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Abstract 12 

In this work, coagulation and electrocoagulation for the removal of cyanide ions 13 

contained in synthetic mining wastewater were evaluated paying particular attention to 14 

the elucidation of the coagulation mechanisms. Iron and aluminum salts with 15 

concentrations ranging from 0.01 to 10 000 mg dm-3 metal were used in chemical 16 

coagulation. Experimental data were properly fitted to Freundlich isotherm to elucidate 17 

that the main mechanism to remove cyanide during chemical coagulation was adsorption 18 

onto coagulant flocs although a maximum cyanide removal percentage of only 25% was 19 

attained. Then, electrochemical coagulation with iron and aluminum electrodes was 20 

evaluated at 1, 10 and 100 A m-2, obtaining completely different results. Iron 21 

electrochemical coagulation leads to the complete cyanide removal regardless of the 22 
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current density applied, although the TOC removal was much lower than expected. On 23 

the contrary, only 60% of cyanide removal was reached by aluminum electrochemical 24 

coagulation and its efficiency was found to be highly dependent on the current density 25 

applied. Furthermore, no cyanate or hazardous inorganic chlorine species were detected 26 

during both electrocoagulation processes. However, chloride was oxidized to 27 

hypochlorite and then, it reacted with ammonium ions (contained in mining wastewater 28 

or produced by chemical reduction of nitrate by aluminum) to form chloramines. A 29 

proposal of coagulation mechanisms during the electrochemical process that explains 30 

experimental results was developed which involved the formation of iron-cyanide 31 

complexes, charge neutralization, adsorption on a superficially charged metal precipitate 32 

and/or enmeshment into a sweep metal floc.       33 

 34 

Keywords: cyanide; mining wastewater; chemical coagulation; electrochemical 35 

coagulation; coagulation mechanisms 36 

 37 

Highlights 38 

- Cyanide is poorly removed by adsorption onto metal flocs in chemical 39 

coagulation.  40 

- Iron electrochemical coagulation leads to a complete cyanide removal. 41 

- Formation of soluble iron cyanide complexes allows reducing solution toxicity.  42 

- Cyanide solubility decreases by charge neutralization with soluble Al(OH)3. 43 

- Null detection of cyanate or hazardous inorganic chlorine species. 44 

 45 
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1. Introduction 49 

Free cyanide may be contained in industrial wastewater such as mining, metallurgical, 50 

petrochemical or coking wastewater [1-4]. About 13% of the 1.1 million metric tons of 51 

hydrogen cyanide produced annually worldwide is consumed by mining and 52 

metallurgical processes [5]. In mining processes, cyanide solutions are primarily used for 53 

the extraction of gold and silver from crushed ores. In addition, also they may be used to 54 

recover other metals such as copper, lead and zinc. The pH of cyanide solutions is a key 55 

parameter because free cyanide can be in the form of cyanide anion or volatile 56 

hydrocyanic acid, this last form being the predominant species for pH values below 8.5. 57 

Cyanide is considered a very toxic substance, because it can inhibit oxygen transfer to the 58 

cells due to its ability to bind iron in the blood by forming complexes and then, it can 59 

cause suffocation in animals and humans. The oral cyanide dose that is lethal to 50% of 60 

the exposed population ranges between 1 and 3 mg/kg of body weight.  61 

The cyanide removal from industrial wastewater by conventional technologies has been 62 

widely reported during the last decade. Thus, cyanide may be degraded to ammonia by 63 

microorganisms under aerobic conditions [1] or it may be oxidized to less toxic cyanate 64 

by strong oxidizing agents such as hydrogen peroxide, hypochlorite and ozone [6]. In 65 

addition, it may be adsorbed on clays, feldspars and organic carbon,  react with sulfur to 66 

form the seven-times less toxic thiocyanate and it may also strongly bind with various 67 

metals such as Fe, Cu, Ni, Mn, Pb, Zn, Cd, Sn or Ag to generate soluble and/or insoluble 68 

cyanide-metal complexes which are mostly non-reactive compounds [2, 3, 7-10].  69 

Electrochemical technologies have recently emerged for industrial applications thanks to 70 

their simple equipment and easy automation in different environments and scales [11-16]. 71 

Furthermore, these technologies can be considered as environmentally friendly because 72 
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no addition of chemicals is needed and they can also be easily powered with green energy 73 

sources such as solar panels, windmills or fuel cells [17-20]. Among others, 74 

electrochemical oxidation, electro-Fenton and electrochemical coagulation have been 75 

reported to remove cyanide from industrial wastewaters. Both electrochemical oxidation 76 

and electro-Fenton leads to the oxidation of cyanide to cyanate and then, cyanate is 77 

mineralized to carbon dioxide and nitrogen. At this point, electrochemical oxidation 78 

attained around 90% of cyanide removal by using several anode materials such as mixed 79 

metal oxides, platinum, PbO2 or boron doped diamond [21-23]. Likewise, electro-Fenton 80 

with reticulated vitreous carbon as cathode material reached over 90% of cyanide 81 

oxidation to cyanate by electrochemically generated hydrogen peroxide [24]. On the 82 

contrary, electrochemical coagulation is mainly based on the release of coagulants from 83 

a sacrificial anode. These species reduce the solubility of free cyanide in solution by 84 

different mechanisms. In literature, efficiencies over 90% for the removal of cyanides 85 

were reported by using electrochemical coagulation with iron electrodes, although no in-86 

depth studies on removal mechanisms were found [25-27].  87 

In this context, this paper mainly focuses on the development of coagulation mechanisms 88 

both in chemical and electrochemical coagulation processes to remove 100 mg dm-3 of 89 

cyanide in synthetic mining wastewater at alkaline pHs. To do this, standard jar test 90 

experiments were carried out by using iron and aluminum salts. Likewise, iron and 91 

aluminum electrodes inserted in a flow-by electrochemical reactor were tested under 92 

several current density values. Finally, the chemical reactivity of organic and inorganic 93 

species contained in solution was studied in order to rule out the formation of hazardous 94 

species. 95 

 96 
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2. Material and methods 97 

2.1. Chemicals 98 

Sodium cyanide and mining wastewater compounds [12] were of analytical grade and 99 

purchased from Panreac Química SLU. Chemicals to analyze cyanide were purchased 100 

from Merck and other chemicals used in several analyses were purchased from Sigma 101 

Aldrich, and each one was also analytical grade. Double deionized water of Millipore 102 

Milli-Q system with a resistivity of 18.2 MΩ cm at 25 ºC was used to prepare each 103 

solution.  104 

2.2. Experimental procedures 105 

Chemical coagulation experiments were developed by using the standard Jar-test 106 

technique. Each flask was filled with a volume of 500 mL of mining wastewater 107 

intensified with 100 mg CN- dm-3. Then the selected iron or aluminum chloride 108 

concentration was added, followed by the dosing of NaOH solution used for pH 109 

adjustment to a value of 12. After that, the mixture underwent 3 min rapid mixing and 12 110 

min slow mixing. Then, after settling for 30 min, the supernatant liquid was filtered 111 

through a 0.20 µm filter and then, cyanide concentration was measured.  112 

Electrochemical coagulation experiments were carried out in a single compartment flow 113 

cell working under batch operation mode [28, 29]. The electrodes placed in the 114 

electrochemical cell were made of iron and aluminum, and both anode and cathode 115 

materials were the same at each experiment. The electrode dimensions were 10 cm x 10 116 

cm2 and the net spacing between electrodes was 0.9 cm. The electric current was applied 117 

by using a Delta Electronika ES030-10 power supply characterized by the ranges 0-10 A 118 

and 0-30 V, and the current flowing through the cell was measured with a Keithley 2000 119 
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digital multimeter. Each experiment was carried out under galvanostatic conditions and 120 

the current densities applied were 1, 10 and 100 A m-2. A volume of 2.0 L of mining 121 

wastewater intensified with 100 mg CN- dm-3 (at initial pH of 12) were introduced into a 122 

glass tank and then, recirculated through the electrochemical cell using a peristaltic pump. 123 

Samples of 75 mL were collected each time and after settling time of 30 min, the 124 

supernatant liquid was filtered through a 0.20 µm filter for the determination of cyanide 125 

and other inorganic ions. TOC measurements were carried out without filtration. The 126 

chemical coagulation tests were performed during 15 minutes whereas electrochemical 127 

coagulation experiments were carried out during 540 minutes each one. 128 

The chemical composition of the synthetic mining wastewater used has been previously 129 

reported elsewhere [12].   130 

2.3. Analytical procedures 131 

Cyanide concentrations were determined by silver nitrate titration method, which was 132 

initially introduced by Ryan and Culshaw [30]. The silver nitrate (AgNO3) titration bases 133 

on the reactions produced by this salt in a cyanide media, where soluble silver cyanide 134 

complex (Ag(CN)2
-) is firstly formed (Eq. 1), after which, the excess Ag+ ions complex 135 

with rhodanine turning the color from a yellow to a pale pink. Further addition of AgNO3 136 

yields solid argentocyanide (AgCN) (Eq. 2). In this study, a modified standard method 137 

was used. AgNO3 stock solution was further diluted to yield 0.00125 and 0.000125 M 138 

AgNO3
 solutions for the titrations. Stronger AgNO3

 solution was used for samples 139 

containing more than 10 mg dm-3 of cyanide whereas more dilute was used for samples 140 

containing 1-10 mg dm-3 of cyanide. The indicator solution was prepared by dissolving 141 

0.03 g 5-(4-Dimethylaminobenzylidene)-rhodanine in 0.1 dm3 acetone and stored in a 142 

dark bottle. The titrations were carried out with 0.005 dm3 of cyanide solution to which 143 
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four drops of rhodamine indicator solution were added, after which the sample was 144 

titrated to a color change. Finally, the concentration of CN- was calculated using Equation 145 

(3), where M is the molar mass (g mol-1), V is volume (10-3 dm3), and factor of reagent is 146 

0.012255 for 0.00125 M AgNO3 solution and 0.0012255 for 0.000125 M AgNO3 147 

solution. 148 

Ag
+ + 2CN

- → Ag(CN)
2

-
     (1) 149 

Ag
+ + Ag(CN)

2

-  → 2AgCN     (2) 150 

CN
-
(mg dm

-3
) = 

 M(NaCN)

M(CN-)
∙

V(AgNO3)

V(sample)
∙factor of reagent∙10000   (3) 151 

In addition, ion chromatography by using a Metrohm 930 Compact IC Flex coupled to a 152 

conductivity detector was used to determine inorganic ions. The column Metrosep A 153 

Supp 7 located in an oven at 45 ºC with a mobile phase of 85:15 v/v 3.6 mM 154 

Na2CO3/acetone were used to analyze anions whereas cations were analyzed by using the 155 

column Metrosep C6 250 at 30 ºC with a mobile phase of 1.7 mM HNO3 and 1.7 mM 156 

2,6-pyridinedicarboxylic acid. The flow rates of mobile phases were 0.8 and 0.9 cm3 min-157 

1 to determine anions and cations, respectively. In both cases, 20 μL was the volume 158 

injection of each sample.  159 

The total iron or aluminum concentration was measured off-line using an inductively 160 

coupled plasma Liberty Sequential Varian system according to the standard methods. The 161 

pH and conductivity were simultaneously measured using a Sension+ MM150 Portable 162 

Multi-Parameter Meter from HACH. The Total Organic Carbon (TOC) was determined 163 

using a Shimadzu TOC-VCPH analyzer and the theoretical TOC was calculated 164 

according to Equation 4 where [CN-] is referred to free cyanide that remains in solution, 165 

AWC is the atomic weight of carbon (12 g mol-1) and MWCN- is the molecular weight of 166 
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cyanide (26 g mol-1). In addition, hypochlorite was analyzed by titration with 0.001 M 167 

As2O3 in 2 M NaOH [31, 32]. 168 

TOCth = [CN-] · (AWC/MWCN-)                                   (4) 169 

Finally, the sludge generated during both conventional and electrochemical coagulation 170 

was characterized by X-Ray Diffraction (XRD) analysis using a Philips PW-1710 171 

instrument with Ni-filtered Cu kα radiation (λ: 1.5404 Å). Samples were scanned at a rate 172 

of 0.02º step-1 within the range 10º ≤ 2θ ≤ 90º and the diffractograms obtained were 173 

compared with the JCPDS-ICDD references.   174 

 175 

3. Results and discussion 176 

Figure 1 shows the percentage of cyanide removed during the chemical coagulation of 177 

100 mg dm-3 of cyanide in mining wastewater. Every test was developed at pH 12 to 178 

ensure the stability of cyanide ion in aqueous solution avoiding the release of HCN. Thus, 179 

after the addition of the coagulant with the corresponding decrease in the pH, this 180 

parameter was rapidly modified up to 12.0. The coagulants tested were inorganic salts of 181 

iron (FeCl3) and aluminum (AlCl3) within the wide range 0.01 – 10 000 mg dm-3. Ferric 182 

iron (Fe3+) was selected as iron salt because the pH conditions used leads to a rapid 183 

oxidation of ferrous iron (Fe2+) to ferric form in water [33]. 184 

 185 
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 186 

Figure 1. Cyanide removal percentage as a function of coagulant dosages during 187 

chemical coagulation of synthetic mining wastewater intensified with 100 mg CN- dm-3 188 

at pH of 12. Inorganic coagulants: Fe3+-FeCl3 (full symbols), Al3+-AlCl3 (empty 189 

symbols).  The inset shows data fitted to Freundlich isotherm. 190 

 191 

As it can be seen, both reagents can help to remove cyanide, although the efficiency is 192 

not very high and cyanide removal percentages during chemical coagulation are always 193 

below 15%, even for the highest coagulant dosage of 10 000 mg dm-3. This last value 194 

generates a large amount of sludge in the final effluent and, for this reason, no higher 195 

coagulant doses were used. In addition, the percentage of cyanide removed is higher with 196 

the aluminum than with the iron coagulant dosages. 197 

Initially, adsorption of the cyanide onto the growing hydroxide precipitates is the 198 

expected primary mechanism to explain the removal of this pollutant. To confirm this 199 

and, thus, to elucidate the possible mechanisms which control the removal of cyanide in 200 
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mining wastewater by using chemical coagulation processes, experimental data were 201 

fitted to Freundlich isotherm (Eq. 5) as shown in the inset of Figure 1. The Freundlich 202 

isotherm is an adsorption curve which relates the equilibrium concentration of a solute 203 

adsorbed onto the surface of a solid through chemisorption, physisorption or both (q, mg 204 

CN- adsorbed / g M-MCl3) with the concentration of the solute in the solution (CN-, mg 205 

dm-3). The models obtained for iron and aluminum adsorbents are shown in Equations 6 206 

and 7, respectively. As observed, fitting of the experimental data to the model is not 207 

perfect and suggests that, in addition to adsorption, other processes must be contributing 208 

to the removal of cyanide. Thus, experimental data are observed to fit the Freundlich 209 

isotherm during aluminum chemical coagulation with a regression coefficient of 0.9047 210 

whereas for chemical coagulation with iron, data fit the Freundlich isotherm with a lower 211 

regression coefficient of 0.7585. This fact supports the hypothesis made regarding that 212 

cyanide in mining wastewater is removed by adsorption onto aluminum or iron flocs 213 

formed during the chemical coagulation process. However, the extremely low values 214 

obtained for Freundlich’s constant (KF) indicates a low adsorption capacity from 215 

adsorbents added during chemical coagulation to remove cyanide from mining 216 

wastewater in comparison with other KF values reported in literature [34-37] and the co-217 

existence of other processes, most probably complexation processes. 218 

q
e
=KF∙Ce

1
n⁄
      (5) 219 

q=4∙10
-154

∙[CN
-]81.67     (6) 220 

q=3∙10
-216

∙[CN
-]116.25     (7) 221 

Coagulation and electrocoagulation technologies differ significantly in the way in which 222 

the coagulants are added to the wastewater and it is reported that this type of addition of 223 
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inorganic coagulants in solution may significantly affect the pollutant removal efficiency 224 

of the coagulation process [38, 39]. The chemical coagulation process involves the 225 

addition of inorganic salts, mainly iron or aluminum salts, as coagulants which alters the 226 

physicochemical composition of the solution by increasing its conductivity. On the 227 

contrary, the electrochemical coagulation process involves the in-situ generation of 228 

coagulants through the electro-dissolution of a sacrificial anode, which is usually made 229 

of iron or aluminum. At this point, Figure 2 shows the cyanide removal from mining 230 

wastewater during electrochemical coagulation with iron (Figure 2a) and aluminum 231 

(Figure 2b) electrodes. The electrochemical coagulation processes were developed within 232 

the range of current densities 1 - 100 A m-2 and no passivation phenomena were observed 233 

for all the tests carried out with both electrode materials. 234 

 235 
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 236 

Figure 2. Cyanide removal percentage as a function of electrogenerated coagulant 237 

concentration during electrochemical coagulation of synthetic mining wastewater 238 

intensified with 100 mg CN- dm-3 at initial pH of 12. Anode/Cathode: Fe/Fe (a), Al/Al 239 

(b). Current density: (●) 1 A m-2, (▲) 10 A m-2, (■) 100 A m-2. The insets show data fitted 240 

to Freundlich isotherm. 241 
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Surprisingly, cyanide is completely removed from mining wastewater during 243 

electrochemical coagulation at initial pH of 12 by using iron electrodes with almost 244 

negligible influence of current density applied. However, less than 60% of cyanide 245 

removal is attained for electrochemical coagulation with aluminum electrodes. In 246 

addition, a significant influence of the current density on cyanide removal is clearly 247 

observed with this electrode. Then, 50% of cyanide removal is reached for 50 mg dm-3 of 248 

iron, regardless the current density applied whereas 40, 15 and 5% of cyanide removal is 249 

achieved for the same dosage of aluminum during electrochemical coagulation at 1, 10 250 

and 100 A m-2, respectively. This fact means that iron is much more efficient than 251 

aluminum for the removal of cyanide from mining wastewater when coagulants are dosed 252 

by a sacrificial anode in the electrochemical coagulation processes, regardless of the 253 

current density applied, opposite than the behavior observed during the chemical 254 

coagulation processes. Furthermore, the higher current density applied, the lower is the 255 

cyanide removal efficiency observed during aluminum electrochemical coagulation 256 

processes.  257 

For comparison purposes, and in order to know more about mechanisms, data obtained 258 

during the iron and aluminum electrochemical coagulation processes were also fitted to a 259 

Freundlich isotherm and plots are shown in the insets of Figure 2a and 2b, respectively. 260 

In both cases, the theoretical Freundlich isotherm line does not fit well experimental data 261 

as a high dispersion of experimental points can be observed with regression coefficients 262 

of only 0.1269 for iron (Eq. 8) and 0.1158 for aluminum (Eq. 9). This fact confirms that 263 

the main mechanism to remove cyanide from mining wastewater during electrochemical 264 

coagulation is not adsorption onto iron or aluminum flocs as hypothesized during 265 

chemical coagulation.  266 



15 

 

Here, it is noteworthy to point out that iron or aluminum speciation significantly depends 267 

on the dosage form, the pH of the solution and their concentration [38]. In this context, it 268 

is important to bear in mind that the pH was fixed at 12 for the chemical coagulation using 269 

the standard jar test experiments and corrected after the addition of the coagulants to reach 270 

again the same pH value (because the salts behave as Lewis acids) whereas for the 271 

electrochemical tests, pH was initially fixed at 12 and then, monitored along 272 

electrochemical coagulation processes without further changes, as in this case the net 273 

reagent dosed is iron or aluminum hydroxide, which does not behave as a Lewis acid. 274 

Thus, Figure 3 shows the evolution of coagulant-pH in the speciation maps for the 275 

removal of cyanide in mining wastewater during the iron (Figure 3a) and aluminum 276 

(Figure 3b) electrochemical coagulation processes within the range of current densities 277 

from 1 to 100 A m-2, and during chemical coagulation tests with iron (Figure 3c) and 278 

aluminum (Figure 3d) salts. Initial pH was adjusted before start the experiments to a value 279 

of 12. In the case of chemical tests, this adjustment was carried out again after adding the 280 

coagulant since aluminium and iron salts decrease the solution pH. 281 

q=121.43∙[CN
-]0.59     (8) 282 

q=0.32∙[CN
-]1.61     (9) 283 
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 284 

Figure 3.  Coagulant-pH evolution during chemical and electrochemical coagulation of 285 

synthetic mining wastewater intensified with 100 mg CN- dm-3. Electrochemical 286 

coagulation: anode/cathode: Fe/Fe (a), Al/Al (b); current density: (○) 1 A m-2, (∆) 10 A 287 

m-2, (□) 100 A m-2. Chemical coagulation: coagulant salts: FeCl3 (c), AlCl3 (d); pH 288 

correction: initial pH (◊), corrected pH (♦). Arrows indicate the trends in pH during the 289 

process 290 

 291 

The pH is observed to be maintained in values close to 12 during iron electrochemical 292 

coagulation regardless the current density applied and under these conditions, the 293 

electrodissolved Fe+2 may be quickly oxidized and hydrolyzed to iron precipitate Fe(OH)3 294 

as the main ionic monomeric species in solution. Opposite, pH is observed to decrease 295 
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down to 10 throughout aluminum electrochemical coagulation and this decrease is faster 296 

at lower current density values. Here, two different phases can be distinguished depending 297 

on pH evolution. Firstly, the soluble ionic monomeric species Al(OH)4
- and Al(OH)3 are 298 

the main aluminum species in solution when pH decreases from 12 to 10 and secondly, 299 

the aluminum precipitate Al(OH)3 is the dominant aluminum species when pH is 300 

maintained constant in a value of 10. Then, different pH behavior is observed depending 301 

on coagulation process as pH was maintained in a constant value of 12 during chemical 302 

coagulation at standard jar test experiments and, as a consequence, different iron or 303 

aluminum species are present in solution depending on coagulation process. Regarding 304 

the chemical coagulation tests, it can be seen how the initial addition of the coagulant 305 

acidifies the mining wastewater from the initial value of 12 to a value which decreases 306 

with the increasing coagulant dose and how during the tests, this acidification is 307 

compensated with the addition of sodium hydroxide to reach pH 12 again, leading to a 308 

very different expected speciation, which is much less efficient than that obtained by the 309 

electrochemical process naturally. In addition, because of the expected high solubility of 310 

aluminum hydroxide at pH 12, the presence of other precipitates should be expected, 311 

which protects the insoluble product formed during the initial addition of the coagulant. 312 

At this point, it is worth to take in mind that the bonding properties of cyanide ion make 313 

it a very strong-field ligand for several transition metals [40]. Among others, cyanide ion 314 

is capable of forming hexacyanides with titanium, vanadium, chrome, manganese, iron 315 

or cobalt, tetracyanides with nickel, palladium or platinum and dicyanides with copper, 316 

silver or gold. In this way, Figure 4 shows the TOC removal percentage as a function of 317 

iron (Figure 4a) and aluminum (Figure 4b) electrogenerated concentrations for the 318 

electrochemical coagulation treatment of synthetic mining wastewater intensified with 319 

100 mg dm-3 of free cyanide, in order to study the possible formation of soluble cyano 320 
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metal complexes. TOC present in synthetic mining wastewater comes from the carbon in 321 

cyanide ion. In addition, the theoretical TOC removal calculated from Eq. 4 has also been 322 

plotted here.   323 

 324 

Figure 4. TOC removal percentage as a function of electrogenerated coagulant 325 

concentration during electrochemical coagulation of synthetic mining wastewater 326 

intensified with 100 mg CN- dm-3. Anode/Cathode: Fe/Fe (a), Al/Al (b). Current density: 327 
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(●) 1 A m-2, (▲) 10 A m-2, (■) 100 A m-2. Dashdotted lines represent theoretical TOC 328 

removal according to experimental data.   329 

 330 

Regarding the evolution of TOC removal percentage during the iron electrochemical 331 

coagulation, the result obtained is much lower than the expected value and no influence 332 

of the current density is observed. At the end of each experiment, the experimental TOC 333 

removal percentage is expected to be up to 100% vs. less than 60% of TOC removal 334 

percentage monitored. This fact suggests that free cyanide is not totally removed from 335 

solution and it could still remain as soluble cyano iron complexes in wastewater. 336 

According to literature, the complexation reactions between iron (II) and free cyanide 337 

ions may be described by Eqs. (10-12) [41]. Iron (II) is firstly electrodissolved from an 338 

iron electrode during electrochemical coagulation process and then, iron (II) reacts with 339 

free cyanide to form soluble ferrocyanide complex (Fe(CN)6
4-) as shown in Equation (10). 340 

When the amount of ferrous ions increases throughout experimental time, Fe(CN)6
4-

 may 341 

be immobilized as an insoluble ferrocyanide (Fe2
IIFeII(CN)6) which can be quickly 342 

oxidized to form insoluble ferric ferrocyanide (Fe4
III[FeII(CN)6]3). However, the presence 343 

of soluble Fe(CN)6
4-

 in solution is much less toxic than free cyanide and its formation is 344 

essentially nontoxic except under UV-irradiating condition [42].   345 

Fe+2 + 6CN- → Fe(CN)6
4-    (10) 346 

Fe+2 + Fe(CN)6
4- → Fe2

IIFeII(CN)6 (↓)   (11) 347 

Fe2
IIFeII(CN)6 → Fe4

III[FeII(CN)6]3 (↓) + 2Fe+2 + 4e-   (12) 348 

On the other hand, TOC removal percentage overlaps with theoretical TOC removal 349 

percentage during aluminum electrochemical coagulation processes which means an 350 
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almost null formation of any soluble cyano aluminum complexes. In addition, a 351 

significant influence of the current density is observed. The lower current density applied 352 

the higher TOC removal efficiency is attained. Nevertheless, the maximum TOC removal 353 

percentage reached is below 40%, regardless of the current density applied.  354 

In this context, the mechanisms proposed for free cyanide removal from synthetic mining 355 

wastewater by means of both iron and aluminum electrochemical coagulation processes 356 

is schematically drawn in Figure 5. It is important to consider that the release of Fe+2 from 357 

an iron plate anode leads to the formation of soluble and/or insoluble metal-cyanide 358 

complexes during the iron electrochemical coagulation process. The presence of soluble 359 

metal-cyanide complexes allows the toxicity of solution to drastically decrease in 360 

comparison with the initial toxicity of free cyanide. On the other hand, free cyanide is 361 

removed by charge neutralization with soluble Al(OH)3 during the aluminum 362 

electrochemical coagulation process. Finally, free cyanide may also be removed thanks 363 

to its adsorption on a superficially charged metal precipitate and its enmeshment into a 364 

sweep metal floc in both electrochemical coagulation processes.  365 
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 366 

Figure 5. Mechanisms proposed for cyanide removal from synthetic mining wastewater 367 

during electrochemical coagulation. Anode/Cathode: Fe/Fe (a, c, d), Al/Al (b, c, d).     368 

 369 

The mechanism proposed for cyanide removal may be supported by the characterization 370 

of the sludge generated after the coagulation treatment (shown in Figure 6). The XRD 371 

analysis of the resultant sludge from chemical coagulation treatments with FeCl3 (Figure 372 

6a) shows the main diffraction goethite (Fe3+O(OH)) peaks (110), (130), (021), (111), 373 

(121), (140), (221), (160), (250) and (061) at 2θ = 21.1º, 33.3º, 34.7º, 36.6°, 39.9º, 41.2º, 374 

53.2º, 59.1º, 61.4º and 64.1º, respectively. However, the XRD analysis for the sludge 375 

generated during electrochemical coagulation with iron electrodes (Figure 6c) confirms 376 

not only the presence of the magnetite (Fe2+(Fe3+)2O4) peaks (220), (311), (400) (511) 377 

and (440) at 2θ = 30.1º, 35.4°, 43.0º, 57.1º and 62.7º, respectively, but also the appearance 378 

of the ferric ferrocyanide (Fe4
III[FeII(CN)6]3) peak (321) at 2θ = 28°. This fact could justify 379 
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the formation of the cyano iron (II) complexes (Eqs. 10-12) in solution as a significant 380 

mechanism to remove free cyanide during electrochemical coagulation with iron 381 

electrodes, in comparison to its removal by adsorption onto iron (III) oxide-hydroxide. 382 

On the other hand, Figure 6b shows a mixture of bayerite (α-Al(OH)3) peaks (001), (101), 383 

(111) and (112) at 2θ = 18.7º, 27.9º, 40.6° and 53.2º, respectively, and gibbsite (γ-384 

Al(OH)3) peaks (110) and (023) at 2θ = 20.3° and 45.4º for chemical coagulation with 385 

AlCl3. However, only the bayerite (α-Al(OH)3) peaks (001), (101), (111) and (112) at 2θ 386 

= 18.7º, 27.9º, 40.6° and 53.2º, respectively, are observed for the electrochemical 387 

coagulation with aluminum electrodes in Figure 6d. Here, the difference between gibbsite 388 

and its other polymorphs, such as bayerite, consists of a slightly different arrangement of 389 

hydroxyl groups which make bayerite more efficient for the removal of free cyanide. 390 

 391 
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Figure 6. XRD analysis of the sludge generated after the coagulation treatment of 393 

synthetic mining wastewater intensified with 100 mg CN- dm-3: (a) chemical coagulation 394 

with 1000 mg FeCl3 dm-3, (b) chemical coagulation with 1000 mg AlCl3 dm-3, (c) 395 

electrochemical coagulation with Fe electrodes at 100 A m-2, (d) electrochemical 396 

coagulation with Al electrodes at 100 A m-2. 397 

 398 

In order to go more in-depth, the chemical and/or electrochemical reactivity has also been 399 

studied for the different species involved in mining wastewater (3000 mg SO4
2- dm-3, 300 400 

mg Cl- dm-3, 60 mg NO3
- dm-3, 30 mg NH4

+ dm-3 and 100 mg CN- dm-3) in order to 401 

determine the possible formation of hazardous species.  402 

Regardless of the possible oxidation of cyanide to form cyanate (CNO-), CNO- has been 403 

not detected by ionic chromatography along with any electrochemical coagulation tests. 404 

Anyway, CNO- is well known to quickly decompose as shown in Equation 13. Regarding 405 

the formation of other hazardous inorganic species, it is especially important to focus on 406 

the chlorine species because chloride may be electrooxidized to chlorine (Eq. 14) and 407 

thus, it disproportionates to hypochlorite (Eqs. 15-16) or is further oxidized to other 408 

chlorine compounds in higher oxidation state, such as chlorate or perchlorate (Eqs. 17-409 

19) [43]. These high oxidation state chlorine compounds are reported to be hazardous to 410 

human health [44, 45]. For this reason, the evolution of chlorine species has been 411 

monitored along with iron and aluminum electrochemical coagulation processes as shown 412 

in Figure 7a and 7b, respectively.   413 

CNO- + 2H2O → CO3
2- + NH4

+   (13) 414 

2 Cl- → Cl2 + 2 e-                                                      (14) 415 
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Cl2 + H2O → HClO + Cl- + H+                                 (15) 416 

HClO  H+ + ClO-                                                   (16) 417 

ClO- + H2O → ClO2
- + 2 H+                                    (17) 418 

ClO2
- + H2O → ClO3

- + 2 H+                                    (18) 419 

ClO3
- + H2O → ClO4

- + 2 H+                                    (19) 420 

 421 

 422 

Figure 7. Hypochlorite (full symbols) and chloramines (empty symbols) concentrations 423 

as a function of applied electric charge during electrochemical coagulation of synthetic 424 

mining wastewater intensified with 100 mg CN- dm-3. Anode/Cathode: Fe/Fe (a), Al/Al 425 

(b). Current density: (●) 1 A m-2, (▲) 10 A m-2, (■) 100 A m-2.    426 

 427 

Chloride is observed to be transformed into hypochlorite which behaves as a reaction 428 

intermediate. The higher the current density applied, the higher is the hypochlorite 429 

concentration regardless of iron or aluminum electrochemical coagulation processes. The 430 

maximum hypochlorite concentration detected in solution is up to 10 mg Cl-ClO- dm-3 431 
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for iron electrochemical coagulation although it is below 4 mg Cl-ClO- dm-3 for aluminum 432 

electrochemical coagulation. Opposite to it could be expected, hypochlorite does not 433 

undergo further oxidation to hazardous chlorine species such as chlorate or perchlorate 434 

because these chlorine species have been not detected in solution along with any 435 

electrochemical coagulation tests. On the contrary, hypochlorite is well known to 436 

chemically react with ammonium ions and then, it results in the production of inorganic 437 

chloramines as shown in Equations 20-22 [46, 47].   438 

NH4
+ + ClO- → NH2Cl + H2O                                             (20) 439 

NH2Cl + ClO- → NHCl2 + H2O                                            (21) 440 

NHCl2 + ClO- → NCl3 + H2O                                               (22) 441 

As can be observed, the presence of chloramines in solution is influenced by current 442 

density applied. The concentration of chloramines ranges from 0.01 to 0.03 mg dm-3 443 

during iron electrochemical coagulation and this concentration increases up to 10 times 444 

for aluminum electrochemical coagulation. This fact may be explained bearing in mind 445 

the chemical reduction of nitrate to ammonium ions by aluminum as shown in Equations 446 

23 and 24 [48, 49]. This confirms the higher concentration of chloramines during 447 

aluminum electrochemical coagulation, in comparison with their concentration during 448 

iron electrochemical coagulation because of the increase of ammonium ions in solution 449 

with aluminum electrodes.  450 

3NO3
- + 2Al + 3H2O → 3NO2

- + 2Al(OH)3     (23) 451 

NO2
- + 2Al + 5H2O → NH3 + 2Al(OH)3 + OH-   (24) 452 
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Finally, Figure 8 shows the energy consumption as a function of the current density (1-453 

100 A m-2) for the removal not only of the target organic pollutant cyanide but for the 454 

inorganic pollutants presented in mining wastewater such as nitrate, ammonium ions and 455 

sulfate during both iron and aluminum electrochemical coagulation processes. 456 

 457 

 458 

Figure 8. Influence of current density on energy consumption (bars) for pollutants 459 

removal (points) during electrochemical coagulation of synthetic mining wastewater 460 

0

20

40

60

80

100

0

10

20

30

40

50

60

1 10 100

P
o

llu
ta

n
t

re
m

o
v

a
l

/ %
E

n
e
rg

y
co

n
su

m
p

ti
o
n

/ 
k

W
h

m
-3

0

20

40

60

80

100

0

10

20

30

40

50

60

1 10 100

P
o

llu
ta

n
t

re
m

o
v

a
l

/ %
E

n
e
rg

y
co

n
su

m
p
ti

o
n

/ 
k

W
h

m
-3

(a)

(b)



27 

 

intensified with 100 mg CN- dm-3. Anode/Cathode: Fe/Fe (a), Al/Al (b). Pollutant species: 461 

(●) CN-, (▲) NO3
-, (■) NH4

+, (♦) SO4
2-. 462 

 463 

As expected, the energy consumption increases with current density, regardless of the 464 

electrode material tested in electrochemical coagulation. However, at the highest current 465 

density 10 kWh m-3 are required to remove 100% of cyanide from mining wastewater 466 

during iron electrochemical coagulation, whereas 60 kWh m-3 are only able to attain 60% 467 

of cyanide removal for aluminum electrochemical coagulation. The higher energy 468 

consumption with aluminum electrodes may be explained by the higher cell potential 469 

needed to electrochemically release the coagulant due to its passivation layer. Likewise, 470 

inorganic species from mining wastewater are also removed during both electrochemical 471 

coagulation processes although in a much lower range than the target pollutant. Thus, at 472 

10 A m-2 the removal percentage of nitrates is 7.5 and 7.2 %, for ammonium ions is 66.2 473 

and 44.4 % and for sulfates is 2.4 and 11.0 % during iron and aluminum electrochemical 474 

coagulation, respectively. The results obtained for the removal of nitrates are in 475 

agreement with previous works reported in the literature [49], where the same amount of 476 

nitrate removal was obtained for the same reagent dose using both iron and aluminum 477 

anodes. Nitrate removal can be explained by adsorption onto growing metal hydroxide 478 

precipitates. Moreover, the lower removal of ammonium ions with aluminum electrodes 479 

than with iron ones may be explained due to their production by the chemical reaction 480 

between nitrates and aluminum which increases their concentration in solution [48]. 481 

Finally, the removal percentages for sulfates are very low because sulfate may be 482 

efficiently removed from mining wastewater by coagulation although at acidic pHs [12]. 483 

 484 
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4. Conclusions  485 

From this work, the following conclusions can be drawn: 486 

- Chemical coagulation at pH of 12 leads to a maximum cyanide removal 487 

percentage from mining wastewater of 15%. Although it is not the unique, 488 

adsorption onto metal flocs is the primary mechanism that explains results. 489 

Experimental data are fitted to Freundlich isotherm with correlation coefficients 490 

of 0.7585 for Fe-FeCl3 and 0.9047 for Al-AlCl3. 491 

- Electrochemical coagulation with iron electrodes leads to the complete cyanide 492 

removal from mining wastewater at initial pH of 12, regardless of the current 493 

density value applied. However, a maximum cyanide removal of 60% is attained 494 

during electrochemical coagulation with aluminum electrodes at the highest 495 

current density value tested (100 A m-2). The cyanide removal does not fit well to 496 

Freundlich isotherm with low correlation coefficients (r2
Fe=0.1269, r2

Al=0.1158) 497 

which means that the main coagulation mechanism is not an adsorption process 498 

in this case. 499 

- Electrochemical coagulation with iron electrodes allows the formation of soluble 500 

and/or insoluble iron-cyanide complexes due to the release of Fe+2 from the iron 501 

plate anode. In electrochemical coagulation with aluminum electrodes, cyanide 502 

decreases its solubility by charge neutralization with aluminum soluble metal 503 

hydroxide. Likewise, cyanide may also be removed by adsorption on a 504 

superficially charged metal precipitate and enmeshment into a sweep metal floc 505 

in both cases. 506 

- Chemical and/or electrochemical reactivity of cyanide and inorganic species from 507 

mining wastewater is also studied. A null detection of cyanate or inorganic 508 

chlorine hazardous species such as chlorate or perchlorate is found through 509 
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electrochemical coagulation tests. However, chloride oxidizes to hypochlorite and 510 

hypochlorite concentrations up to 10 and 4 mg dm-3 are measured for iron and 511 

aluminum electrochemical coagulation, respectively. Likewise, hypochlorite 512 

behaves as intermediate because it chemically reacts with ammonium ions 513 

(contained in mining wastewater or produced by chemical reduction of nitrate by 514 

aluminum) to form chloramines in a concentration up to 0.3 mg dm-3 during 515 

aluminum electrochemical coagulation. 516 

- The energy consumption required to remove 100% of cyanide from mining 517 

wastewater is 10 kWh m-3 during iron electrochemical coagulation at the highest 518 

current density value, whereas 60 kWh m-3 only attains 60% of cyanide removal 519 

along with aluminum electrochemical coagulation. In addition, other inorganic 520 

species from mining wastewater may be simultaneously removed during 521 

electrochemical coagulation processes. 522 

 523 
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