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ABSTRACT

This paper is a brief overview of the role of inducing the nucleated electro winning of copper by using iron electrodes in
electrocoagulation (EC) process. Cyanide compounds are widely used in gold ore processing plants in order to facilitate
the extraction and subsequent concentration of the precious metal. Owing to cyanide solution employed in gold proc-
essing, effluents generated have high contents of free cyanide as well as copper cyanide complexes, which lend them a
high degree of toxicity. In this regard, two options for the treatment of cyanide barren solutions has been used; in two
ways; first for cyanide destruction by oxidation with the use of the EC process, in theory, has the advantage of decom-
posing cyanide at the anode and collecting copper simultaneously by a sludge of copper magnetic iron. In both cases
excellent performance can be achieved using the high capacity of the bipolar iron EC technology. We found that it is

possible to reduce the copper cyanide complex from 720 mg-1™" to below 10 mg-1™" within 20 minutes.
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1. Introduction

Due to the dwindling resources of simple cyanide ex-
tractable gold deposits, a large proportion of the gold
processed in the 21st century will be recovered from
complex gold ores, many of which will contain soluble
copper minerals. It has been estimated that about 20% of
all gold deposits have significant copper mineralization
commonly associated with chalcopyrite, tetrahedrite,
tennantite, enargite as well as bornite and chalcocite in
certain ores [1]. It has also been found that the majority
of copper minerals including copper oxides, carbonates,
sulfides (with the exception of chalcopyrite) and native
copper are highly soluble in cyanide solutions [2]. These
copper containing minerals are problematic because,
when ores containing such minerals are leached with
cyanide to recover the gold, copper also dissolves to
form stable copper cyanide complexes. The dissolution
of copper consumes a substantial quantity of cyanide and
thus, if not recovered imposes a significant financial cost
on the gold mine. The presence of copper also causes
other problems such as competition with gold to adsorb
on carbon unless a sufficient free cyanide concentration

“Corresponding author.

Copyright © 2013 SciRes.

is maintained, depletion of gold electrowinning cell effi-
ciency, and gold losses by cementation onto certain cop-
per minerals. Ores containing greater than 0.5% reactive
copper may be generally considered uneconomical to
process via conventional cyanidation due to the high re-
agent cost. Therefore, it is necessary to reduce the amount
of copper, especially in leaching circuits, in order to in-
creases the dissolution of gold and silver, to achieve this
goal it is possible to remove the copper from barren solu-
tion after Merril-Crowe process using the electrocoagula-
tion process (EC). This process can be interesting for the
copper cyanide removal from processed solutions after
the Merrill Crowe process, also has low cost of operation
and investment.

2. Copper Cyanide Chemistry

The major challenges to the processing of gold-copper
ores using cyanidation is that of the high cyanide con-
sumptions that are typically experienced, along with ef-
fective control of the leach, particularly when there is
variable cyanide-soluble copper in the ore. It is widely
accepted that gold dissolution in cyanide solutions occurs
as sequence of two reactions shown in Equations (1) and
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(2), Elsner’s equation shows that oxygen is critical for
the dissolution of gold.

2Au+4NaCN+0O, +2H,0 —»

1
2Na[ Au(CN), |+2NaOH + H,0, M

2Au+4NaCN +H,0, — 2Na[ Au(CN), |+2NaOH (2)

The stoichiometry of the process shows that 4 moles of
cyanide are needed for each mole of oxygen present in
solution. At room temperature and standard atmospheric
pressure, approximately 8.2 mg of oxygen are present in
one liter of water. This corresponds to 0.27 x 10~ mol/L
accordingly, the sodium cyanide concentration (molecu-
lar weight of NaCN = 49) should be equal to 4 x 0.27 x
107 x 49 = 0.05 g/L or approximately 0.01%. This was
confirmed in practice at room temperature by a very di-
lute solution of NaCN of 0.01% - 0.5% for ores, and for
concentrates rich in gold and silver of 0.5% - 5% [3].
Also, lime is added to keep the system at an alkaline pH
of 10.5 - 11.0. Other factors affecting gold leaching ki-
netics are grain size, agitation speed, temperature, pres-
sure, foreign ions and cyanicides.

Free cyanide exists as the uncomplexed cyanide ion,
CN’, and molecular hydrogen cyanide, HCN. These spe-
cies are related by the acid dissociation of HCN:

HCN,,, =CN™ +H’ 3)

The concentration of free cyanide is the sum of the
CN and HCN concentrations, and the equilibrium dia-
gram shown in Figure 1 illustrates the distribution.

This figure shows the proportions of free cyanide as
CN', and HCN as a function of pH at 25°C. At pH values
below 7, cyanide is predominantly present as the un-
ionized HCN molecule, which is easily volatilized be-
cause of its high vapor pressure. The equilibrium is dis-
placed in favor of cyanide ion formation at pH values
above 7.
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Figure 1. Equilibrium distribution diagram for cyanide as a
function of pH.
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Hydrogen cyanide (HCN), also known as hydrocyanic
acid, is a colorless gas or liquid with a boiling point of
25.7°C, a vapor pressure of 100 kPa at 26°C and Henry’s
Law constant of 6.4 atm/mole [4], this makes HCN very
volatile. Thus, low pH, high temperature, low pressure,
and intimate contact with air, all tend to increase the rate
of dissipation of cyanide from solution as hydrogen cya-
nide. In addition to free cyanide, other complexes such as
the metal cyanide complexes formed with gold, silver,
copper, nickel, iron and cobalt must be considered.

In cyanidation plants all around the world, the concen-
tration of cyanide used to dissolve gold in ores is typi-
cally higher than the stoichiometric ratio, due to the
solubility of other minerals. Free cyanide produces com-
plexes with several metallic species, especially transition
metals, which show a broad variation in both stability
and solubility. Many common copper minerals are solu-
ble in the dilute cyanide solution under typical of leach
conditions found in the gold cyanidation process. Miner-
als such as azurite and malacite, are rapidly leached and
are soluble in dilute cyanide solutions.

Enargite and chalcopyrite leach more slowly but are
sufficiently soluble to cause excessive cyanide loss and
contamination of the pregnant leach solutions. In reac-
tions in aqueous solutions the cupric ion is rapidly con-
verted to cuprous form and then copper forms a series of
extremely stable soluble complexes in cyanide such as:

Cu”+CN™ =CuCN @)
CuCN+CN™ =Cu(CN); (5)

Cu(CN), +CN~ =Cu(CN); (6)
Cu(CN). +CN =Cu(CN); )

Under typical gold cyanidation conditions Cu(CN);”

has been shown to be the dominant species from the Eh-
pH diagram for the copper-cyanide-water system [4,5].
The high consumption of cyanide during the cyanidation
of copper-gold ores is due to the fact that copper forms
complexes of high coordination numbers with cyanide
(Reaction 3 to 6), Cu(CN)i_ in particular. Therefore,
hydrometallurgical treatment of these ores by cyaniding
as a rule gives rise to a series of difficulties associated
with increase in the cyanide consumption and decrease in
the dissolution rate of gold and silver, and in the cemen-
tation process. This precipitate is of low quality, because
the copper is precipitated along with gold and silver, re-
sulting in a higher consumption of zinc dust, fluxes in the
smelting of the precipitate and shorter life for crucibles.
In this regard a study is proposed to remove copper
cyanide ions with, a very promising electrochemical treat-
ment technique, which does not require chemical addi-
tions. This process is electrocoagulation (EC). The EC
process operates on the principle that coagulation of cop-
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per cyanide ions from barren solutions from the Merrill-
Crowe process is caused by the combined effects of elec-
trolysis gases (H, and O,) and the electrolytic production
of cations from the iron anodes that corrode during elec-
trolysis.

3. Electrocoagulation Fundamentals

The EC process operates on the principle that the cations
produced electrolytically from iron and/or aluminum
anodes enhance the coagulation of contaminants from an
aqueous medium. Electrophoretic motion tends to con-
centrate negatively charged particles in the region of the
anode and positively charged ions in the region of the
cathode. The consumable, or sacrificial, metal anodes are
used to continuously produce polyvalent metal cations in
the vicinity of the anode. These cations neutralize the
negative charge of the particles carried toward the anodes
by electrophoretic motion, thereby facilitating coagula-
tion. In the flowing EC techniques, the production of
polyvalent cations from the oxidation of the sacrificial
anodes (Fe and Al) and the electrolysis gases (H, and O,)
works in combination to flocculate the coagulant materi-
als [6], the gas bubbles produced by the electrolysis carry
the pollutant to the top of the solution where it is concen-
trated, collected and removed. Figure 2 illustrates the
schematic diagram of the process.

Generally, in the EC process bipolar electrodes are
used. Pretorius [7] and Mameri [8] have reported on the
use of cells with bipolar electrode arranged in series.
These cells, operated at relatively low current densities,
produce iron or aluminum coagulant in a more effective,
fast and economical manner when compared to chemical
coagulation. The savings result from a reduction in the
time necessary for the treatment and an increase in the
anodic area improved the efficiency of the electrolysis
[7,8]. An electrocoagulation cell with bipolar electrodes
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Figure 2. Schematic diagram of the EC process.
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connected in series is shown in Figure 3. The inner elec-
trodes are bipolar, that is they carry both positive and
negative charges on opposing faces. These charges de-
velop on the electrode surfaces and are opposite in sign
of the charge carried by the parallel electrode surface
(refer to Figure 3). During electrolysis the positive side
of these bipolar electrodes undergoes anodic reactions,
while on the negative side, cathodic reactions occur.

The released ions neutralize the charge of the particles
and thereby initiate coagulation. The bipolar arrangement
reduces the time needed for the treatment due to the in-
crease in surface area mentioned above. This arrange-
ment also has the practical advantage of simplified set-up
in that only two monopolar electrodes are connected to
the electric power source with no interconnections be-
tween the inner bipolar electrodes.

The Chemical Reactions of the
Electrocoagulation Process

The chemicals reactions that have been proposed to de-
scribe the mechanism of EC for the production of Hy,
and OH", (cathode) and H*(ac) (anode) [9] are:

Fe - Fe** +3e” (8)

Fe(OH), + H,0 <> Fe(OH), + H )

H'+2¢” & H,, ) (10)

Fe(OH), +¢ «>Fe(OH), (11)

Fe(OH), , +H,0 > Fe(OH), +H* (12)
POWER SOURCE

Figure 3. A schematic representation of a bipolar electroco-
agulation cell and the equivalent electrical circuit (resistors
reflects electrode surfaces).
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Fe(OH), <—>Fe(OH)3(aq) +e (13)
Overall reaction.
6Fe+(12+x)H,0 < %(12 —x)Hy, T

+XFC(OH)3 -(6—X)Fe(OH)2(S)
(14)

The pH of the medium usually rises as a result of this
electrochemical process and the Green Rust formed

[xFe(OH)3*(6—X)Fe(OH)2(S)] remains in the aque-

ous stream as a gelatinous suspension, which can remove
the gold and silver from pregnant cyanide rich solutions,
either by complexation or by electrostatic attraction fol-
lowed by coagulation and flotation.

Formation of rust (dehydrated hydroxides) occurs a
while after the process, as shown in the following:

2Fe(OH), <> Fe,0, +3H,0 (hematite) 15)
Fe(OH), > FeO +H,0 (16)

2Fe(OH), +Fe(OH), <> Fe,0, +4H,0 (magnetite) (17)
Fe(OH), <> FeO(OH)+H,O (goethite, lepidocrocite) (18)

A schematic representation of these reactions in an EC
process, using iron electrodes, is shown in Figure 4. As
mentioned above, the gas bubbles produced by electroly-
sis carry the copper along with the sludge to the top of
the solution where it is collected and removed [10]. How-
ever, it is the reactions of the metal ions that enhance the
formation of the coagulant. The metal cations are hydro-
lyzed, releasing hydrogen ions that result in hydrogen
evolution at the cathode, to yield both soluble and in-
soluble hydroxides that will react with or adsorb copper
from the cyanide solution and also contribute to coagula-
tion by neutralizing the negatively charged colloidal par-
ticles that may be present at neutral or alkaline pH.
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Green Rust precipitate ——
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Figure 4. An illustration of the EC mechanism (arrow indi-
cate the migration of ions, the H, evolution and the forma-
tion of green rust).
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This enables the particles to approach closely and ag-
glomerate under the influence of Van der Waals attract-
tive forces. The pH of the medium rises as a result of this
electrochemical process and the Fe(OH),s formed re-
mains in the aqueous stream as gelatinous suspension,
which can remove the Cu(CN )i_ from the barren solu-
tion, either by complexation or by electrostatic attraction
followed of coagulation and flotation [11]. Generally, in
the EC process, bipolar electrodes are used. It has been
reported that cells with bipolar electrodes, connected in
series and operating at relatively low current densities
[12], produce iron or aluminum coagulant more effect-
tively, more rapidly and more economically when com-
pared to chemical coagulation.

4. Experimental Details

The experimental work was performed using a barren
solution from the Merrill Crowe process containing an
average in the range of 660 - 712 ppm of copper. EC
experiments were performed using a 600 ml Pyrex
beaker glass (Figure 5), equipped with two iron elec-
trodes (10 cm x 2.5 cm) with an electrode separation of 5
mm. A regulated power supply (model Steren PRL-25) to
provide the necessary energy to the electrocoagulation
cell, magnetic stirrer (Model PC-310, Corning) with 100
rpm was used, and the initial and final pH was taken with
a pH meter (VWR Scientific 8005), filtration was per-
formed with Whatman filter paper No.42. To determine
the adsorption copper in iron hydroxide species gener-
ated at the anode, a barren solution after the cementation
process was used that was provided by the William Mine
Co. This solution contained an average of 0.02 mg/L
gold and 0.1 mg/L silver along with amounts of zinc,
lead. Among others, the analysis was performed accord-
ing to EPA 200.7 (EPA 200.7 is an analytical method for
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Figure 5. EC schematic diagram of the experimental setup.
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detection of metals and trace elements by ICP/atomic
emission spectrometry). The solution and the solids were
separated by filtration through filter paper, the sludge
from the EC was dried for 8 hrs in an oven at 80°C. The
tables below show the initial conditions of the EC test to
remove copper.

Optimization of Parameters

In order to find the optimum parameters of the EC proc-
ess for the removal of copper, experiments were carried
out by changing the pH of the solution, residence time in
the EC cell and voltage and amperage.

5. Results

Tables 1-3 show the results for tests performed with 4
grams/liter of sodium chloride.

From these results it was determined that the optimum
parameters were: pH 8, residence time of 20 minutes and
4 grams/liter of NaCl, this achieved 99% copper removal.
Also, when the time increased from 15 to 20 minutes the
removal of copper increased from 92% to 99%, this oc-
curs in the pH range from 8 to 9 approximately, this co-
incides with the production of the magnetic iron, Fe;0y,
which has magnetic properties that accelerates the pro-
cess of adsorption of metals, the adsorption rate is then
physically, because it is caused by the magnetic forces of
the magnetite into copper, without altering their chemical
composition. This removal of copper also can explain
with a decrease in the zeta potential on iron hydroxides
which causes a decrease in repulsive forces between the
particles, generated collision between particles thus fa-
vors the formation of flocs which float to the water surface
through micro bubbles generated from oxygen and hy-

Table 1. Results obtained for pH 8 and 4 g/liter of NaCl.

Initial Conditions of EC Test

Sludge Chemical Essay

Time (min) Voltage (volt) Current (A) %Cu %Fe [Culinitial (ppm) [Culnal (ppm) %Elimination
5 12.1 10.3 4.6 21.3 660 328 50
10 12.3 10.5 6.2 23 664 188 72
15 11.5 10.9 9.4 24 712 70 90
20 12.4 10.1 13 27 716 5 99
Table 2. Results obtained for pH 9 and 4 g/liter of NaCl.
Initial Conditions of EC Test Sludge Chemical Essay
Time (min) Voltage (volt) Current (A) %Cu %Fe [Culinitial (ppm) [Cul]final (ppm) %Elimination
5 12.1 10.3 4.4 22 673 428 36
10 12.3 10.5 7 235 677 190 76
15 11.5 10.9 10 24 679 80 88
20 12.4 10.1 12.8 27.5 701 10 98
Table 3. Results obtained for pH 10 and 4 g/liter of NaCl.
Initial Conditions of EC Test Sludge Chemical Essay
Time (min) Voltage (volt) Current (A) %Cu %Fe [Culinitiar (ppm) [Culfina (ppm) %Elimination
5 12.1 10.3 4.8 21.5 667 424 36
10 12.3 10.5 6.8 22 686 186 73
15 11.5 10.9 10.8 24 680 92 86
20 12.4 10.1 13 28 705 15 98
Copyright © 2013 SciRes. ACES
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drogen from the iron electrodes. Also, the advantages of
the EC process is the decomposing of cyanide at the an-
ode, where the anodic oxidation of cyanide is propor-
tional to the alkalinity of the electrolyte and consistent
with the following mechanism:

CN™ +20H - CNO™ +H,0+2¢” (18)
2CNO™ +40H™ —2CO, +N,+2H,0+6¢e”  (19)
CNO™ +2H,0 —» NH, +CO; (20)
Figure 6 shows the graph of time- elimination where it
is observed the behavior of the removal of copper.
6. Product Characterization

In order to identify the iron species present, Scanning
Electron Microscope (SEM/EDX) was used to characte-
rize the solid products formed during the EC process for
removal of copper with iron electrodes.

6.1. Scanning Electron Microscopy (SEM/EDAX)

Figure 7 shows SEM image and Figure 8 shows EDAX
of copper adsorbed on iron species. These SEM and
EDAX results show that the surfaces of these iron oxide/

120

——pH 8
-=-pH9
pH 10

% Elimination

0 5 10 15 20 25
Time(min)

Figure 6. % Elimination of copper at pH 8, 9 and 10.

Figure 7. SEM image.
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oxyhydroxide particles were coated with a layer of copper.

6.2. X-Ray Diffraction

Diffractograms were obtained with a Bruker AXS D4
Endeavor diffractometer operating with a Cu-K radiation
source filtered with a graphite monochromator (1 =
1.5406 A). The samples were wet ground to a fine pow-
der (isopropyl alcohol from Sigma-Aldrich) and pressed
into a sample holder. The XRD scans were recorded
from 20° to 80° 26, with 0.02° step-width and with a 10 s
counting time for every step-width (increment). Experi-
ments were run at 40 kV and 40 mA power. Figure 9,
shows a diffractogram of the filtered solid products (the
feed solution contained 700 ppm of copper and the pH of
the solution after EC was ~10).

This figure indicates the presence of magnetite, geo-
thite, iron hydroxide oxide, and lepidocrocite in the solid
products.

7. Conclusions

Electrocoagulation process was carried out to obtain a
99% of copper removal. The optimal operations condi-
tions were: pH = 8, residence time: 20 minutes and 4 g/l
of sodium chloride as conductivity modifier. The solid
product obtained from EC process was 13% copper and
24% iron. The EC process does not generate any smell in
the process of elimination of copper from the barren
solution. During the EC process is not necessary to add
any reagent (except Nacl), since the coagulating agent is
generated in situ.

We found that it is possible to reduce the copper cya-
nide complex from 720 mg-1"" to below 10 mg-1™" within
20 minutes.

Also, the results of this study suggest that EC produces
magnetic particles of magnetite. lepidocrocita and amor-
phous iron oxyhydroxide species that can be used to re-
moval copper. The Scanning Electronic Microscopy, tech-
niques demonstrate that the formed species are of mag-
netic type, like lepidocrocite and magnetite which ad-
sorbed the copper particles on his surface due to the elec-
trostatic attraction between both metals.

Spectrum 1

0 2 4 6 8 10 12 14 16
Full Scale 57928 cts Cursor: 0.000 keV

Figure 8. EDAX Analysis.
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Figure 9. X-ray diffraction spectrum obtained from the EC product at pH = 10.
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