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ABSTRACT

The extraction process of gold and silver by cyanidation generates large amounts of 
effluent which also contain contaminants such as cyanide and significant metal values 
such as copper. This paper presents the results of the removal and recovery of cop-
per from ozonation treatment of a residual aqueous cyanide. The residual solution 
was treated by ozonation-precipitation to obtain a precipitate of copper. From this, 
copper nanocomposites obtained by Pechini modified sol-gel method were obtained. 
The compounds obtained were characterized by XRD, showing a dependence of the 
type of compounds formed over time of ozonation and heat treatment of the gel. The 
particle size was measured by SEM and calculated by the Scherrer equation, being 
between 50 and 120 nm.
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RESUMEN

El proceso de extracción de oro y plata por cianuración genera grandes cantidades de 
efluentes que contienen, además de contaminantes como el cianuro, valores importantes 
de metales, como el cobre. En este trabajo se presentan los resultados de la remoción y 
recuperación de cobre a partir del tratamiento por ozonización de una solución acuosa 
residual de cianuración. La solución residual fue tratada por ozonización-precipitación 
para obtener un precipitado de cobre. A partir de este precipitado se obtuvieron nano-
compuestos de cobre por el método de sol-gel modificado de Pechini. Los compuestos 
obtenidos fueron caracterizados por difracción de rayos X, en los que se observó una 
dependencia del tipo de compuestos formados con el tiempo de ozonización y el trata-
miento térmico del gel. El tamaño de partícula fue medido por microscopía electrónica de 
barrido y calculado por la ecuación de Scherrer, con un resultado de entre 50 y 120 nm.
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INTRODUCTION

Cyanide has been widely used as an essential ma-
terial in several industries including textile, plastics, 
paints, photography, electroplating, agriculture, food, 
medicine and mining/metallurgy. Because of its high 
affinity for gold and silver, cyanide is able to selec-
tively dissolve or leach these metals from ores. This 
is called ‘‘cyanidation’’ process (Habashi 1966, Rubo 
et al. 2006). After gold and silver are extracted from 
a cyanide solution, wastewater or process solutions 
may contain three principle types of cyanide com-
pounds: free cyanide, weakly complexed cyanide and 
strongly complexed cyanide. Cyanide forms ionic 
complexes with metals (e.g. Fe, Cu, Zn). Stability 
of cyanide-metal complexes may vary depending 
on the type of metal. Weak acid dissociable Cu and 
Zn complexes are relatively unstable (Ministry of 
Environment Ontario 2013). Cyanide in effluents 
resulting from gold mining is known to be the prime 
candidate for treatment. However, according to many 
studies, ammonia, suspended solids and copper are 
identified as the most important contaminants in 
gold mining effluents rather than cyanide (Mudliara 
et al. 2009). Then, gold mining effluents can be an 
important source of valuable metals. 

Many methods have been investigated to cyanide 
destruction and metal recovery. In this work, ozone 
is used with this purpose. Ozone, as a strong oxidiz-
ing reagent has been used to destroy cyanide. Ozone 
is generated on-site typically by the silent electrical 
discharge method. One advantage is the ability of 
ozone to destroy zinc, copper and nickel cyanide 
complexes, obtaining metallic hydroxides or oxides 
precipitates (Mudliara et al. 2009). In this context, 
the present study is focused in obtaining copper 
oxide nanoparticles from gold mining effluents by 
a combination of two techniques: ozone oxidation-
precipitation and Pechini modified sol-gel method.

Particularly, nanoparticles have been the subject 
of intense scientific and technological research due to 
their interesting size-dependent physicochemical and 
optoelectronic properties, and consequently exciting 
application potential in many important fields of sci-
ence and technology as sensors, electrochemical cells, 
optical devices and catalysts (Kakihana 1996, Ren et 
al. 2009, Theivasanthi and Alagar 2011). Moreover, 
one of the most important challenges is the compre-
hensive utilization of waste to obtain metal values us-
ing methods and techniques that demand less energy 
consumption, environmentally friendly and economi-
cally favorable (Segal 1997). The oxides of transition 
metals are an important class of semiconductors, 

which have applications in magnetic storage media, 
solar energy transformation, electronics and catalysis. 
Among the oxides of transition metals, copper oxide 
nanoparticles are of special interest as a less expen-
sive alternative (Lanje et al. 2010). The research 
rapidly turned towards amorphous materials based 
on dispersed CuO due to their better hydrothermal 
and mechanical stability. Copper-based catalysts 
have been reported to have a superior performance 
in hydrogenolysis of glycerol (Huang et al. 2009), 
hydrogen production by methanol (Gadhe and Gupta 
2007) and the reduction of nitrogen oxides (NOx) 
with reducing species (hydrocarbon) in high oxidant 
atmosphere (Bennici et al. 2003).

In our study, Pechini modified sol-gel method 
was used to obtain the nanoparticles. In this method, 
a solution of metal-organic compounds (such as 
metal alkoxides) is used to form a gelled material, 
a network of polymer chains formed by hydrolysis 
and condensation reactions (Rahaman 2007). This 
polymeric precursor method is one of the ways of 
obtaining catalysts with a high degree of dispersion 
and uniform component distribution (Gvishi 2009). 
This method was initially intended for the synthesis 
of oxide ceramics in electronic applications, but 
later it found wide use in the syntheses of catalytic 
materials, as copper oxides (Potemkina et al. 2010).

MATERIALS AND METHODS

Industrial gold mining effluents samples (free 
CN–, 700 mg/L; Cu, 626.7 mg/L; Zn, 5.58 mg/L; Fe, 
3.16 mg/L; pH, 11; 20 ºC) were placed in a type-col-
umn ozonation reactor and then oxidized with ozone 
(produced by L-22 Pacific Ozone generator) in order 
to remove cyanide. Experiments were performed at 
constant ozone flow rate of 1 g O3/h during different 
ozonation times. After ozone oxidation and subse-
quent solid-liquid separation, metallic nanoparticles 
were synthesized using the sol-gel method. Citric 
acid (CA) and ethylene glycol (EG) obtained from 
the ozonized solution were added to the solids (previ-
ously dried) using a molar ratio CA:EG of 1:4. Solu-
tion was heated in a hot plate at constant agitation to 
evaporate the excess of water. A dark green transpar-
ent gel was obtained after concentrating the solution 
by slow evaporation. This gel was then dried in air 
at 140 ºC for 24 h, finely ground in an agate mortar, 
and burnt at temperatures from 400, 600 and 800 ºC 
in air for 15 min in a tube furnace. Figure 1 shows 
a schematic experimental setup, indicating where 
citric acid and ethylene glycol (CA-EG) is added. 
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The heat-treated samples were characterized by X-ray 
diffraction (XRD) in a Siemens D-5000 diffractom-
eter operated at 25 mA and 35 kV. Experiments were 
carried out in the 2θ range of 20 to 55 º at a step size of 
0.02 degrees. Characterization by scanning electron 
microscopy (SEM) with energy dispersive scanning 
(EDS) was done in a Hitachi S-5500 microscope 
operated from 10.2 to 10.5 A and 20 KV. 

RESULTS AND DISCUSSION

Figure 2 shows the results of X-ray diffraction 
obtained in samples ozonized during 6, 11 and 25 min 
and finally heat treated in air at 400 ºC for 15 min. 
Characteristic peaks of ZnO are observed for all of the 
oxidation times in the cyanide solution investigated. 
The presence of metallic Cu is observed in samples 
obtained at ozonation time values of 11 and 25 min. 
These results suggest that the ozonation time in cya-
nide solutions has a significant effect on the resulting 
species-type causing variations in the peaks intensi-
ties of the species present in samples synthesized by 
sol-gel. Nevertheless, the final species depended on 
the heat treatment conditions. 

The reactions occurring during treatment are 
explained below. The ozonation of cyanide solution 
occurs according to the following reaction. Gibb´s 
free energy at 20 ºC was calculated from Outokumpu, 
HSC Chemistry® for Windows 2002 software (Roine 
2002):

Oxidation of free cyanide, CN-:

CN– + O3 = CNO– + O2 DGº = –443.2 KJ (1)

Oxidation of metal cyanide complex:

Zn(CN)4
2– + 4/3O3(g) = Zn2+ + 

   4CNO– DGº = -1121.5 KJ (2)

Cu(CN)4
3- + 4/3O3(g) = Cu+ + 

   4CNO- DGº = -1125.6 KJ (3)

Precipitation. Due to high pH solution (pH > 10), 
the metal ions could precipitate as hydroxide once 
the oxidation time for all free cyanide and cyanide 
complexes is reached. However, metal ions can 
precipitate as oxides due to continuous addition of 
ozone, according to the following equations:

Zn2+ + 2/3O3(g) + 2OH– = 
  ZnO + H2O + O2(g) DGº = –202.4 KJ (4)

2Cu+ + 1/3O3(g) + 2OH– = 
  2CuO + H2O DGº = –332.7 KJ (5)

In the case of copper (major presence), the oxides 
precipitation can be confirmed by the precipitates 
colorations: during ozonation a first blue precipitate 
appears. Later the precipitate turns to brown and 
finally to dark color. These colors emerge according 
to copper transformations: of copper (I) hydroxide 
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Fig. 1. Schematic experimental setup. Citric acid (CA) and 
ethylene glycol (EG)
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Fig. 2. X-ray diffraction patterns from samples oxidized in dif-
ferent ozonation times, synthesized by sol-gel and a heat 
treatment of 400 ºC under air atmosphere
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(blue) to copper (I) oxide (brown) and, finally, copper 
(II) oxide (dark) due to continuous ozonation.

In the sample with the shortest ozone injection 
time (6 min), the presence of copper is not detected 
by XRD because the oxidation of cyanide solution 
starts with the decomposition of the most weak metal 
cyanide complex, in this case Zn(CN)4

2– (stability 
constant, log K25ºC = 19.6; Smith and Martel 1976, 
Gerhardts 1987). Apparently, in the first six minutes 
of the ozone oxidation treatment, the time is not 
sufficient to obtain a significant amount of the cop-
per cyanide complex by decomposition. Only zinc 
is precipitated and quickly oxidized by ozone. On 
the other hand, the intensity of peaks for metallic 
Cu is higher in samples with longer oxidation times 
(11 and 25 min). The latter is due to the decomposi-
tion of a higher amount of copper cyanide complex, 
Cu(CN)4

3– (log K25ºC = 23.1; Smith and Martel 1976, 
Gerhardts 1987) and copper oxide precipitation, ac-
cording to equations 3 and 5. 

Afterwards these precipitates are dissolved, re-
duced or complexed to form poly-chelates between 
the C=O ligands of citric acid (CA) and metal ions. 
In the Pechini method (Bennici et al. 2003), the 
chelate undergoes polyesterification while heating 
with a polyfunctional alcohol like ethylene glycol 
(EG). In the modified Pechini method (combination 
of the traditional Pechini and the citrate method) the 
chelating process takes place during the evaporation 
of the precursor solution containing metallic salts and 
CA-EG. Furthermore, air heating produces a dark 
viscous resin and a rigid transparent vitreous gel. 

 The presence of Cu in metallic state observed in 
figure 2 at 11 and 25 min during the heat treatment 
at 400 ºC indicatees that heat treatment temperature 
is insufficient to complete the combustion of organic 
matter (from citric acid and ethylene glycol). Then, 
the reducing atmosphere generated during the heat 
treatment at 400 ºC is sufficient to the reduction 
of copper oxide at copper zero-valent, according 
to equation 6. However, these conditions are not 
thermodynamically sufficient to reduce the ZnO, as 
indicated in equation 7:

CuO + C = Cu + CO(g) DGº400ºC = –76.8 KJ (6)

ZnO + C = Zn + CO(g)
 DGº400ºC = +111.85 KJ (7)

The average particle size calculated from the 
data of XRD (sample treated with 25 min ozonation 
and heat treatment at 400 ºC and 15 min) using the 
Scherrer equation variess from 20 to 90 nm. Scherrer 

equation is represented by the following equation 
(Monshi et al. 2012):

D = Kl/bCosq (8)

In Scherrer’s formula, D = mean particle diameter, 
K is the shape factor (K = 0.9), l is the x-ray wave-
length (l = 0.15417 nm), β is the line broadening 
(full width) at half the maximum intensity (FWHM) 
in X-ray spectrum (radians), and q is the Bragg angle.

Figure 3 shows a SEM photomicrography of 
sample treated with 25 min ozonation and heat treat-
ment of 400 ºC for 15 min, where spherical particles 
have a size between 50 and 130 nm. The EDS analysis 
obtained in in a specific particle (Table I) and the 
respective qualitative elemental mapping confirm that 
particles consist mainly of a mixture of particles of 
Cu metallic and Cu oxides. Cu particles are deposited 
in organic material (from CA-EG partially burned). 
This result is in accordance with the initial chemical 
analysis and with the XRD results: the synthesized 
nanoparticles obtained at 400 ºC heat treatment are 
predominantly Cu metallic.

When the heat treatment is performed at 800 ºC all 
organic matter is consumed and the oxygen presence 
(air atmosphere in chamber furnace) is sufficient to 
oxidize the copper (Fig. 4). Furthermore, the intensity 
of peaks corresponding to CuO increases, while those 
of metallic Cu phase disappear. 

Then, ozonation time is important to obtain suf-
ficient metal values and to destroy the dangerous 
cyanide, making safe the subsequent sol-gel process. 
Obviously, the gold mining effluent sample used in 
this work is rich in copper, while the other metals (Zn, 
Fe) are present in very low amounts. However, the 
knowledge of the chemical reactions of complexes 
oxidation, stability constants and oxidation-reduction 
reactions during air dried and heat treatment permits 
to set up adequate operation conditions to obtain 
metal (or metal oxides), micro or nanoparticles 
selectively.

CONCLUSIONS

According to the experimental results, an oxida-
tion treatment with ozone at alkaline pH allows the 
oxidation of cyanide in the cyanide solution used in 
this work. The pH > 10, cyanide and Cu amounts in 
the industrial gold mining effluent indicate that Cu 
is present in cyanide complexes Cu (CN)4

3–. Zinc is 
also in solution as Zn (CN)4

2–. During the oxidation 
with ozone, both cyanide complexes are oxidized to 
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CuO and ZnO, respectively. Iron, another element in 
the effluent, forms a strong cyanide complex that is 
not easily destroyed by ozone. Precipitates obtained 
from oxidized solutions are subsequently complexed 
with citric acid and ethylene glycol to obtain a sol-gel, 
which is thermally treated.

From effluent chemical analysis, the amount of 
Cu is about 100 times higher than zinc. This implies 
a greater number of XRD peaks associated with Cu 
or CuO. The presence of metallic Cu in samples 
thermally treated in air at 400 ºC is justified by the 
incomplete combustion of polymeric material that 
generates a reducing atmosphere. When the heat 
treatment is performed at 800 ºC, all polymeric 
material is consumed and the presence of oxygen 
(air atmosphere in chamber furnace) is enough to 
oxidize the Cu. Furthermore, the intensity of peaks 

corresponding to CuO increases, while those of metal-
lic Cu phase disappear as the temperature is increased 
at 800 ºC. Although the diffraction results indicate the 
presence of ZnO, its quantity is smaller than 1 % w/w. 

TABLE I. ENERGY DISPERSIVE SCANNING ANALYSIS 
(CORRESPONDING TO FIG. 3) FOR SAM-
PLE TREATED WITH 25 MIN OZONATION, 
SYNTHESIZED BY SOL-GEL AND HEAT 
TREATMENT AT 400 ºC FOR 15 MIN

Element C norm (wt. %) Error (wt. %)

Cu 75.04 0.9
O 24.96 1.7
Total 100

UTSA 30.0kV 0.0mm x22.0k SE 2.00um

0.1259 µm

O-KA

Cu-KA
0.09020 µm

Fig. 3. Scanning electron microscopy photomicrograph and mapping of sample treated with 25 min ozonation, 
synthesized by sol-gel and heat treatment at 400 ºC for 15 min. Area with white lines in the micrograph 
corresponds to the energy dispersive scanning analysis from Table I. Cu-KA = Cu-Kalpha, O-KA = 
OK alpha (principal energy level, KeV)

Fig. 4. X-ray diffraction patterns from samples oxidized in dif-
ferent ozonation times, synthesized by sol-gel and a heat 
treatment of 800 ºC under air atmosphere
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SEM results confirm the presence of Cu as metal or in 
oxidized state, although a major control is necessary 
to obtain small size nanoparticles. As conclusion, at 
400 ºC and 800 ºC, relative good pure Cu metallic and 
CuO nanoparticles, respectively, could be obtained 
from ozonated Cu-rich gold mining effluents by the 
Pechini modified sol-gel method. 

This preliminary work shows the possibility of us-
ing industrial wastewater as low-cost raw material to 
obtain high-value compounds, as metallic and oxide 
metal nanoparticles. In this case, the combination 
of the two methods, (ozonation and sol-gel synthe-
sis), represents a low-cost alternative for obtaining 
nanoparticles from industrial gold mining effluents.
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