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Abstract: The most common processes used for the recovery of gold and silver from cyanide leachates
are Merril-Crowe, activated carbon in pulp, and ion exchange resins; the process of electrocoagulation
(EC) also is a promising new technique. EC is an electrochemical process whose mechanisms include
oxidation, reduction, decomposition, deposition, coagulation, absorption, flotation, and precipitation.
It has been used for the treatment of water and wastewater with different degrees of success. This
study aimed to determine the kinetics of the reaction and the energy consumption at constant voltage,
and at constant current using aluminum electrodes with two different distances between electrodes.
EC was run in three stages for the removal of gold and silver from aqueous cyanide solutions from
samples supplied by a Mexican mining company. Characterization of the sample showed initial
concentrations of 49.48 and 383 mg/L of gold and silver, respectively. Results showed the effectiveness
of the process by achieving removals up to 98.59% of gold and 99.43% of silver. Additionally, it was
determined that the kinetics of the reaction is of zero order and that the lowest energy consumption
can be achieved when working at constant voltage and with a separation of 0.8 cm between electrodes.
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1. Introduction

The two conventional processes for the recovery of gold and silver from cyanide leachates are the
activated carbon adsorption process and the Merril-Crowe process of cementation on zinc powder.
In the carbon adsorption process, precious metals are adsorbed within the activated carbon granules;
after they are adsorbed, gold is separated using a solution of caustic cyanide. This solution is taken to
an electrolytic cell in which gold and silver are deposited on steel fiber cathodes. In the Merril-Crowe
process, which requires basic condition of deoxygenation using a vacuum tower, the product is a
filtered zinc precipitated powder. The cathode of the carbon adsorption process, also known as the
precipitate of the Merril-Crowe process, is melted in combination with fluxes such as borax, nitrates,
and silica. The product resulting from the melting process is the dore (bullion) of precious metals,
which typically contain more than 97% of the targeted precious metals [1–3]. This work is important
because electrocoagulation might provide a simple and economic alternative for the removal of silver
and gold from cyanide solutions. The goals of this research are: (1) To determine the reaction order
because EC is an electrochemical process that depends on thermodynamics and kinetics, and (2) To
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determine the values of the operational parameters that yield the lowest energy consumption because
costs are a determinant for the evaluation of industrial processes.

1.1. Electrocoagulation (EC)

Electrochemical studies have demonstrate the relationship in the change of chemical and electric
energy. EC can be considered as an accelerated corrosion process and has been used for both water and
wastewater treatment. It is a complex process that involves many chemical and physical mechanisms
operating synergistically to remove pollutants from water. EC generates coagulants in situ and it
works through the interactions among electrochemistry, coagulation, and flotation [2,4,5].

EC induces an electric current either in the water or in the solution to be treated using metallic
parallel plates of different materials as electrodes; the most commonly used electrodes are iron and
aluminum [6]. EC occurs when the metallic ions Al3+ or Fe3+, which are formed from the anode
oxidation, react with the OH- produced on the cathode from the reduction of H2O to H2. The formed
hydroxides act as flocculants agents and adsorbents of the contaminant [7]. The hydrolyzed aluminum
ions can form very long chains of Al-O-Al-OH, which chemically might adsorb a significant amount of
contaminants. Some of the reactions for EC using aluminum electrodes are [5]:

Anode : Al → Al+3 + 3e− (1)

Evolution of hydrogen in the cathode : 2H+ + 2e− → H2 ↑ (2)

Overall reaction : Al + 13H2O → 7H2(g) ↑ +2O2(g) ↑ +Al(H2O)3(OH)3 (3)

Polymerization : nAl(OH)3 → Aln(OH)3n (4)

When using iron electrodes, the Fe(OH)3 forms a red brown colloid; depending on pH and
the availability of ferrous ions, it might react with the dissolved oxygen to form Fe3O4. Iron
electrodes also form green rust, which are unstable compounds that contain a mix of ferrous and ferric
hydroxides [8,9]. The formed hydroxides remove contaminants present in water by complexation or
electrostatic attraction.

EC removal mechanisms include oxidation, reduction, coagulation, absorption, adsorption,
precipitation, and flotation. The treated solution separates in a floating layer as well as a sediment
rich in metals that can be separated using conventional methods [10]. Parameters that affect the EC
process include applied voltage, current density, size, material, and the distance of separation among
electrodes, reactor design, temperature (T), electrical conductivity (ec), residence time (tR), and flow
type [7–11].

An earlier study used an aqueous cyanide solution with 200 mg/L of free CN, 1400 mg/L of total
CN, 13.25 mg/L of gold, 1357 mg/L of silver, 1 gr/L of sodium chloride to increase its conductivity,
and conditioned to a pH of 8. It was treated using EC with iron electrodes. After five minutes of
treatment, gold and silver were reduced to 0.1 mg/L and 0.9 mg/L, respectively. Another project used a
solution with 3400 mg/L of free CN and 7000 mg/L of total CN, with 63.5 mg/L of gold and 336.35 mg/L
of silver. EC was conducted in three stages. A 23 experimental design was used with three factors:
pH of solution, a type of acid for pH conditioning, and electrodes material; their respective levels
(low–high) were: for pH; 7–8, for acid; sulfuric and hydrochloric, and for electrodes iron-aluminum,
and the dependent variables were the removal of gold and silver. The highest values for removal were
obtained with a pH of 8, using hydrochloric acid as pH conditioner in addition to aluminum electrodes.
As a result of the high concentrations of cyanide, formation of Prussian Blue or iron (III) ferrocyanide
(C18Fe7N18) occurred when using iron electrodes. Removal of gold and silver was achieved up to 98%;
accordingly, it was decided to use the same parameters to conduct this study [10,11].
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1.2. Kinetics and Reaction Rates

EC is an electrochemical process; it depends on thermodynamics and kinetics. Reaction rates
of the chemical reactions are the field of study of chemical kinetics. Reaction rates are a function of
temperature, pressure, and concentrations of the different species of the reaction; they might also
depend on the concentration of other species such as catalysts and inhibitors that might appear or not
in the global reaction. The reaction rate in EC depends on the dissolution of iron or aluminum and on
the elimination of [H+] through H2 evolution. This reaction is fast for low pH values (strong acids); for
a weak acid, the rate will depend on the pKa, where Ka is the acid dissociation constant.

The constant of the reaction rate can be determined from measurements of the concentration of
the species [A] and time t. These two values are adjusted to the functional form of the integrated
equation; in each case, if the dependent variable is chosen appropriately, the problem is reduced to
a linear adjustment. The integrated rate reactions are: zero order, first order, and second order. The
integrated rate equations are given by:

Zero order : [A] = [A]0 − a k t (5)

First order : log
[A]

c0 = log log
[A]0
c0 − a k t or [A] = [A]0 e−akt (6)

Second order :
1
[A]

=
1

[A]0
+ a k t or [A] =

(
[A]−1

0 + a k t
)
−1 (7)

where [A] is the concentration of reactant A at time t, [A]0 is the initial concentration of reactant A, a is
the number of moles of A, and k is the velocity constant [4,12,13].

Zero order reactions commonly occur when an adsorption process involved; such reactions occur
most often when the reaction rate is determined by the available surface area. When a chemical reaction
is of zero order in the concentration of a particular reactant, in this case gold or silver, it does not mean
that the reactant is not participating in the reaction. It suggests that the initial concentration of that
particular reactant does not contribute to how fast the reaction proceeds. Another factor controls how
fast the reaction proceeds. This other factor might be another rate-limiting step in a complex reaction
or a rate-limiting condition in an elementary reaction [14].

2. Experimental

2.1. Materials and Instruments

The following equipment, materials, and reagents were used. A Kaselco EC equipment with
a maximum capacity of 50 VDC (Shinner, TX, USA), two Hanna Instruments Model HI 255 pH
and conductivity meters (Carrollton, TX, USA), an Orion 420+ pH meter (Bellefonte, PA, USA), a
Thermoline Cimarec 2 magnetic stirrer (Dubuque, IA, USA), a Novatech HS60-A10 oven, a Novatech
CE-120BAE extraction hood (Kingwood, TX, USA), an A&D Company Limited HR-250A analytical
balance (Yeongdeungpo-gu, Seoul, Korea), an SEM JEOL model JSM-6610LV (Akishima, Tokyo, Japan),
an acquisition data system controlled by LabView 5 (Austin, TX, USA), tension and current Hall effect
sensors, two aluminum electrodes 3 cm × 6 cm × 0.2 cm, two mercury thermometers Brannan, No. 40
Whatman filter papers of 10 cm, reagent grade hydrochloric acid, sodium hydroxide and buffers of pH
4, 7 and 10 (J.T. Baker). The experimental setup is shown in Figure 1.
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Figure 1. Diagram of the experimental setup. 1. Kaselco EC Equipment 2. pH and conductivity meters,
3. pH meter 4. Magnetic stirrer 5. Al Electrodes 6. Thermometer 7. Hall effect sensors 8. Signal
conditioning 9. Cable for data acquisition 10. Data acquisition system 11. Benchmark reactor.

2.2. Methods

Prior to the EC process, the cyanide solution of the industrial sample from a mining company was
characterized to determine the initial concentrations of Au and Ag. The initial parameters were 49.48
and 383 mg/L for gold and silver, respectively, electrical conductivity of 58 mS, a temperature of 26 ◦C,
and a pH of 11.81, which was conditioned to a pH of 8 using hydrochloric acid.

Four tests were run, denominated as P, Q, R, and T. Table 1 shows the operational parameters.
Tests P and Q were run at constant current while tests R and T were held at constant voltage.

Table 1. Operational parameters and conditions for the EC tests.

Test
P Q R T

Parameters

Constant I or V applied Direct Current 4 A 4 A 5 V 5 V
Distance between electrodes (cm) 2.0 0.8 2.0 0.8

The tests were run in three EC stages of 10 min each using Al electrodes and reversing the polarity
every minute to prevent polarization of the electrodes. In each stage, readings of pH were taken every
minute in the vicinity of the anode and cathode, in the bulk solution. Temperature (T) and electrical
conductivity (ec) were taken and recorded and a 10 mL sample was extracted. Samples were filtered to
separate liquid and solid phases; both were sent to external laboratories to determine Au, Ag, free CN,
and total CN concentrations. The first stage was initiated with 400 mL. At the end of the first step,
liquid and solid phases were separated. Samples of both phases were analyzed. The second stage
used the remaining 300 mL, and, correspondingly, 200 mL was used for the third stage. All of the tests
were performed in the extraction hood and the produced gas was bubbled in a 10% NaOH solution to
neutralize the hydrogen cyanide (HCN) produced.

Additionally, an Acquisition Data System was installed. It was programed to take 100 readings
per second, to calculate the average behavior per minute of V and I, as well as to calculate the power



Metals 2019, 9, 758 5 of 10

and the energy consumption per liter. Using the average readings, electric power load was calculated
in the three stages according to Equation (8).

Pv =
U ∗ I

v
(8)

where Pv is the electric power load per volume in kW/m3, U is the electric tension in volts, I is the
intensity of current in amperes, and v is the volume of the solution in m3.

Energy consumption was calculated every minute for each stage of the EC process, and it is
expressed as Equation (9).

Ev =

∫ t f

ti
Pvdt (9)

where Ev is the electric energy consumed per volume in kWh/m3, t f and ti are the final and initial time
taken each minute.

3. Results and Discussion

The minute by minute gold and silver concentration results of the analyzed samples were graphed
versus time for each stage. The rates of reaction for gold and silver were of zero order for each stage
as seen in Figures 2 and 3, indicating that it is an adsorption reaction and that the rate is constant.
The slopes represent the constant (k) from Equation (5). Each stage shows a different velocity; however,
if they are considered to be factors of an experimental design, there is no difference, suggesting that
they are statistically equivalent. The same can be observed with silver.
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The correlation coefficients (R2) for the rate of reaction (concentration versus time) have values
between 0.8 and 0.99, with an average of 0.91.

Once the samples were characterized before and after EC, percentages of recovery of gold and
silver were determined. Results obtained from the analyses and measurements are shown in Table 2,
and in Figures 4 and 5.
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Table 2. Parameters and results of tests P, Q, R, and T.

Parameter Test 1st stage 2nd stage 3rd stage Average Total

Accumulated removal
of Au (%)

P (4 A, 2 cm) 33 68.8 98.6 - -
Q (4 A, 0.8 cm) 49 88.1 98.6 - -

R (5 V, 2 cm) 42.2 69.3 84 - -
T (5 V, 0.8 cm) 57.3 81.7 99.4 - -

Accumulated removal
of Ag (%)

P 49.8 89.7 99.7 - -
Q 51.7 94.6 99.7 - -
R 45 69.8 88.3 - -
T 59.8 88.9 99.4 - -

Weight loss in
electrodes (g)

P 0.375 0.3811 0.4148 0.39 1.1709
Q 0.3567 0.3911 0.4358 0.39 1.1836
R 0.184 0.1448 0.1661 0.16 0.4949
T 0.3306 0.2562 0.3488 0.31 0.9356

Temperature increase
(◦C)

P 12.9 18 43.2 24.70 -
Q 8.4 12.1 25.6 15.37 -
R 3.1 4.3 10 5.80 -
T 5.5 6.7 10.2 7.47 -

Energy consumption
(kWh/m3)

P 17.8 28.7 75.6 - -
Accumulated 17.8 46.5 122.1 - -

Q 9.6 18.3 43.4 - -
Accumulated 9.6 27.9 71.3 - -

R 4.0 4.3 4.7 - -
Accumulated 4 8.3 13 - -

T 6.8 8.2 10.7 - -
Accumulated 6.8 15 25.7 - -

Au: The values for the recovery of gold were up to 99.43%, with 84% the lowest value achieved for
test R. Test R exhibited less energy consumption in comparison with tests P, Q, and T which consumed
seven, four, and two times more energy than test R, respectively. It would be beneficial to optimize
parameters and conditions of test R in the future.

Ag: Similar to the recovery of gold, the maximum recovery value was of 99.73%. Test R exhibited
a recovery value of 88.27% under the same considerations for the energy consumption as Au.
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In the four tests, P, Q, R, and T, a decrease in conductivity was observed at an average rate of
36 mS due to the evolution of H2, neutralization of HCN, and precipitation of ions.

The weight loss in electrodes was significant but less in both test P and Q (constant V). The test
that exhibited the least weight loss in electrodes was test R.

Parameters with a significant difference are:
Temperature: The average of the temperature increase by stages was 24.70, 15.37, 5.8 and 7.47 ◦C

for tests P, Q, R, and T. The biggest increase was for test P (constant current and 2 cm of separation
between electrodes), followed by test Q (constant current and 0.8 cm of separation). The smaller
increments correspond to tests T and R, which were performed with a constant voltage. Test R exhibited
the lowest temperature increase.

Energy consumption: The results are equivalent to the patterns exhibited in the temperature
increase; this was expected because higher energy consumption leads to an increase in temperature.
Energy consumption is higher when a constant current is used because Power = I2xR.

Test T gave the best results in recovery of gold and silver. Figure 6 shows the graph of test T,
concentration of gold, silver, as well as free and total CN versus time. The four concentrations exhibit a
similar pattern throughout the three stages of EC. One explanation as to why they are so related is that
the CN also presents a zero order reaction.
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Figure 6. Graph of concentration versus t, in test T.

The analyses of solid samples were carried out in a scanning electron microscope (SEM) to
corroborate the concentration of gold and silver. Scanning Electron Microscope (SEM) images of
test T, of gold and silver particles adsorbed in aluminum species are shown in Figures 7 and 8.
The spectrogram showed that the surface of the particles of the hydroxides of aluminum are covered
by a layer of gold and silver, with concentrations in mass percentage of 14.6 for Au and 70.8 for Ag.
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Figure 7. Chemical composition of the solid product according to SEM, and presence of gold on the
surface of aluminum hydroxide.

Metals 2019, 9, x FOR PEER REVIEW 9 of 10 

 

 
Figure 7. Chemical composition of the solid product according to SEM, and presence of gold on the 
surface of aluminum hydroxide. 

 
Figure 8. Chemical composition of the solid product according to SEM, and presence of silver on the 
surface of aluminum hydroxide. 

4. Conclusions 

The rates of reaction of gold and silver removal by EC are of zero order. 
The removal of gold and silver in cyanide solutions with EC in three stages using aluminum 

electrodes was determined to be very promising for solutions with high concentrations of cyanide. 
The tests with constant current, P and Q, had elevated recoveries, 99.73% for silver and 98.59% 

for gold. However, they exhibited a high-energy consumption, largely attributable to the increase in 
resistance of the solution; they also presented a proportional increase in temperature. 

The tests with constant voltage exhibit lower energy consumption, with removal rates of more 
than 98% in test T, with smaller distance between electrodes. Test R had percentages of removal 
between 84% and 88% and exhibited lower energy consumption, close to 50% when compared with 
test T. Future studies could optimize these conditions for test R, which could aid in determining if it 
is possible to increase the removal of gold and silver with a similar energy consumption. 

Author Contributions: Conceptualization, C.G.-C., H.M.-C. and J.P.-T.; methodology, C.G.-C., H.M.-C., J.P.-T., 
and F.S.S.-S.; software, F.S.S.-S.; formal analysis, C.G.-C., H.M.-C. and F.S.S.-S.; investigation, C.G.-C., H.M.-C., 
J.P.-T., and F.S.S.-S.; writing—original draft preparation, C.G.-C. and H.M.-C.; writing—review and editing, 
C.G.-C. and H.M.-C.; supervision, C.G.-C., H.M.-C. and J.P.-T. 

Figure 8. Chemical composition of the solid product according to SEM, and presence of silver on the
surface of aluminum hydroxide.

4. Conclusions

The rates of reaction of gold and silver removal by EC are of zero order.
The removal of gold and silver in cyanide solutions with EC in three stages using aluminum

electrodes was determined to be very promising for solutions with high concentrations of cyanide.
The tests with constant current, P and Q, had elevated recoveries, 99.73% for silver and 98.59%

for gold. However, they exhibited a high-energy consumption, largely attributable to the increase in
resistance of the solution; they also presented a proportional increase in temperature.

The tests with constant voltage exhibit lower energy consumption, with removal rates of more
than 98% in test T, with smaller distance between electrodes. Test R had percentages of removal
between 84% and 88% and exhibited lower energy consumption, close to 50% when compared with
test T. Future studies could optimize these conditions for test R, which could aid in determining if it is
possible to increase the removal of gold and silver with a similar energy consumption.
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