.) is widely used worldwide in the
mining sector and is one of the two patented processes for cyanide destruction using sulfur
dioxide. The INCO process is based on the oxidation of free cyanide and weakly complexed
metal cyanides (WAD cyanides) into cyanate via a mixture of sulfur dioxide (SO;) and air
in the presence of a soluble copper catalyst at a controlled pH. Complex cyanides, such
as iron cyanides, are reduced to ferrous and precipitate as insoluble copper—iron—cyanate
complexes. Residual metals released from WAD cyanide complexes precipitate as their
respective hydroxides [3].

Acid formation is possible during the reactions, so to maintain a pH between 8.0 and
9.0 in Reactions 11 and 12, lime is recommended for pH control.

Cu®* Catalyst
S

CN™ + S0y + Oy + Hy,O CNO™ +S03~ +2H* (11)
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Cu®* Catalyst

M(CN)2™ + 4S50, + 40, + 4H,0
e

ACNO™ +4S03™ +8H + M*"  (12)

The theoretical SO; requirement is 2.46 g of SO, per gram of oxidized WAD cyanide,
although practical reports indicate variations ranging from 3.0 to 5.0 g of SO, per gram of
oxidized WAD cyanide [7].

The SO; required for the reaction can originate from liquid sulfur dioxide, sodium
sulfite (NapSQOj3), or sodium metabisulfite (Na»S,0s5). Ammonium bisulfite (NH4HSO3)
solutions have shown promising results; however, one must be cautious about the potential
impact of ammonia addition to wastewater. It can supply oxygen to optimize the reaction,
or use high-pressure liquid oxygen; the choice of oxygen source significantly affects reaction
time [4].

The soluble copper catalyst is added as a solution of copper sulfate pentahydrate
(CuSO4-5H,0) at a proportion of 10-20% relative to the WAD cyanide concentration.

This process is widely used to treat tailings with cyanide concentrations ranging from
low to high. It aims to reduce cyanide levels to approximately 5 mg/L, thereby enabling
the treated solutions to be safely discharged [8].

A typical INCO process consists of two stages. In the first stage, sulfur dioxide,
lime, and copper sulfate are added, with continuous oxygen injection, to ensure complete
oxidation of cyanide. In the second stage, metal precipitation occurs, requiring the addition
of lime and other chemicals, such as ferric chloride [8].

The key process variables include retention time, air or oxygen feed rate, copper
concentration, pH, and sulfur dioxide feed rate. The amount of copper sulfate or alterna-
tive reagents is adjusted based on the WAD cyanide concentration, determined through
laboratory or pilot-plant evaluations.

Cyanide oxidation as a function of copper concentration and pH, showing greater
effectiveness at copper concentrations exceeding 10 mg/L within a pH range of 8 to 10; at
pH 11, Reactions 12 and 13 are reversible [8].

Table 2 presents the performance of the INCO process for cyanide destruction in
various mining operations. The minimum concentration of CNtoT was obtained with the
lowest concentration of Cu*" for which lime was necessary. The optimal balance between
SO, and Cu?* in the INCO process must be identified to improve cyanide oxidation
efficiency, which requires a complete characterization of the ore, as its composition can
vary greatly from one region to another.

Table 2. Performance of the INCO process for cyanide oxidation in the world [8].

Mining Unit in the World CNror (mg/L) Reagent Usa.ge /g) CHror

Before After SO, Lime Cu?t

Colosseum 374 0.4 4.6 0.12 0.04

Ketza River 150 5.0 6.0 0 0.30

Equity 175 2.3 34 0 0.03

Casa Berardi 150 1.0 45 - 0.10

Westmin Premier 150 <0.2 5.8 - 0.12
Golden Bear 205 0.3 2.8 - -

Iron plays a complex and multifaceted role in the INCO process, serving as both a
reactant and a potential catalyst, and as a source of process complexity that warrants careful
consideration. Unlike copper, which functions primarily as a homogeneous catalyst, iron
in gold processing streams is predominantly present as strong metal-cyanide complexes,
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particularly ferrocyanide (Fe(CN)s*~) and ferricyanide (Fe(CN)¢>~) species [9,11]. These
complexes are characterized by exceptionally high formation constants (log 3 values ex-
ceeding 30 for ferrocyanide), making them resistant to treatment by many conventional
cyanide oxidation methods. The INCO process, however, demonstrates a distinctive capa-
bility to destabilize and remove these strong complexes, providing a significant advantage
over alternative treatment technologies, such as alkaline chlorination, which is largely
ineffective against iron-cyanide species [12,13].

The presence of iron—cyanide complexes in cyanide detoxification circuits presents
both opportunities and challenges for INCO process operation. On the opportunity side, the
ability to remove stable iron—cyanide complexes provides more complete detoxification than
many alternative processes, resulting in lower total cyanide concentrations in discharged
solutions [14].

This comprehensive cyanide removal is particularly valuable for operations subject to
stringent discharge limits or those seeking to minimize environmental liability associated
with residual cyanide species. However, the precipitation of copper-iron—cyanide com-
plexes consumes the copper catalyst, potentially creating or exacerbating copper deficiency
issues if not properly managed. Additionally, the stability of iron—cyanide precipitates
under storage conditions must be considered, as these solids can decompose under ultra-
violet light, releasing free cyanide and undermining the detoxification achieved during
treatment [15].

2. Materials and Methods

Due to the high risks associated with SO, use, the mining industry has been using
alternative chemical reductants, such as ammonium bisulfite (NH4HSO3), operating at
pH 5-7. However, like the INCO process, this method also requires a high oxygen con-
centration, which currently results in high process costs (electric power, oxygen, copper
bisulfite, and ammonium bisulfite) [16].

The NH4HSO; concentration of 1 kg/ton was recommended as a best practice in the
mining industry; it was added in the corresponding proportion to maintain a constant
effluent volume of 1 L in a cylindrical reactor [17].

The experimental development was focused on exploring the use of ozone as an
alternative oxidation source to improve the degradation efficiency of WAD and free cyanide,
using a process based on the application of the INCO process with industrial gold mine
pulp, ammonium bisulfite (NH4HSO3), and copper as a catalyst.

In this first stage, a factorial design (3 levels) was conducted using the Statgraphics
18 program. Laboratory tests demonstrated the feasibility of using ozone to convert CN™
to cyanate.

Figure 2 shows the experimental system conducted in a 1 L cylindrical reactor
(Reacware, Albany, NY, USA) with a semispherical bottom to determine the transfor-
mation of CN™ upon ozone/oxygen injection. To start, 20 L drums were delivered to
the mine and stored in a dark, protected area. Before each experiment, the drums were
dynamically shaken for 1h. The system temperature was controlled by immersing the
reactor in a thermal bath. A cooling system was implemented to maintain a controlled
temperature in the alkaline trap, where the reaction gases were collected.

At the end of the ozone/oxygen injection exposure time, the pulp was filtered, and
the filtrate was analyzed to determine the concentrations of free and WAD cyanide.

After obtaining all possible combinations of the six process variables in the factorial
design, a fractional factorial design with 60 combinations was selected. The experimental
design encompassed all possible combinations of levels and factors, enabling a statistical
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evaluation of main effects and interactions. The experimental analysis was performed
using a Pareto chart and analysis of variance (ANOVA).

Ozone injection

Ozone
L Ball reactor

generator

V;Coo'ﬁngf_
_system "

Ul

Air compressor,
and filters

Figure 2. Experimental system for ozone injection in a 1 L cylindrical reactor with an alkaline trap as
a safety measure.

The best results from the factorial design, based on the percentage of free cyanide
degraded, were used to optimize free cyanide degradation.

3. Results
3.1. Volumetric Plots

Based on the main variables of the INCO process: ozone/oxygen mixture (flow rate),
pH effect, temperature effect, ammonium bisulfite [NH4HSO3], and reaction time, an
experimental matrix comprising 60 tests was established.

Table 3 shows the range within which each variable was evaluated across the 60 tests
conducted in the fractional factorial analysis.

The O3/0, ratio was expressed in standard cubic feet per minute (SCFM) and moni-
tored in parallel with the ozone generation voltage, measured directly in the ozone genera-
tor within a constant volume system.

The pH range of 8-10 prevents the formation of HCN and CN™. Preliminary results
indicated that the temperature range (25 to 45 °C) and reaction time (8 to 24 min) are
inversely related, yielding a more convenient reaction time for the oxidation of WAD
cyanide and free cyanide.
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Table 3. The evaluation range for each process variable implemented in the experimental matrix for
the WAD and free cyanide oxidation with ozone injection.

Variable ) Value to Be Evaluated (Levels)
(Factors) Units Minimum Medium Maximum

03/0; flow SCFM 3 6 9

pH - 8 9 10

Temperature °C 25 35 45

NH4HSO; concentration kg/ton 1 1.5 2

Reaction time Minutes 8 16 24

SCFM—standard cubic feet per minute.

Table 4 reports the average oxidation percentage of WAD and free cyanide, based on
60 tests, grouped into sets of 10 samples. It can be observed that free cyanide oxidizes more
rapidly, with higher oxidation percentages, than WAD cyanide.

Table 4. Average oxidation percentage of WAD and free cyanide, grouped into sets of 10 samples.

Group of 10 Samples  Average Oxidized WAD CN™ [%]  Average Oxidized Free CN™ [%]

1 65.0555 £ 5.092 89.5088 £ 3.149
2 70.7480 £ 6.401 92.7790 £ 3.535
3 68.4090 £ 5.556 88.4700 £ 5.876
4 61.2150 £ 8.510 64.9540 £+ 7.576
5 65.8910 £ 8.092 81.0210 £+ 6.734
6 72.1350 = 10.101 88.1150 £ 4.891

Considering the average values reported in Table 4, free cyanide tended to oxidize
20% more under the optimal WAD cyanide oxidation conditions, reporting an average
value of oxidation of 84.1413% for free cyanide and 67.2423% for WAD cyanide.

To identify the process variable that most strongly contributes to oxidation, volumetric
plots were used to simulate the tendency of the variable towards cyanide oxidation.

The optimal values obtained for achieving 100% oxidation of WAD and free cyanide
fall within a 90% confidence range, as shown in the volumetric plots in Figure 3. These plots
display the interaction between O3/0O, flow, reaction time, and NH4HSOj3 concentration
for WAD cyanide oxidation, as well as the interaction between O3/0O, flow, reaction time,
and pH for free cyanide oxidation.

According to the color coding in Figure 3, more than 60% of WAD cyanide can be
oxidized with the maximum O3/0O, flow and reaction time. Combined with an NH;HSO;
concentration of over 1.8 kg/ton, it is possible to achieve more than 80% of WAD cyanide
oxidation. Free cyanide oxidation between 80% and 100% requires an intermediate O3/O,
flow, an intermediate reaction time, and a pH in the range of 8 to 9.2, indicating that a high
ammonium bisulfite concentration is not required for free cyanide oxidation.

These results suggest that it is necessary to maintain the maximum values in O3 /O,
flow, reaction time, and NH4HSO3 concentration, with a pH of 8 to 9, to obtain the maxi-
mum free cyanide oxidation and a satisfactory WAD cyanide oxidation during the first step.
It is possible to increase WAD cyanide oxidation by adding a second oxidation step before
sending the residual material to the dam, ensuring the minimum cyanide concentration
that could pose an ecological problem.
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Figure 3. (a) Volume graphs with pH = 10 and temperature of 25 °C indicate the oxidation percentage
of WAD cyanide, and (b) volume graphs with NH4HSO3 concentration of 1.0 and temperature of
25 °C for the oxidation of free cyanide.

Pareto diagrams for WAD and free cyanide oxidation show the order in which the
variables impact the cyanide oxidation percentage. Being the more significant variables for
the oxidation of WAD cyanide, the next order is as follows:

03/02 flow > time > [NH4HSO3] > pH > temperature

For free cyanide oxidation, and according to prioritization in the Pareto diagram, the
main variables follow the next sequence:

03/02 flow > time > pH > temperature > [NH4HSOs)|

3.2. Results in Surface Plots

The following series of graphs presents the oxidation response percentages of WAD
cyanide and free cyanide with respect to two main variables: ozone concentration against
O3/0, flow rate. The graph in Figure 4a shows that low ozone concentrations and a low
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WAD Cyanide oxidation [%]

100

Free cyanide oxidation [%]

100F

03/0, flow rate have a slightly adverse effect on WAD cyanide oxidation compared to free
cyanide oxidation (Figure 4b). However, at high ozone concentrations and high O3/0;
flow rates, the effect becomes slightly positive, with better oxidation conditions for WAD
cyanide approaching 80% and for free cyanide reaching approximately 90%.

WAD Cyanide
0-10

B 0-2

20-30
30-40

| 40-50

50 - 60

60-70
70-80
80-190

o ‘ B 000

- 5
a4 as 3%  0;/0, flow

Free Cyanide
0-10

B 0-2
20-30
30-40

S 0-%0

50-60

60-70
70-80

80-90
9

78 I o0-10

28 3.2 3 5% 0./0, fl
6 a4 a4 438 3/0, flow

(b)

Figure 4. (a) Plot of the effect of ozone concentration and O3 /O, flow on (a) WAD cyanide and (b) free
cyanide oxidation during 16 min of ozone injection, under a temperature of 35 °C for both cases.

The interaction effect between ozone concentration and pH for WAD cyanide oxidation
is minimal, as shown in Figure 5a. There is no significant change in oxidation levels
when ozone concentration is increased or decreased at higher or lower pH levels, with
an oxidation range of 60-70%. WAD cyanide oxidation does not depend directly on pH
variations; however, it is possible to increase the WAD degradation if the ammonium
bisulfite and copper concentration increase.
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Figure 5. Effect of ozone concentration and pH on the oxidation of (a) WAD and (b) free cyanide

during 16 min of ozone injections, under a temperature of 35° C for both cases.

In contrast, at low or high ozone concentrations and pH of 8 to 9.2, free cyanide
oxidation ranged from 80 to 90% (Figure 5b), where pH control is essential to maintain
thermodynamic equilibrium between HCN and CN ™.

The combined effect relationship between ozone concentration and temperature
(Figure 6a,b) exhibited a similar behavior to that observed between ozone concentration
and pH. The results showed no significant changes in WAD cyanide oxidation with the
increases or decreases in ozone concentration and temperature, maintaining an oxidation
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level of 60%. A slight rise in temperature between 41 and 45 °C reduces the oxidation

percentage to 50%.
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Figure 6. Effect of ozone concentration and temperature on the oxidation of (a) WAD and (b) free

cyanide, with a pH of 9 and time of ozone injection of 16 min for both cases.

Conversely, a higher percentage of free cyanide oxidation (80-90%) was observed with
increasing ozone concentrations at temperatures of 25-37 °C.

Increasing the temperature to 45 °C in both cases reduces the oxidation percentage for
WAD and free cyanide by approximately 10%.

An increase in ammonium bisulfite consumption of around 2 kg/ton slightly increased
the oxidation percentage of WAD cyanide to values around 70%, along with the high ozone
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concentration (Figure 7a). In contrast, the rate of free cyanide oxidation increased with
higher ozone and ammonium bisulfite concentrations (Figure 7b), reaching 80% and 90%
oxidation, indicating that a maximum concentration of ammonium bisulfite is necessary to
ensure WAD cyanide oxidation.

WAD Cyanide

0-10
= 10 - 20
-‘-’\-—100 20-30
5 30 - 40
= 80
R 40 - 50
x 60 50 — 60
@ g 60— 70
= 70 - 80
g 2 80— 90
a o0 90 — 100
§ 3

Free Cyanide

0-10
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9; 20— 30
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o
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g 70 — 80
< 80 — 90
&)
Q i
@ 90 — 100
-
L

(b)

Figure 7. Effect of ozone concentration and NH4HSO3 consumption on the oxidation of (a) WAD and
(b) free cyanide with a pH of 9, a temperature of 35 °C, and 16 min of ozone injection for both cases.
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Increasing ozonation time results in a corresponding increase in the oxidation percent-
age of WAD cyanide, reaching approximately 70% at low ozone concentrations (Figure 8a).
Free cyanide oxidation becomes more evident with an increasing reaction time, particularly
at high ozone concentrations, with oxidation percentages reaching 90% (Figure 8b). The ox-
idation time determines the reaction kinetics, independent of ozone concentration. Greater
reaction time results in higher oxidation percentages of free cyanide than of WAD cyanide.

WAD Cyanide
0-10
= o . 20-30
2 _ ] 30 - 40
= : B -
X g /L////////////// e - ] 5060
[ Y Sl 7 i e o i |
LT . 60 - 70
c . ] 70-80
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; B a8 3.6 g 12 i i
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Figure 8. Effect of ozone concentration and ozone injection time on the oxidation of (a) WAD and
(b) free cyanide with a pH of 9.0 and a temperature of 35 °C, for both cases.

https://doi.org/10.3390 /mining6010009


https://doi.org/10.3390/mining6010009

Mining 2026, 6,9

15 of 19

In the following sequence of graphs, the O3/0O; flow was constant against ozone
concentration, pH, temperature, NH4HSO3 concentration, and reaction time.

Based on the results of all combinations established in the experimental matrix, Table 5
presents the estimated optimal values for the oxidation of WAD and free cyanide. The
optimal values for O3/0O; flow, temperature, and ozone injection time are the same for
WAD and free cyanide. However, the optimal pH and NH4HSOj3 concentration differ for
WAD cyanide oxidation (10 and 2, respectively) compared with those for free cyanide
oxidation (8 and 1, respectively).

Table 5. Estimated optimal values for WAD cyanide and free cyanide oxidation.

Optimal Values for WAD  Optimal Values for Free

Factor Low High Cyanide Oxidation Cyanide Oxidation
[Ozone] Volts 2.8 4.8 2.8 2.8
03/0; flow SCEM 3.0 9.0 9.0 9.0
pH 8.0 10.0 10.0 8.0
Temperature °C 25.0 45.0 25.0 25.0
[NH4HSO3] kg/ton 1.0 2.0 2.0 1.0
Time (minutes) 8.0 24.0 24.0 24.0

The volume graphs, shown in Figure 3, clearly represent the estimated optimal values
for WAD and free cyanide oxidation. The volume corresponding to the maximum oxidation
value of free cyanide is greater than that of WAD cyanide oxidation. However, in both cases,
oxidation values above 70% are achieved, allowing for optimal WAD cyanide oxidation to
achieve maximum oxidation for both cyanide types.

4. Discussion

The mining industry can contaminate water sources with cyanide, forming free
cyanide, the most toxic form, at pH 9.3-9.5, where the anion (CN ™) and hydrogen cyanide
(HCN) are in thermodynamic equilibrium. The free cyanide concentration that lethally af-
fects the flora and fauna is 20-100 pg/L [18]. The World Health Organization recommends
a maximum concentration of 0.5 mg/L to affect humans; however, the severity of effects
depends on exposure duration and can include tremors and neurological effects [18].

The dissociation of WAD cyanide includes the free cyanide (HCN/CN™) and the metal-
cyanide complex at high- or low-acid conditions, depending on whether it corresponds
to a strong or weak complex; however, the complex dissociation is accomplished by the
release of free cyanide [19].

The WAD and free cyanide oxidation are promoted by the presence of free radicals
(HO, HOO), when ozone is present, thereby contributing to the slow formation of cyanate
(CNO™), a non-toxic compound [20].

The average oxidation percentages of WAD and free cyanide were 67.2423% and
84.1413%, respectively.

The optimal values of the O3/0; ratio, temperature, and reaction time could be
maintained constant, thereby favoring the oxidation of both cyanide species.

A pH of 10 and an ammonium bisulfite concentration of 2 kg/ton corresponded with
the optimal values for WAD cyanide oxidation.

As shown in Table 6, temperature and pH have a low impact on the oxidation of WAD
cyanide; however, ammonium bisulfite, ozone flow rate, and reaction time significantly
affect the reaction kinetics. The high concentration of ammonium bisulfite, maximum
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03/0, flow, and reaction time offer the possibility to improve the WAD cyanide oxidation
percentage, and, with the correct proportion of copper-like catalyst, obtain near 90%
of degradation.

Table 6. The effect of the main variables on the oxidation of WAD and free cyanide.

Variable
(Factors)

(flow ar) LiL) LLJ
pH e LL}
emperatue 3 Tl
concentontion LI 33
Reaction fime 40 1

“—high impact; u—low impact.

On the other hand, temperature and ammonium bisulfite concentration are not sig-

WAD Cyanide Free Cyanide

nificant for the oxidation of free cyanide, indicating that ozone flow, pH, and reaction
time are essential to prevent hydrogen cyanide formation and to achieve maximum free
cyanide degradation (approximately 90%). Specifically, regarding temperature and ozone
performance, the literature indicates that ozone solubility in aqueous solutions decreases
considerably above 25 °C, which may be one reason for the observed reduced performance.
In addition, pH is a significant factor, as hydronium ions can promote ozone decomposition,
leading to less efficient oxidation at basic pH values [5,6].

pH is a relevant factor in maintaining thermodynamic equilibrium between the for-
mation of HCN and CN™ and in improving free cyanide oxidation; however, it is not
fundamental for WAD cyanide oxidation.

The statement regarding the two-stage oxidation of WAD cyanide is based on a
mechanistic interpretation rather than on experiments conducted exclusively at alkaline pH.

In the present study, all experimental work was intentionally performed under al-
kaline conditions (pH 8-10), which are industrially relevant and necessary to prevent
HCN volatilization. As shown in the volumetric and surface plots (Figures 3-8), the high-
est percentages of free cyanide oxidation were consistently observed at pH values near
8, confirming that free cyanide oxidation is kinetically favored under these conditions.
However, WAD cyanide oxidation remained lower because, at alkaline pH, the dissocia-
tion of metal-cyanide complexes is limited, reducing the availability of free cyanide for
subsequent oxidation.

Table 6 shows the correlations between the main factors and the high- or low-impact
effects on WAD and free cyanide oxidation, showing that the temperature and pH have a
low impact on WAD cyanide oxidation. On the other hand, temperature and ammonium
bisulfite concentration demonstrated a low impact on free cyanide oxidation.

Ozone solubility in aqueous solutions decreases considerably above 25 °C, which
could be one of the reasons for the reduced performance observed. In addition, pH is a
significant factor, as hydronium ions can promote ozone decomposition, resulting in less
efficient oxidation at basic pH values [9,10].
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Mechanisms responsible for the observed trends are not studied in this work and
could be further investigated in a future publication, given the many variables in this study.

5. Conclusions

Based on 60 experimental tests using a factorial design of the main variables in the
ozone oxidation process, it was confirmed that free cyanide is oxidized to a greater extent,
achieving an average oxidation of 84.1413% compared with WAD cyanide, which reported
an average oxidation of 67.2423%. The oxidation of WAD cyanide requires two stages,
considering that the dissociation of metal-cyanide complexes requires acidic pH conditions
in the first stage to produce the free cyanide, which reduces the oxidation kinetics of
WAD cyanide at pH values of 8, where the highest percentage of free cyanide oxidation
was obtained.

To facilitate decision-making, the order in which process variables impact WAD
cyanide and free cyanide oxidation is as follows:

For WAD cyanide oxidation,

Flow of O3/02 > time > NH4HSO3 > pH > temperature
For free cyanide oxidation,
Flowof O3/02 > time > pH > temperature > NH4HSO3

It is confirmed that pH ranks fourth in terms of impact on WAD cyanide oxidation at
alkaline pH, whereas pH for free cyanide oxidation ranks third.

Ozone concentration, correlated with the O3/O; flow rate and time, is the primary
factor in the oxidation of both WAD cyanide and free cyanide.

The ozone molecule (O3) primarily reacts with free cyanide to form cyanate (CNO™),
and its reaction with HCN is minimal. Therefore, it is recommended to reduce HCN
levels by operating at high pH in the final stages of the process. The dissociation of the
metal-cyanide complex to produce free cyanide allows for the formation of free radicals
(HO-, HOO:-), where both free cyanide and radicals contribute to the oxidative destruction
of cyanide.

Although the ozonation reaction of free cyanide to cyanate is relatively slow, the six
variables studied in the following order: ozone concentration, O3/0O, flow rate, pH, tem-
perature, NH;HSO; concentration, and time, positively affect the oxidation of free cyanide.

Working at the recommended optimal WAD cyanide oxidation values also enables
free cyanide to reach 90%.

The reference to acidic pH is therefore conceptual and reflects well-established cyanide
chemistry, in which the dissociation of WAD metal-cyanide complexes occurs more readily
under mildly acidic conditions, generating free cyanide that can then be efficiently oxidized.
Our experimental results indirectly support this interpretation by showing that, although
free cyanide oxidation is maximized at pH ~ 8, WAD cyanide oxidation is kinetically
constrained under these conditions, thereby justifying the need for a two-stage approach.
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