
Vol.:(0123456789)1 3

Journal of Applied Electrochemistry (2020) 50:217–230 
https://doi.org/10.1007/s10800-019-01392-1

RESEARCH ARTICLE

Mineralization of cyanide originating from gold leaching effluent 
using electro‑oxidation: multi‑objective optimization and kinetic 
study

Izabela Dobrosz‑Gómez1   · Miguel Ángel Gómez García2 · Guillermo H. Gaviria2 · Edison GilPavas3

Received: 24 August 2019 / Accepted: 16 December 2019 / Published online: 3 January 2020 
© Springer Nature B.V. 2020

Abstract 
This study examines the electro-oxidation (EO) of cyanide originating from an industrial plant´s gold leaching effluent. 
Experiments were carried out in a laboratory-scale batch cell reactor. Monopolar configuration of electrodes consisting of 
graphite (anode) and aluminum (cathode) was employed, operating in galvanostatic mode. Response Surface Methodology 
(RSM), based on a Box–Behnken experimental Design (BBD), was used to optimize the EO operational conditions. Three 
independent process variables were considered: initial cyanide concentration ([CN−]0 = 1000–2000 mg L−1), current density 
(J =7–107 mA cm−2), and stirring velocity (η = 250–750 rpm). The cyanide conversion 

(

XCN−

)

 , Chemical Oxygen Demand 
(COD) removal percentage (%RCOD), and specific Energy Consumption per unit mass of removed cyanide (EC) were analyzed 
as response variables. Multi-objective optimization let to establish the most effective EO conditions ([CN−]0 = 1000 mg L−1, 
J = 100 mA cm−2 and η = 750 rpm). The experimental data ( XCN− , %RCOD, and EC) were fitted to second-order polynomial 
models with adjusted correlation coefficients ( R2

adj
 ) of ca. 98, 99 and 87%, respectively. The kinetic analysis, performed at 

optimal EO operational conditions, allowed determination of time required to meet Colombian permissible discharge limits. 
The predictive capacity of kinetic expressions was verified against experimental data obtained for gold leaching effluent. 
Total cyanide removal and 96% of COD reduction were obtained, requiring EC of 71.33 kWh kg−1 and 180 min. The BOD5 
(biological oxygen demand)/COD ratio increased from 4.52 × 10−4 to 0.5573, confirming effluent biodegradability after EO 
treatment.
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Graphic Abstract

The variation of cyanide (CN−), cyanate (CNO−) and ammonium (NH4
+) ions concentrations vs. time at alkaline conditions. 

EO operational conditions: [CN−]0 = 1000 mg/L, J = 100 mA/cm2 , η = 750 rpm, [NaCl] = 0.15 M and pH 11.1.
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1  Introduction

Many industrial processes (plastic, textile, electroplating, 
galvanized, metallurgical, pharmaceutical, agricultural, cos-
metics and precious metal mining) use cyanide as a principal 
chemical [1]. Hydrocyanic acid (HCN) and potassium and/
or sodium cyanide salts (v.g., KCN or NaCN) are the main 
human-made cyanide products. The later (NaCN) is the most 
common chemical in gold and silver mining initiatives. Dur-
ing the cyanidation process (Eq. 1), and in the presence of 
oxygen and under alkaline conditions, cyanide solutions dis-
solve precious metals from their ores [2]:

Although gold leaching can be performed using 
solutions with relatively low cyanide concentrations 
(100–500 mg L−1) [3, 4], most mining companies use 
sodium cyanide in excess. The problem is that leaching is 
not a selective process and cyanide can react with differ-
ent metals existing in the ores (e.g., mercury, zinc, cop-
per, iron, and nickel) forming various complexes. Conse-
quently, effluents resulting from the leaching process may 
contain high amounts of residual cyanide [5].

The harmful environmental and toxicological char-
acteristics of cyanide are well-documented [3]. Accord-
ingly, many countries have developed legislation 
regarding cyanide concentration limits in industrial/
mining originated effluents. For example: the US Envi-
ronmental Protection Agency = 50–200 ppb, Germany 

(1)
4Au + 8NaCN + O2 + H2O → 4Na

[

Au(CN)2
]

+ 4NaOH

and Switzerland = 0.01–0.5 mg L−1, India = 0.2 mg L−1, 
Mexico = 0.2 mg L−1, and Colombia = 1 mg L−1 [6–8]. 
Several destructive and/or recovery processes have been 
developed to treat cyanide-containing solutions or slur-
ries. Treatment methods include, but are not limited to: 
(i) physical (reverse osmosis [9], acidification, volatiliza-
tion and reneutralization—AVR—[2], adsorption [10, 11], 
sulfurization, recycle and thickening—SART—[9, 12]) 
and (ii) chemical processes (alkaline chlorination [13], 
INCO process [2], hydrogen peroxide [14], Caro’s acid 
[8], oxonization [15], biological treatment [16, 17], pho-
tochemical processes [18], and electrochemical methods 
[19]). Note that each technology presents limitations and 
drawbacks (e.g., effectiveness depending on cyanide con-
centration, the formation of toxic substances, high costs, 
generation of sludge, and additional byproducts).

Electrochemical (anodic) oxidation methods can trans-
form cyanide into less harmful substances (e.g., cyanate, 
carbon dioxide, among others) and, consequently, the 
Chemical Oxygen Demand (COD) of the treated effluents 
can be reduced [20]. During electrolysis, heavy metals pre-
sent in mining wastewater can be deposited on the cathode 
surface [19]. Thus, electrochemical processes can accom-
plish the destruction of cyanide and the reduction of heavy 
metal concentration simultaneously. Anodic oxidation may 
be direct, if cyanide oxidation occurs on anode surface, 
or indirect, if it involves ions that act as oxygen carriers 
generated in situ during the reaction. According to the 
literature [21], it has been proposed that the former is suit-
able for strong cyanide solutions (v.g., [CN−] > 1000 ppm), 
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while the latter becomes relevant at high chloride concen-
trations (also known as electrochlorination process). Since 
mining wastewater can combine both conditions, it can be 
claimed that both direct charge transfer and oxygen carrier 
ions take part in the cyanide degradation process.

Different reaction pathways have been reported in the 
literature for the electrochemical oxidation (EO) of cya-
nide [21–23]. Among others, they include the following 
reactions:

Equation (4) represents cyanide mineralization. How-
ever, depending on the pH of the treated solution, other 
reactions (Eqs. 5–7) can also take place. Reaction (5) 
requires strong alkaline conditions (pH > 12). Conversely, 
the hydrolysis reaction presented in Eq. (7) occurs in weak 
alkaline solutions (7.0 < pH < 11.7). Finally, reaction (7) 
demands slightly acidic conditions [21].

Most of the previous studies on cyanide removal by 
EO were centered primarily around the effect of different 
anode materials on process efficiency. Valiūnienė et al. 
[19] applied platinum, titanium and stainless steel elec-
trodes. The highest efficiency was obtained using the Pt 
electrode (the most expensive option). It allowed for a 
reduction of CN− concentration from 0.1 M to 0.06 M dur-
ing the first hour of electrolysis, while applying a current 
density of 200 A m−2, with a current efficiency of ca. 80%. 
Felix-Navarro et al. [22] used reticulated vitreous carbon 
and graphite electrodes. The experiments were performed 
under different experimental conditions: supporting 
electrolytic media (NaOH, NaCl, NaNO3, and Na2SO4), 
applied potentials (3.0, 4.0, 5.0, and 6.0 V) and volumetric 
flows of 130, 240, 480, 1058, and 1610 mL min−1 with 
recirculation. They reported the best conditions for cya-
nide degradation were observed when using NaCl (0.1 M) 

(2)

Indirect oxidation mechanism ∶

Cl− + H2O → OCl− + 2H+

+ 2e− or

Cl2(gas) + 2OH−

→ OCl− + Cl− + H2O

CN−

+ OCl− → CNO−

+ Cl−

(3)
Direct oxidation mechanism:

CN−

+ 2OH−

→ CNO−

+ H2O + 2e−

(4)
2CNO−

+ 3OCl− + H2O → N2 + 2CO2 + 3Cl− + 2OH−

(5)CNO−

+ 2OH−

→ CO2 +

1

2
N2 + H2O + 3e−

(6)CNO−

+ 2H2O → CO2−
3

+ NH+

4

(7)CNO−

+ H+

+ 2H2O → HCO−

3
+ NH+

4

as supporting electrolyte, a cell potential of 5.0 V and 
a volumetric flow of 480 mL min−1. Under these condi-
tions, almost 100% cyanide degradation was achieved. 
Iordache et al. [24] investigated six types of electrodes 
(aluminum, titanium, nickel, copper, stainless steel (inox), 
and graphite) for the degradation of a synthetic solution of 
0.1 mg CN− mL−1, using 1 mg NaCl mL−1 and applying 
current density of 0.03 A dm−2. The highest efficiency was 
achieved using the graphite electrode. Indeed, in much of 
the research, graphite has proven to be an inexpensive and 
widely available material.

Actually, little work has been carried out [21] on the 
application of EO for the treatment of solutions contain-
ing high CN− concentration (v. g., [CN−] up to 1500 ppm, 
typical concentration in the case of gold mining effluents). 
Most of the reported information dealt with the EO of syn-
thetic samples characterized with low CN− concentration 
[19, 22]. Thus, high CN− concentration represent engineer-
ing challenges to guarantee operators’ safety and to satisfy 
new environmental legislations [8]. Hence, considering the 
available knowledge on cyanide depletion, a more detailed 
investigation on EO as an alternative for the treatment of 
wastewater containing high CN− concentration is warranted. 
In this study, the effects of initial cyanide concentration, 
stirring velocity, pH, NaCl concentration, gap between elec-
trodes, and current density on cyanide conversion were con-
sidered and were examined. As far as the authors are aware, 
there is no published analysis on the effect of different opera-
tional conditions and their interactions on cyanide and COD 
removal efficiencies, as well as on the energy consumption, 
performed using RSM based on the experimental design as 
well as on its assessment with industrial wastewater samples.

Thus, the objective of this research was to gain insight 
into the electrochemical oxidation of highly concentrated 
cyanide-containing effluent originating from a gold leaching 
industrial plant, located in the Caldas department (Colom-
bia). The studied gold leaching effluent was monitored for 
1 year. Its characteristics (v.g., initial cyanide concentra-
tion, [CN−]0, organic matter loading: Total Organic Car-
bon (TOC), COD, Biological Oxygen Demand (BOD5), 
and biodegradability (BOD5/COD ratio)) were measured. 
Significant changes in [CN−]0 (1000–2000 mg L−1) were 
observed, depending on the ore being utilized at a given 
time. Thus, [CN−]0 was selected as a process variable. For 
optimization, a synthetic cyanide solution was used. The 
experiments were carried out in a laboratory-scale batch-
jacketed electrolytic cell. Monopolar configuration of two 
electrodes, consisting of graphite (anode) and aluminum 
(cathode), was employed, operating in galvanostatic mode. 
This approach was selected with a look at the requirements 
of process scaling-up for the treatment of large volumes 
of the effluent. Response Surface Methodology (RSM), 
based on a Box–Behnken experimental Design (BBD), 
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was used to optimize the EO operational conditions. Three 
independent process variables were considered: initial 
cyanide concentration ([CN−]0 = 1000–2000 mg L−1), cur-
rent density (J =7–107 mA cm−2), and stirring velocity 
(η = 250–750 rpm). The cyanide conversion 

(

XCN−

)

 , COD 
removal percentage (%RCOD), and specific Energy Consump-
tion per unit mass of removed cyanide (EC) were analyzed 
as response variables. Moreover, a multi-objective optimiza-
tion including both maximization of cyanide conversion and 
minimization of energy consumption was accomplished. The 
changes in cyanide concentration, COD, TOC, and the evo-
lution of some reactive intermediates were monitored with 
kinetic analysis. Next, gold leaching effluent was treated. 
Initially, the operational conditions of its pre-treatment by 
coagulation–flocculation (C–F) were determined and the 
obtained supernatant was characterized. Then, it was treated 
by the EO process at experimental conditions optimized 
using synthetic cyanide solution. The predictive capacity 
of fitted models was verified against C–F–EO experimental 
data obtained for gold leaching effluent. Finally, in order 
to determine the minimum time required to accomplish the 
permissible Colombian discharge limits, the variation of free 
and total cyanide as well as COD with time was followed.

2 � Materials and methods

2.1 � Wastewater samples

The cyanide-containing wastewater samples were taken 
from an equalization tank of a gold leaching industrial plant, 
located in the Caldas department (Colombia). In order to 
determine its representative characteristics, the sampling 

was performed bimonthly for 1 year. For sampling, pres-
ervation, storage and transportation, the EPA wastewater-
monitoring guide and Standard Methods were followed 
[2, 25]. Typical main characteristics of the wastewater are 
presented in Table 1. Notice that the high conductivity of 
studied effluent is a result of the presence of different met-
als and anions in the ore and consequently in the effluent. 
High concentration of cyanide is directly related to the char-
acteristics of the applied leaching process, which, in turn, 
implies a high COD value, significantly exceeding legisla-
tion limits. The presence of cyanide imposes restrictions to 
the pH of the treatment process. Thus, the treated solutions 
must be strongly alkaline in order to prevent cyanide vola-
tilization. Additionally, the initial BOD5/COD ratio, equaled 
to 4.52 × 10−5 (< 0.4), implies that the wastewater is non-
biodegradable [26]. Moreover, oxygen consumption was not 
detectable during BOD5 measurements, indicating that the 
wastewater conditions are not suitable for microorganism 
growth. Thus, for this parameter, the quantification limit was 
reported in Table 1.

2.2 � Reagents

All reagents were used as received, without any further puri-
fication. Sodium hydroxide (NaOH, Carlo Erba, 97 wt%) 
and potassium cyanide (KCN, PanReac, 97  wt%) were 
used to prepare the synthetic cyanide solutions required to 
perform BBD-RSM experiments. Silver nitrate (AgNO3, 
PanReac, 99.8  wt%) and p-dimethylaminobenzalrhoda-
nine (C12H12N2OS2, Across Organic, 99 wt%) were used 
to measure the concentration of cyanide by titration in 
the range of 1–10 mg L−1. Barbituric acid (Alfa Aesar, 
99 wt%), chloramine-T (Carloerba, analytical grade), and 

Table 1   Summary of typical 
main physico-chemical 
characteristics of gold leaching 
effluent

The efficiency of coagulation–flocculation (C–F) pre-treatment and the permitted discharge limits are also 
included
n.r. not reported
a Emission limit values for industrial wastewater discharges according to Res 0631, 17/03/2015, issued by 
the Ministry of Environment and Sustainable Development, Colombia
b Quantification limit
c Results obtained after 180 min of EO treatment

Parameter Permissible 
limita

Wastewater sample C–F supernatant EO supernatantc

pH 6–9 11.5 11.1 9.54
Conductivity (µS cm−1) n.r. 12,150 ± 1050 12,040 ± 1040 2580 ± 123
Chloride, Cl−, (mg L−1) 250 3150 ± 270 3020 ± 102 2137 ± 27
Turbidity (NTU) n.r. 146.5 ± 5.5 4.8 ± 0.2 4.0 ± 0.2
Total Cyanide (mg L−1) 1 1662.4 ± 10 1735 ± 34.6 0.13 ± 0,01
COD (mg O2 L−1) 150 3734 ± 146 3795 ± 145 15 ± 5b

BOD5 (mg O2 L−1) 50 1.69 ± 0.25b 1.69 ± 0.25b 8.36 ± 0.25
Alkalinity (mg CaCO3 L−1) n.r. 4098.9 ± 48.8 3854.9 ± 45.9 2252.3 ± 32.5
TOC (mg C L−1) n.r. 1206 ± 71 1434 ± 23 91.7 ± 5.3
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pyridine (Mallinckrodt, 99 wt%) were used to measure cya-
nide concentration by a colorimetric method in the range of 
0.02–0.2 mg L−1. The corresponding aqueous solutions were 
prepared using ultra-pure water (Milli-Q system, conduc-
tivity < 1 ΜμS cm−1). Sodium chloride (NaCl, Carlo Erba, 
99 wt%) was used in the electrochemical process as sup-
port electrolyte. The solution pH was measured using a pH-
meter Accumet® AB15, equipped with an BOECO-BA-25 
electrode, and adjusted with 4 M nitric acid (HNO3, Merck, 
65 wt%). Ferric chloride (FeCl3) was used for the coagula-
tion–flocculation pre-treatment. Sulfuric acid (Merck 95–97 
p.a.) was used to measure ammonia and cyanate before 
hydrolysis.

2.3 � Analytical methods

Standard methods were followed for the quantitative analysis 
of the effluent: turbidity (2130 B, NANOCOLOR® UV/VIS 
spectrophotometer), conductivity (2510-B, conductivimeter 
LAB-960 Analytics), alkalinity (titrimetric method (2320 
B) with standard 0.1 N sulfuric acid), and pH (pH-meter 
LAB-850-Analytics).

The titrimetric (4500-CN− D) and colorimetric (4500-
CN− E) Standard Methods were implemented to measure and 
track the changes in cyanide concentration [25]. In the titri-
metric method, the alkaline distillate from the preliminary 
treatment (4500-CN− C), was titrated with standard 0.018 M 
AgNO3 to form soluble cyanide complex, Ag(CN)2

−. As soon 
as all CN− were complexed and a small excess of Ag+ was 
added, the excess of Ag+ was detected by the silver-sensitive 
indicator, p-dimethylaminobenzalrhodanine, which imme-
diately changed the solution color from yellow to salmon 
pink. If the titration resulted in a CN− concentration below 
1 mg L−1, another portion of solution was examined colori-
metrically. In the colorimetric method, the alkaline distillate, 
from preliminary treatment (4500-CN− C), was converted 
to CNCl by reaction with chloramine-T, at pH < 8 without 
hydrolyzing to CNO−. Upon completion, CNCl resulted 
in a purple color after the addition of pyridine-barbituric 
acid reagent. The absorbance of the solution was measured 
at 578 nm wavelength, using a NANOCOLOR® UV/VIS 
spectrophotometer. In order to measure total cyanide levels, 
samples were pre-treated by distillation and free cyanide was 
measured directly without any additional treatment.

The titrimetric (4500-NH3 C) Standard Method was used 
to determine ammonia and cyanate concentrations. At first, 
ammonia-containing solutions were pre-treated by distil-
lation using a boric acid solution as an absorbent for the 
distillate (4500-NH3 B). Then, the distillated solutions were 
titrated with standard 0.02 N sulfuric acid until the indica-
tor color turned into pale lavender. Bearing in mind that the 
cyanate hydrolyzes to ammonia if it is heated at low pH, the 
samples were acidified (pH 2.0–2.5) and heated up to 90 to 

95 °C. The ammonia concentration was measured by the 
titrimetric Standard Method (4500-NH3 C).

The COD analyses were performed by closed reflux 
method (NANOCOLOR® thermoreactor Vario C2) with 
colorimetric determination (NANOCOLOR® UV/VIS spec-
trophotometer), at 620 nm (100–1500 mg O2 L−1) or 436 nm 
(15–160 mg O2 L−1), Standard Method 5220D.

TOC-L SHIMADZU equipped with a non-dispersive 
infrared detector was used to quantify the contents of total 
carbon (TC), inorganic carbon (IC) and total organic carbon 
(TOC). The analysis was carried out by catalytic combus-
tion of the sample (at 680 °C), in the quantification range of 
0.03–1000 mg C L−1.

The 5 days BOD tests (BOD5) were performed following 
the respirometric Standard Method (5210 B).

2.4 � Experimental setup

EO experiments were performed in a 150 mL all-glass 
batch-jacketed electrolytic cell, loaded at 80% capacity. 
The solution was stirred mechanically using a stirring plate 
(Isotemp® 1120049SH) and a magnetic stirrer (2.5 cm). On 
the top of the cell, a PT-100 sensor (± 0.01 °C) was placed 
to measure solution temperature. All experiments were per-
formed at 20 °C (± 0.05 °C), regulated using a thermostated 
water bath (F-12, Julabo-Germany) connected to the reactor 
jacket. The electrolytic cell consisted of two vertical, rectan-
gular, plate electrodes: a graphite anode (EC-12 grade), with 
a total area of 6.65 cm2 (effective area of 2.25 cm2), and an 
aluminum cathode (Al-1100, pure aluminum content > 99%), 
with a total area of 5.36 cm2 (effective area of 2.25 cm2). 
They were disposed vertically into the cell and connected 
in a monopolar arrangement to a DC power source (BK-
Precision, 0–30 V, 0–5 A, Yorba Linda, California), operat-
ing in galvanostatic mode. The gap between electrodes was 
setup at 5 mm (see Supplementary Material). Before each 
run, the aluminum electrode was rubbed with sand paper 
and dipped in a concentrated solution of HCl (35 v/v %) 
for ca. 5 min to remove impurities from the surface. Then, 
it was rinsed with distilled water. The graphite electrode 
was dipped into deionized water for 5 min. Both electrodes 
were dried in an oven (Thermo Scientific™ Heratherm™) 
at 105 °C. Wastewaters used in the experiments contained 
0.15 M of NaCl as a support electrolyte. For each experi-
ment, sample pH was adjusted using NaOH to the value of 
11.1 (which corresponds to the value of C–F supernatant 
pH) and controlled using a pH-meter (Fisher Scientific™ 
accumet™ AB15 Basic).

The efficiency of EO process was evaluated with cyanide 
conversion 

(

XCN−

)

 , COD removal percentage (%RCOD), and 
specific Energy Consumption per unit mass of removed cya-
nide (EC, kWh kg−1), Eqs. (8–10), as follows:
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where V is voltage (V), I corresponds to current intensity 
(A), t is the reaction time (h), VR is the volume of the react-
ing mixture (L), and Δ[CN−] equals to ([CN−

]0 − [CN−

]t ) 
(mg L−1).

2.5 � Coagulation–flocculation pre‑treatment

Before EO, a gold leaching effluent sample was pre-treated 
by a coagulation–flocculation (C–F) process. Its operational 
conditions were determined following the jar test standard 
procedure (ASTM D2035:2008). This process consisted of 
three steps: (i) a period of fast mixing (at 150 rpm) of the 
wastewater solution with FeCl3 for 2 min; (ii) a period of 
slow mixing (at 20 rpm) for 20 min to induce the flocs’ 
formation; and (iii) 15 min of sedimentation without agi-
tation. This sequence allowed for the determination of the 
optimal coagulant dose using as a standard the most signifi-
cant turbidity removal. After completing the C–F process, 
the obtained supernatant was characterized and treated by 
EO process.

2.6 � Selection of EO independent variables and their 
levels. Preliminary experiments

EO independent variables and their levels for an experimen-
tal design were selected according to the cyanide-containing 
effluent characteristics and results of preliminary experi-
ments. The effects of initial cyanide concentration, stirring 
velocity, pH, NaCl concentration, gap between electrodes, 
and current density on cyanide conversion were considered 
and were examined (for details see Supplementary Material).

(8)XCN− =

[CN−

]0 − [CN−

]

[CN−

]0

(9)%RCOD =

COD0 − COD

COD0

× 100

(10)EC =

1000 ⋅ VI ⋅ t

Δ[CN−

] ⋅ VR

2.7 � Experimental design and statistical analysis

Response Surface Methodology (RSM), based on a 
Box–Behnken experimental Design (BBD), was used to 
optimize the EO operational conditions. RSM involves of 
a group of mathematical and statistical techniques based 
on the fitting of empirical models to the experimental data 
obtained according to the selected matrix. Next, linear or 
square polynomial functions are used to describe the per-
formance of the studied system and to examine the experi-
mental conditions until their optimization [27]. Its applica-
tion as an optimization tool involves the following steps: 
(i) the choice of independent variables with major effects 
on the studied system (factors) and the definition of their 
experimental range; (ii) the selection of dependent variables 
(responses); (iii) the selection of the experimental design 
and its experimental running; (iv) the mathematical and sta-
tistical treatment of the obtained experimental data (fitting 
to a polynomial function); (v) the evaluation of the fitted 
model; (vi) the optimization; (vii) model validation. Thus, 
three independent process variables (factors) were selected: 
initial cyanide concentration ([CN−]0 = 1000–2000 mg L−1), 
current density (J =7–107 mA cm−2) and stirring velocity 
(η = 250–750 rpm) (for details see Supplementary Material). 
The cyanide conversion ( XCN− ), COD removal percentage 
(%RCOD), and specific Energy Consumption per unit mass 
of removed cyanide (EC) were analyzed as response vari-
ables. Next, the experimental design was implemented to 
determine the effect of different operating factors (initial 
cyanide concentration, current density, and stirring veloc-
ity) and their interactions on EO efficiency (v.g., XCN− , EC 
and %RCOD). Three different levels (values) were chosen for 
each of the three listed variables. In this part of the study, 
synthetic samples were used according to the characteriza-
tion of C–F supernatant. The independent variables and their 
levels are summarized in Table 2.

A multifactorial, three-central points, Box–Behnken 
experimental Design (BBD) was applied. BBD belongs 
to a class of rotatable or nearly rotatable second-order 
designs based on three-level incomplete factorial designs 
[28]. These designs are considered as less expensive than 
their corresponding 3k designs. The number of experiments 
(N) required for the development of BBD is defined as 
N = 2k (k − 1) + C0, (where k is number of factors and C0 
is the number of central points). For comparison, the num-
ber of experiments for a central composite design (CCD) is 
N = 2k +2k + C0. Concerning the efficiency, defined as the 
number of coefficients in the estimated model divided by the 
number of experiments [28], of the following three factors 
designs: CCD, Doehlert design (DD), BBD, and three-level 
full factorial design, BBD and DD result slightly more effi-
cient than the CCD and much more efficient than the three-
level full factorial designs. Another characteristic of BBD is 

Table 2   Process variables levels for experimental design

Symbol Factors Unit Coded levels

− 1 0 1

A Initial cyanide con-
centration ([CN−]0)

mg L−1 1000 1500 2000

B Current density (J) mA cm−2 7 57 107
C Stirring velocity (η) rpm 250 500 750



223Journal of Applied Electrochemistry (2020) 50:217–230	

1 3

lack of combinations at which all factors are simultaneously 
at their highest or at their lowest levels, letting to avoid the 
running of experiments under extreme conditions. In this 
way, BBD will contain regions of poor prediction quality 
(like missing corners). However, this property can be useful 
if the researcher should avoid combined factor extremes. It 
also prevents a potential loss of data in these cases. Consid-
ering all these characteristics, BBD was chosen and applied 
in this study.

Thus, 15 experiments, each replicated twice, were ran-
domly performed to avoid any systematic error. They were 
programmed using Statgraphics Centurion XVIII® (30-day 
trial version is available at http://www.statg​raphi​cs.net). The 
total electrolysis time was fixed in 40 min. Multi-objective 
optimization analysis was carried out to establish the most 
effective electrolysis conditions.

For the RSM, the experimental results were fitted to a sec-
ond-order multivariable polynomial, as presented in Eq. (11):

where Y is the response variable (v.g., XCN− , o EC, o 
%RCOD); β0, βi, βii, and βij are the regression coefficients. β0 
is the intercept, βi are the main effects, βii are the quadratic 
effects and interactions; xi and xj are the independent vari-
ables ([CN−]0, J and η).

The quality of this model and its prediction capacity were 
judged from the correlation coefficient, R2, and standard devia-
tion value (σ). The main effects and the interaction effects of 
different factors on the response variables was followed by 
analysis of variance (ANOVA). The ANOVA consists of clas-
sifying and cross-classifying statistical results. Fisher F test, 

(11)Y = �0 +

n
∑

i=1

�ixi +

n
∑

i=1

�iix
2
i
+

n−1
∑

i=1

n
∑

j=i+1

�ijxixj

defined as the ratio of respective mean-square effect and mean-
square error, was used to evaluate the presence of a signifi-
cant difference from control response and to calculate standard 
errors. The p values were used to identify experimental param-
eters that have a statistically significant influence on particu-
lar response. If p value is lower than 0.05, it is statistically 
significant with the 95% confidence level [29]. Additionally, 
statistical analysis was completed with a Pareto diagram and 
a correlation coefficient examination.

In order to optimize EO (v.g., to achieve the highest cyanide 
removal with the lowest energy consumption), a multi-objec-
tive optimization analysis was carried out using the fmincon 
function available in MatLab® software. It included the mini-
mization of the following objective function:

where wi is the weight factor and fi(x) corresponds to the 
quadratic polynomial fitted for the cyanide removal and for 
the specific energy consumption.

Model validation was performed experimentally at opti-
mized conditions (Sect. 3.2.3) as well as at some arbitrary 
chosen conditions (for details see Supplementary Material).

2.8 � Kinetic analysis and tests with industrial gold 
leaching effluent

A kinetic study was carried out at the optimized conditions 
of EO. Kinetic power law expressions were fitted for cyanide 
(CN−), cyanate (CNO−), COD, and TOC data. They allowed 
for the determination of time required to meet permissi-
ble Colombian discharge limits. Simulation results were 

(12)Fobj = min

[

M
∑

i=1

wifi(x)

]

Table 3   The experimental 
and predicted results of X

CN
− , 

%RCOD and EC (and their 
standard deviations) for the EO 
processes according to the BBD

Reaction time = 40 min

Test [CN−]0
(mg L−1)

J
(mA cm−2)

η
(rpm)

X
CN

− ± EC
(kWh kg−1)

± %RCOD ±

1 1500 57 500 0.33 0.00 17.73 1.75 23.21 3.06
2 2000 107 500 0.53 0.01 35.22 2.47 36.70 7.35
3 2000 7 500 0.15 0.02 2.29 0.04 7.57 7.46
4 2000 57 250 0.26 0.00 19.37 0.54 17.81 2.70
5 1500 107 250 0.59 0.04 43.98 2.63 51.32 7.18
6 2000 57 750 0.27 0.03 15.07 2.42 9.86 4.43
7 1000 57 250 0.36 0.01 25.89 0.20 12.12 0.71
8 1500 57 500 0.34 0.01 17.48 1.07 30.55 1.46
9 1500 7 250 0.12 0.00 3.29 0.27 0.38 0.53
10 1500 57 500 0.35 0.08 17.38 0.64 24.25 13.03
11 1500 7 750 0.11 0.00 3.07 0.29 8.65 3.72
12 1500 107 750 0.60 0.01 37.87 2.47 45.11 2.92
13 1000 7 500 0.18 0.01 3.19 0.00 16.41 0.36
14 1000 107 500 0.66 0.00 44.84 8.26 46.59 3.04
15 1000 57 750 0.43 0.05 18.39 1.32 40.03 3.39

http://www.statgraphics.net
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compared with the experimental data obtained using the 
C–F–EO process performed with the gold leaching effluent.

3 � Results and discussion

3.1 � Wastewater pre‑treatment by coagulation–
flocculation

In order to establish the optimal C–F conditions, the jar test 
was performed using different concentrations of FeCl3 (in 
the range of 20–250 mg FeCl3 L−1). The most significant 
turbidity removal, equivalent to ca. 97%, was observed using 
100 mg L−1 of FeCl3 dosage. It was chosen as the working 
coagulant concentration for C–F. In these conditions, the 
C–F supernatant was characterized. Its physico-chemical 
features were compared with those corresponding to the 
gold leaching effluent (Table 1). Note that the C–F process 
was unable to reduce/remove organic loading from the sam-
ple. Its biodegradability ratio BOD5/COD also remained 
almost unchanged (4.45 × 10−4), rendering any biological 
treatment inadequate for this type of residual waste. Thus, 
before its final disposal, additional treatment was required. 
Also, notice that after the C–F, the effluent’s pH remained 
unchanged. Cyanide concentration increased ca. 5% prob-
ably due to the destruction of cyanide–metal complexes dur-
ing the C–F process.

3.2 � The electro‑oxidation process

3.2.1 � Box–Behnken experimental design and polynomial 
regression

Experimental design (experimental conditions) together 
with the obtained average results of XCN− , %RCOD and EC 
(and their standard deviations) are given in Table 3.

The highest percentage of COD removal was ca. 
51%, achieved at the following experimental conditions: 
[CN−]0 = 1500 mg L−1, J = 107 mA cm−2, and η = 250 rpm. 
These conditions also allowed for a ca. 60% of cyanide con-
version. Notice that 107 mA cm−2 corresponds the highest 
values of conversion. In these two cases, the EC equaled to 
43.98 kWh kg−1.

Multiple polynomial regression was carried out to fit 
experimental data to the second-order polynomial models 
(Eq. 11). The obtained regression coefficients are included 
in Eqs. (13–15). The goodness of fit was estimated through 
the correlation coefficient (R2) and the adjusted correlation 
coefficient ( R2

adj
 ). Their values indicated that fitted poly-

nomial models describe ca. 99% of the variability observed 
in the XCN− and EC data and 95% for RCOD. The R2

adj
 is a 

more rigorous parameter to determine the quality of the 
models. Likewise, the obtained model can describe ca. 
87% of the RCOD variability observed in the experimental 
data. The quality of the model was also evaluated basing 
on standard deviation value (σ); the lower value of stand-
ard deviation, more accurate the response predicted by the 
model. Notice that the following values of standard devia-
tion 0.265, 0.891, 5.900 were obtained for the models 
described by the Eqs. (13–15), respectively:

(13)
XCN− = 0.0938 − 7.8 × 10−5A + 0.0044B + 4.772 × 10−4C + 3 × 10−8A2

−1 × 10−6AB − 1.2 × 10−7AC + 1.3 × 10−5B2
+ 4 × 10−7BC − 2.8 × 10−7C2

R2
= 99.22 R2

adj
= 97.82

(14)
EC = 18.6525 − 0.0122A + 0.4229B − 0.345C + 2.965 × 10−6A2

− 8.72 × 10−5AB

+6.4 × 10−6AC + 1.2455 × 10−3B2
− 1.178 × 10−4BC + 2.254 × 10−5C2

R2
= 99.87 R2

adj
= 99.63

(15)
%RCOD = −80.6341 + 0.0592A + 0.3626B + 0.1871C − 1.1192 × 10−5A2

− 1.05 × 10−5AB

−7.172 × 10−5AC + 1.4448 × 10−3B2
− 2.896 × 10−4BC − 5.2007 × 10−5C2

R2
= 95.23 R2

adj
= 86.65
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Fig. 1   Pareto diagrams for: X
CN

− (a), EC (b) and %RCOD (c)

Fig. 2   Three-dimensional surface response plots obtained for the 
interactive effect of J and [CN−] on: X

CN
−  (a), EC (b)  and RCOD 

(η = 500 rpm) (c)
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3.2.2 � Statistical analysis

The statistical analysis was based on Pareto diagrams, response 
surface plots and analysis of variance (ANOVA). The Pareto 
diagram illustrates the statistical significance of each factor 
and its interactions. It represents graphically the standardized 
effects from the highest to the lowest in magnitude as a series 
of bars whose heights (bi) reflect the influence of each factor. 
The bars are organized in descending order of heights from 
left to right. Therefore, the factors characterized by the tallest 
bars are relatively more significant. The bar sign indicates if 
an increase in the level of the factor presents a positive (+) or 
negative (−) effect on the response variable. Figure 1 presents 

Pareto diagrams for XCN− , EC and %RCOD using EO process, 
including the percentage effect of each factor (Pi) according to 
Eq. (16) [30]:

 
Statistically important factors, with a confidence of 95% 

(using t Student distribution), correspond to all bars with 
values crossing the internal vertical line. They coincide with 
values established with the variance analysis (ANOVA). 
According to ANOVA results (Tables SM2–SM4, Supple-
mentary Material), one can see that all terms in the regression 
models are not equally important. Notice that both [CN−]0 
and J presents p value < 0.05, which implies that they have a 
truthful effect on the three response variables ( XCN− , EC and 
%RCOD), with the confidence interval of 95%. Moreover, as 
expected, the EC strongly depends on η and on some inter-
actions between the following variables: [CN−]0 − J, J − J, 
J − η, and η − η. It can also be noticed that the interaction 
[CN−]0 − η has statistical significance on %RCOD.

For each of three response variables, the current density 
presents statistically the most significant effect. Its positive 
sign indicates that the highest degradation efficiency was 
obtained at the highest level of this factor. The initial cyanide 
concentration also shows statistical significance. However, 
in all cases, cyanide conversion is inversely proportional to 
cyanide concentration. Notice that in the studied range, the 
stirring velocity does not affect neither the XCN− nor the effi-
ciency of COD removal. This phenomenon can occur due 
to the oxidation of cyanide to cyanate (Eq. 3), near to the 

(16)Pi =

�

b2
i

∑

b2
i

�

× 100

Fig. 3   Contour plot of results obtained using multi-objective optimi-
zation
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electrode surface, and its subsequent migration to the bulk 
where it is mineralized (Eq. 4).

In order to determine the integrated effect of both J 
and [CN−]0 on the response variables, three-dimensional 
Box–Behnken response surface plots, at a constant η value 
of 500 rpm (halfway in the studied range of this factor) were 
used (Fig. 2). Notice that XCN− , EC and %RCOD increase with 
an increase in J, as it can be expected in any electrochemi-
cal process. Moreover, their highest value correspond to the 
lowest value of cyanide concentration. These results agree 
with the literature findings [21]. Visual inspection of the 
obtained surfaces does not let to define the optimal con-
ditions for the simultaneous maximization of cyanide con-
version and minimization of EC. Thus, a multi-objective 
optimization analysis was undertaken.

3.2.3 � Multi‑objective optimization analysis

Considering the results of statistical analysis and the 
interest in simultaneous maximization of the XCN− and 
minimization of the EC, a multi-objective optimization 
was carried out. Thus, Eqs. (12–15) were simultaneously 
solved using the fmincon function available in MatLab® 
software. The following constrains were included in the 
optimization analysis: (i) the removal of total cyanide 
from the effluent must meet Colombian regulations (i.e., 
[CN−] < 1 mg L−1) and (ii) the weight factor (w) for the EC 
must be lower than the maximum value measured experi-
mentally (i.e., wEC ≤ 44.84 , see Table 3). The obtained 
results are presented as a contour plot in Fig. 3. The opti-
mization constrictions and the optimal operating condi-
tions are identified as a black line and a red circle, respec-
tively, and they correspond to: [CN−]0 = 1000 mg L−1, 
J = 100 mA cm−2, and η = 750 rpm. At these conditions, 
the experimental verification of EO efficiencies, predicted 
by the Eqs. (13–15), was performed. The following results 
were obtained: XCN− = 0.68 ± 0.01, %RCOD = 52.6 ± 8.99, 
and EC = 41.86 ± 0.4 kWh kg−1 (measured values) vs. 
XCN− = 0.65, %RCOD = 52.63, and EC = 38.2  kWh  kg−1 
(predicted values), confirming the high predictive capac-
ity of the model. The model was also successfully tested 
under arbitrary experimental conditions (for details see 
page 6 in Supplementary Material). However, 40 min of 
electrolysis did not result in the permissible limit of cya-
nide content (< 1 mg L−1 or XCN− = 0.999), required by 
Colombian legislation. Thus, at the optimized operational 
conditions, the evolution of EO with time was performed.

3.2.4 � Kinetic study

Figure 4 presents the variation of total cyanide (CN−), 
cyanate (CNO−) and ammonium (NH4

+) concentrations 
with time.

According to the path for cyanide mineralization, 
cyanate formation and its subsequent decomposition 
is a consequence of a series of reactions, outlined in 
Eqs.  (2–7). One can see (Fig. 4) that the total cyanide 
concentration decreases with time, reaching XCN− of 
0.999 (= 1 mg L−1) after 210 min of reaction. The cyanate 
concentration increases gradually with the reaction time 
reaching a maximum at ca. 55 min of electrolysis. Next, 
its concentration decreases monotonically. The ammonium 
concentration increases progressively during the treatment, 
reaching a value of 228 mg L−1 after 300 min. Notice that 
cyanate ions are significantly less toxic than cyanide, and 
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ammonium is a complete mineralization product of cya-
nide although it can also be toxic.

Carbon evolution along the EO process was also ana-
lyzed. Depending on the pH values, carbon can be present 
in cyanide, cyanate, carbon dioxide, and/or as carbonate 
or bicarbonate species. As EO takes place at an initial 
pH of ca. 11, and slightly decreases during the reaction 
without reaching values below 10, carbon existing in the 
cyanide and cyanate ions can be oxidized to form car-
bonate and bicarbonate species. The variation of total 
carbon (TC), inorganic carbon (IC) and TOC concentra-
tion vs. time is presented in Fig. 5. The TOC concentra-
tion decreases gradually reaching total removal after ca. 
250 min of EO. The IC concentration increases gradually 
with reaction time reaching a maximum at ca. 100 min of 
electrolysis. Next, its concentration decreases monotoni-
cally. This behavior implies that carbon was effectively 
transformed from its reduced to its oxidized form (v.g., 
CO2, CO2−

3
, HCO−

3
 ). The COD concentration, similarly to 

TOC, decreases continuously during the EO process and 
yielded a total removal after ca. 250 min.

Data fitting was performed for kinetic parameters 
adjustment. At first, molar balance equation was applied 
to the batch reactor. To solve the reactor model, an expres-
sion for the reaction rate was required. Since electrochemi-
cally generated compounds are very reactive, it is natural 
to consider a first-order kinetic law expression, such as 
follows [31]:

Molar balances were derived as a function of the reac-
tion rates of the compound in the solution (CN− and CNO−) 
obtaining:

Moreover, the COD and TOC data were also adjusted to 
the first-order kinetics expressions as follows:

Parameters with the highest R2 were selected. 
Thus, the following kinetic constants were obtained: 
kCN− = (2.19 ± 0.097) × 10−2 min−1 (R2 = 0.9944), 
kCNO− = (1.38 ± 0.17) × 10−2 min−1 (R2 = 0.9633), kCOD = (1
.77 ± 0.099) × 10−2 min−1 (R2 = 0.9838) and kTOC = (1.68 ± 

(17)ri = kiCi

(18)
dCCN−

dt
= −kCNCCN−

(19)
dCCNO−

dt
= kCNCCN− − kCNOCCNO−

(20)
dCCOD

dt
= −kCODCCOD

(21)
dCTOC

dt
= −kTOCCTOC

0.145) × 10−2 min−1 (R2 = 0.9852). The predicted values for 
all models were included as lines in Figs. 4 and 5.

3.2.5 � EO as an alternative for mineralization of cyanide 
originating from gold leaching effluent

Finally, the EO of cyanide originating from gold leaching 
effluent was carried out. For this purpose, the C–F superna-
tant was used (Table 1). Thus, the obtained kinetic expres-
sions were used to predict the electrolysis time required to 
reach the legislated permissible limits for total cyanide con-
tent (Table 1). The evolution of free and total cyanide con-
centrations (Fig. 6a) as well as COD (Fig. 6b) was monitored 
as a function of time. One can see that the fitted models 
effectively describe the experimental data. Thus, after ca. 
180 min of EO, under the following operating conditions: 
([CN−]0 = 1735 mg L−1, J = 100 mA cm−2, and η = 750 rpm) 
(Table 1), legislated permissible limits for both total cyanide 
and COD were achieved. The required EC corresponded to 
71.33 kWh kg−1. Moreover, the BOD5/COD biodegradabil-
ity ratio changed from 4.52 × 10−4 to 0.5573, representing 
a very significant increase in the biodegradability of the 
studied effluent (BOD5/COD > 0.4 classifies an effluent as 
biodegradable). Additional information regarding the reac-
tion evolution during the EO can be obtained analyzing the 
average oxidation state (AOS) of the treated sample. It can 
be calculated as follows [32]:

where COD and TOC are expressed in mg O2 L−1 and mg C 
L−1, respectively. The AOS can take values between − 4 (for 
the most reduced state of carbon, CH4) and + 4 (for the most 
oxidized state of carbon, CO2). An AOS value of − 0.64 was 
estimated for the gold leaching effluent. However, at the end 
of C-F-EO process, an AOS reached the value of 3.75, indi-
cating significant carbon oxidation (reaching a state similar 
to that of CO2) and an effective mineralization of the stud-
ied effluent. This characteristic usually improves wastewater 
biodegradability.

4 � Conclusions

An electrochemical oxidation was applied as an alternative 
for the treatment of cyanide originating from gold leaching 
effluent. This effluent presented both high conductivity 
(12,150  µS  cm−1) and high cyanide concentration 
(1662 mg L−1) and it could not be treated by biological 
methods (BOD5/COD = 4.52 × 10−4). Drawing from the 
experimental design, response surface methodology, and 
multi-objective optimization analysis, the following optimal 

(22)AOS = 4 − 1.5
COD

TOC
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EO operational conditions were established: initial cyanide 
concen t ra t ion  =  1000   mg  L −1,  cu r ren t  den-
sity = 100 mA cm−2, and stirring velocity = 750 rpm. They 
were verified experimentally. The experimental data ( XCN− , 
%RCOD, and EC) were fitted to second-order polynomial 
models with adjusted correlation coefficients ( R2

adj
 ) of ca. 98, 

99, and 87%, respectively. The kinetic analysis, performed 
at optimal EO operational conditions, allowed determination 
of time (180 min) required to meet Colombian permissible 
discharge limits for COD and total cyanide content. The pre-
dictive capacity of kinetic expressions was verified against 
C–F–EO experimental data obtained for cyanide-containing 
effluent originating from gold leaching process. Total cya-
nide removal and 96% of COD reduction was reached, 
requiring EC of 71.33 kWh kg−1 and 180 min. The BOD5/
COD ratio increased from 4.52 × 10−4 to 0.5573, confirming 
effluent biodegradability. These results suggest that EO can 
be considered as an efficient alternative for the mineraliza-
tion of effluents coming from cyanide-involving industrial 
processes.
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