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Abstract

Gold and silver have diversified demand, ranging from jewelry and luxury goods to technology. Today
in Mexico, the preferred method for silver and gold recovery has long been the zinc dust Merrill-Crowe
process. However, the metallurgical plant’s operations must optimize every step of the precious metals
recovery to remain profitable in all market conditions. The operation analysis in these plants shows that
after the precious metals are precipitated with zinc dust in the filter press, the resulting cake that contain
the precious metals often requires extra leaching treatment to control the accumulation of mercury,
copper, lead, cadmium, and iron impurities in the final Dore product. Also, the use of cyanide in gold
mining operation requires the careful handling and storage of cyanide rich tailing. Due to these operational
metallurgical problems, which yields low-quality Dore (90%), along with the lengthy seven-day operation
time required to obtain the precious precipitation metals cake in the filter press, high reagent costs, and
prolonged treatment in the induction furnace. Recently, the Hermetic Hybrid Electrocoagulation (EC)
process, is a promising alternative to achieve high-quality Dore and also attenuation between the tailings
pond and the receiving environments. The EC technology requires no chemical additions for the recovery
of precious metals.

Furthermore, in this study, by using air injection in the bottom of the EC reactor to remove the HCN gas
and recovery simultaneously gold/silver in a Hermetic EC process and also in a separate steel reactor
tank can be used to regenerate NaCN by bubbling HCN gas into liquid sodium hydroxide allowing it to be
recycled back to the cyanidation leach process as a free cyanide. The optimized operational conditions
voltage, current, pH, and temperature of 15V, 104, 8, and 25 °C, respectively, the EC process yields a 98%
Dore product quality within one day, compared with 7 days for the popular method, Merrill-Crowe process
and recovery of cyanide of 80%. Finally, the results suggest that magnetite particles and amorphous iron
oxyhydroxides present in EC remove gold and silver with an efficiency of more than 98% at an operating
time of no more than 20 minutes, through magnetite species and amorphous iron oxyhydroxides generated
inside the Hermetic air injection EC reactor.

Keywords: Hybrid hermetic electrocoagulation; Merrill-crowe zinc cementation process; Cyanide
recovery

Introduction

In Mexico, Cyanidation is the primary technique for gold and silver ore extraction [1].
Elsner first explored gold cyanidation chemistry in 1846. In alkaline solutions containing
dissolved oxygen and cyanide ions, both gold and silver undergo electrochemical reactions
that lead to their dissolution as stable cyanide complexes [2] is represented by equation (1).
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44u+8CN™ +0, +2H,0 = 4|:Au(CN2_ ):' +40H™ (1)

Elsner’s equation 1, while stoichiometrically valid, fails to
represent the cathodic reactions in gold dissolution. Details of
these electrochemical reactions are shown in equations (2) to (4):

Au+2CN~ aAu(CN) +e 2
2

0,+2H,0+2 —20H +H,0, (3)

(4)

H,0,+2¢ —20H
In the oxidation rate of gold, gold anodic dissolution, cyanide
acts as the complexing agent and oxygen as the oxidant within the

+Fef‘

Nernst layer. Consequently, the cyanide concentration governs the
anodic dissolution rate, while the dissolved oxygen concentration
controls the cathodic reduction rate [3]. Figure 1 shows the
schematic mechanisms of this behavior in alkaline medium. This
figure shows the mechanism by which a high cyanide concentration
is required to drive reaction 1 and overcome the problems with
competing reactions among all the elements present. Cu, Zn, Fe, Pb,
and As are the common elements. Oxygen facilitates the leaching
of gold and argentite from argento pyrite by oxidizing solubilized
sulfur to ferric sulfate, which then dissolves sulfides [4]. Certain
elements exhibit varying oxidation states and form stable cyano
complexes, as detailed by the stability constants in Table 1.

Au CN)Z

v-)

o

v 4

— Fe2*+252' +5°
ol t"

‘ Iig‘( + 20N = Ag(CN),- .

Figure 1: Photomicrography of argentopyrite particle that shows the schematic mechanism of silver and gold
leaching with cyanide and activator oxygen in an alkaline medium.

Table 1: Equilibrium constants [5].

Reaction K Reaction K
Au*+2CN-—>Au(CN)* 10388-10%93 Ag2S—2Ag+S* 10535
Au(CN)2'—Au(CN)2-+CN- 107 Cu?*+4CN—Cu(CN)4* 102
Au*+HS —Au(HS) 10> Fe**+6CN—Fe(CN)6* 10%¢
Ag*+2CN—Ag(CN)* 10201 3 Ag*+Fe(CN)3'6—>Ag3Fe(CN)6(S] 10182
Ag +3CN—>Ag(CN)3?> 1021410218 Pb*+4CN —Pb(CN)4* 10t
AgCN—Ag'+CN- 1057 Zn*+4CN-—Zn(CN)4* 10"

Table 1 reveals that Au, Ag, Fe, Cu, and Zn cyano complexes
exhibit high stability constants. These metals increase cyanide
and oxygen consumption, complicate solution purification [5], and
hinder pure Dore production. Consequently, maintaining low alkali
concentrations during cyanidation less than pH 11 is crucial to
prevent excessive alkaline plumbite formation, which reacts with
cyanide to produce insoluble basic lead cyanide [6] (see equations
5 and 6).

4NaOH + PbSO, - Na,PbO, + Na,SO, +2H,0  (5)

-2PbO +8NaOH (6)
2

At pH levels below 10.5, reduced basic lead cyanide forms,
and lead cyanide (Pb(CN),-2Pb0) hydrolyzes, releasing Hydrogen
Cyanide (HCN). Higher concentrations of Dore in the pregnant
solution generally yield higher-quality precipitates, although the
presence of mercury, copper, lead, zinc, iron, and tremolite can
affect this outcome [7].

3Na,PbO, + 2NaCN +4H,0 — Pb (CN)

In Mexico by increasing dissolved oxygen via pressurization,
this study demonstrates oxygen’s dual role: driving the reaction
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equilibrium and enabling mild oxidative sulfur dissolution. The
resulting ferric sulfate leads to ferric ion leaching, effectively
extracting gold, electrum, and argentite from refractory
argentopyrite [8-10]. With this concept in mind and the potential
benefits of using fine particles (40 microns). Figure 2 with high
surface area, temperature no more than 80 °C, and simultaneous
pressure oxidation/cyanidation leaching in the same reactor

[2,8,10], we can reduce the leaching time of dissolution in 90

Industrial conditions
Simultaneously
oxidation/cyanidati

Temperature = 80 °C
Pressure = 60 Ib/in?
Time = 60 minutes

% Solids = 25
pH =11.0
Lime= 16 kg/ton of conc
PbO =2 g/ton of conc
RPM = 600

minutes and improve the recoveries of the precious metals in 97%.
Figure 2b shows the real iron pressure reactor for gold and silver
leaching by using solar/wind energy. These results show that using
a particle diameter of less than 40 microns and a pressure oxidative
cyanidation time of no more than 90 minutes, the dissolution of
gold was 97% and of silver 94%. In Table 2, it shows the results and
consumption of cyanide in the pressure leaching reactor.

Figure 2: A comparison of silver dissolution leaching using a high concentration of cyanide with simultaneous
pressure of oxygen and temperature/pressure.

Table 2: Results of variation of cyanide concentration.

NaCN Kg/Ton % Recovery Ag % Recovery Ag NaCN Kg/Ton Lime Kg/Ton
35 96.0 90.0 16 7
40 96.5 91.0 18 8
45 97.0 92.0 20 8
50 97.0 94.0 22 9

The next step is the use of Electrocoagulation process that
has been known as an electrochemical phenomenon for almost a
century and has been practically explored for treating waste waters.
In the early treatment systems, the electric field was applied to the
medium process for a short time (less than 20 minutes), and the
treated dispersion transferred to a separation stage where settling
occurred. The efficiency of the batch reaction has been improved
by gentle agitation by either stirring or bubbling gas during the
electrochemical treatment. In the latter case, a combination of
electrocoagulation and flotation has been found to be an effective
treatment of urban wastewater [11,12] and has also been used in
conjunction with filtration to remove silica, fine activated carbon
with gold [12,13] and suspended solids that tend to foul reverse
osmosis membranes, thereby extending the life of the membranes.

The novelty of this study is to present a comparison of Hermetic
Electrocoagulation Technology (EC), as an alternative and emerging
method for the recovery of precious metals and cyanide, better than
Merrill-Crowe, which has been established and well-known for
more than a century for the recovery of precious metals. The final
product is called Dore i.e. an alloy of gold and silver. This Hermetic
EC process takes 70% less time, 50% less operational cost, and
the obtained product is the recovery Dore that can be used for
semiconductor application better than the Merrill-Crowe process.
Finally, it is also to be noted that the hermetic reactor can be used
to recover NaCN, which is the primary reagent used for the leaching
of gold/silver from therefore baring of the precious metals of the
Dore in the initial stage, thereby making EC a cost-effective process.
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Elimination of Cyano Complex (Cyanides)

Metallurgical cyanidation uses excess cyanide beyond the Elsner
equation’s stoichiometry (Table 1) to account for the dissolution of
other minerals. The complexation of free cyanide readily forms with
various metals, particularly transition metals, displaying a range of
stabilities and solubilities. Common copper, zinc, and iron minerals,
along with lead ores like galena and anglesite, dissolve in typical
gold cyanidation leach solutions, forming plumbite at low alkaline
concentrations [9,14,15]. The co-precipitation of metals such as
copper, iron, zinc, and lead during the Merrill-Crowe process leads
to the formation of low-quality precipitates. This not only increases
the consumption of zinc dust but also increases the demand for
smelting flux and accelerates wear on crucibles.

While hydroxide precipitation is a traditional and inexpensive
method suitable for removing heavy metals present in wastewater,
it suffers a crucial demerit because of its high solubility. Sulfide
precipitation offers an effective alternative for recovering zinc,
copper, and lead from barren cyanide solutions, achieving high
metal removal across a wide pH range, though it involves the use
of toxic and odorous hydrogen sulfide [16]. A key advantage of
sulfide precipitation in cyanide recovery is its ability to sequentially
recover zinc, lead, and copper/silver from barren solutions.
Acidification of the remaining solution then releases free cyanide
(HCN gas) through volatilization at pH 7-10, enabling cost-effective
cyanide recycling compared to purchasing new cyanide. This
cyanide regeneration process, like the nearly century-old Mills-
Crowe (destruction cyanide) process developed by the Mining

Company of Pachuca in Mexico (England Patent No. 241669,3.9.24)
[7], relies on acid-induced dissociation of cyanide complexes, metal
precipitation, and subsequent HCN volatilization (7).

P
2Cu (CN) +2H,S0, + H,S ) = CutyS (s) +6HCN
3

+250; (7)
Beyond copper precipitation, sulfide treatment effectively

removes nearly all silver from barren solutions in equation (8).
24g (CN) + H, Sy = 48,8 (s) +4HCN (8)
-2

Utilizing this method, 99% copper recovery is feasible. Released
HCN gas from barren solutions is stripped and then captured in a
NaOH alkali solution, as depicted in the following reaction (9) :

HCN,y + NaOH — NaCN + H,0 ©)

The resulting precipitate, a zinc and copper product, is
marketable as is or can be combined with arsenopyrite flotation
concentrate.

Industrial precipitation of cyano complex and cyanide
recovery

Experimental results from a full-scale sulfide precipitation
system (Serpentine) at Mining Williams, La Sorpresa and Bacis
Mining Co, following the Merrill-Crowe process, demonstrate its
effectiveness in recovering zinc, copper, and silver from barren
solutions. The system, utilizing sodium sulfide (Na,S) as a sulfide
ion source, sequentially precipitates zinc and copper/silver, while
under mildly acidic conditions (pH 3-4), converting cyanide to HCN
gas, as illustrated in Figure 3a-3d.

Full Scale $30 cts Cursor: 0.000

Figure 3: Two industrial applications of the precipitation of cyano complex (cyanides) and the recovery of sodium
cyanide.

A metal cyanide precipitation process, utilizing sodium sulfide
in a serpentine tube reactor with sulfuric acid pH control, effectively
removes copper, zing, iron cyanide from barren solutions. copper

cyanide removal (up to 99%) occurs within a pH range of 2.5-3,
with 90% recovery of cyanide associated with zinc, iron, and copper
complexes. The resulting precipitate is processed by acid hot water
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extraction via filter-press or sun drying. Lead ions can be removed
from pregnant leach solutions using natural hydroxyapatite bed
filters, achieving 90% recovery. The final precipitate cake exhibits a
500% quality improvement. This technology has been successfully
implemented at Minera William, La Sorpresa and Bacis Mining
Company in Mexico.

Analysis of Merrill-Crowe plant

In Mexico, the Merrill-Crowe process, a zinc dust cementation
electrochemical technique, is commonly used to extract Dore from
alkaline cyanide solutions. This electrochemical process, involving
gold reduction and zinc oxidation (Figure 4), was patented in 1894
by Sulman and Pichard and first implemented at Canada’s Del Oro
mine [3,11]. In Figure 4(b), comparing Gold’s cathodic polarization
behavior and silver, the cathodic overpotential for silver is much

2Au(CN):2"

SBum

Potential

greater than that of gold, thus, the cementation of silver by zinc
should be easier than the cementation of gold. These observations
are supported by the results of the suspended particle’s reaction
kinetics presented (1). Also, Figure 4(c) lists some common metals
in a sequence called the activity series of the metals. In this arrow,
any metal above hydrogen in the series can react with an acid
to produce H,(g) and in a displacement reaction series, metals
higher in reactivity displace metals lower in reactivity from their
salt solutions. Specifically: zinc displaces copper, silver, and gold;
copper displaces silver; and lead displaces gold and so forth. For
example, with the activity series, we could have predicted the
reaction pictured in Figure 4(a) shows the overall stoichiometry for
the reaction cementation of gold with zinc is as follows:

24u(CN) | +Zn" — Au® + Zn(CN), (10)

Strength as a
reducing agent

g c
b )
/ 7/ Ca Powerful
Na

Mg e Strong
AI.I° 2’1 ey GOOd
ca
Nj ——— Fair
i

Cu =————— Poor

Current Ag
anodic Hg
’ Au =+—— Very poor

Au(CNI7+8 > AG+2CN-

Current
cathodic

Figure 4: Illustrates the electrochemical aspects of gold cementation onto zinc dust, including (a) a simplified
electrochemical model of the process. (b) Schematic current-potential curves depicting zinc anodic dissolution and
gold cathodic reduction in cyanide. (c) The activity series of relevant metals (as referenced in [15]).

Gold cementation by zinc dust in an oxygen-free environment
(<0.5 ppm 0,) followed first-order kinetics, achieving over 99%
gold removal (Table 3). The reaction rate exhibited an inverse

first-order dependence on particle size, indicative of mass-transfer,
diffusion-controlled kinetics.

Table 3: Comparison of experimental reaction velocity constants and calculated mass-transfer coefficients for suspended

particles [14].

System Particle Size, mesh Experimental Reaction Velocity Constant, (cm/sec) Calculated Mass-Transfer Coefficient
100x70 1.7x10? 1.28x10?
Au*/Zn(CN")
150x100 1.7x102 1.36x10?
159x100 1.88x10* 2.2x10?
Ag*/Zn(CNY)
200x150 1.76x10% 2.4x10
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In Merril-Crowe processes, the plate and frame filter press
operates in a semi-continuous mode as a fixed-bed reactor, where
zinc dust and precipitated silver are collected over time. The process
transitions through three distinct periods: an initial introduction
period where zinc dust suspension fills the press, a brief suspended-
bed reaction phase, and a prolonged packed-bed reaction phase as

the filter bed grows. Plant data, supported by engineering analysis,
reveals that the initial introduction and suspended-bed periods
constitute only 20 minutes of the approximately seven-day cycle.
A kinetic model illustrating this silver cementation behavior with
zinc dust for the Escalante mine in Utah is depicted in Figure 5, [11].

Induction | Suspended|
Parlicles |

Packed Bed

100«
rl—- |

.
e

8

T
——on
=

I
|
I
it o A
!
|

@
[=]

&
(=]

SILVER COMNCENTRATION IN QUTLET, CJltl, ppm
n
o

Escalante Planl Data, Jan 26,1987 |
A Filler Press No.2
O Filter Press No.3 =

Predicted

TIME , min

Figure 5: A three-period kinetic model was developed for a semicontinuous fixed-bed reactor, reflecting the
operational phases of a plate and frame filter press.

Precious metals are recovered via a flowsheet incorporating
pressure oxidation, cyanidation, and Merrill-Crowe precipitation
as shown in Figure 6. The principal steps of this metallurgical
cementation zinc dust plant are:

a. Clarification by filtration.

b. Deoxygenated in a vacuum tower.

c. Addition of zinc dust and lead salt in a mixed cone.
Precipitate gold and silver in a plate/frame filter press.

e. Leaching impurities of mercury, copper, lead, cadmium and
iron (basic or acid system)

f.  Calcination in a furnace and smelting in the induction furnace.

g.  Final Dore product.

Simultaneously Oxidation Cyanidation Plant

Preciptants are Fitered
Leaving Barren Solution

Barrent Solution
-
¢

Pregrant .
[Solution s =23
Claribed

7

Preciptants
Smelted

lb
Fluxes Added
18 .
e ' Doré Bar

Figure 6: Schematic general diagram of the Merril-Crowe cementation zinc dust process.
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In this well-known zinc dust cementation operation to produce
final Dore typically the operation cycle is completed in 8 days.
The study focused on lead and cadmium removal during low-
temperature acidic leaching of gold and silver calcine. This invention
focuses on selectively removing lead and cadmium, heavy metals,
from calcine leachate originating from the Merrill-Crowe process
filter press. Using an acidic or basic medium as a liquid solvent,
the leaching solution, loaded with these dissolved cadmium and
lead ions, is then treated with a filter filled with bovine bone as a
natural adsorbent to recover these toxic metals and not harm the
environment. Due to this problem, and to obtain high-quality Dore
(99%), some hydrometallurgical plants take additional steps to
achieve this goal.

A. Low-quality Dore is retreated with more fluxes and decalcified
one or more times until the desired Dore quality of 96% is
achieved.

B. Ifit contains cadmium or lead, the treatment method is more
critical and dangerous PbO gas, as it uses an excess of NaNO,,
intending to reduce the lead and cadmium content of the Dore

INDUCTION FURNACE

PRECIPITATE 100 Kg

ws Cemponts LY]
s Ay N
amw AgS 2 0000
’W Feaxlnly AL ]
2y S0; 18000
wm FeS: 10w
147 Ca$0, 1500
4% a0, 24 4400
(1] feS0¢ 4 oo
14 Cus3 14900
8 D 1490
[ 35 we 1 Y00

FLUXES 7.20738 Kg

WS | Compounts Y]
» Hm L0, 2 W2
0 NaBDSHO ¢ naer
2 &0, ¢ bied
] Nate0) sraor
! Harre (C ¢ Goet

1] Fosornp § 53

over several smelting cycles.

This study demonstrates the potential for obtaining high-
purity Dore from calcines with high lead and cadmium contents.
The use of bovine bone as an adsorbent and flux for lead and
cadmium, combined with pyrometallurgical treatments, represents
an innovation in metal extraction technology. This involves four
stages: leaching, smelting, oxygenation, and refining, resulting in
the production of high-purity Dore.

a. Leaching: The calcine, rich in gold, silver, and base metals,
undergoes a leaching process in an acidic or basic medium.
During this stage, bovine bone is used to adsorb a significant
portion of the base metals, especially cadmium and lead,
thanks to its cationic adsorption capacity.

b. Smelting: The solid resulting from the leaching is melted in
a high-temperature induction furnace. A mixture of fluxes
(NaNOs, Na,COs, borax, SiO,, CaF,) and additional bovine
bone are added to promote slag formation and the removal
of impurities. Figure 7(a-d) shows the total balance in each
section and the results of the Dore and slag.

SLAG 76.89 Kg
ws Compounds L")
18 Aq.5 184
Mnu FesOe 9% 488
[ B teadi®e Dy i
[ R+ N, %D, 6551
457 %0, 3514
oM s LR )
a2n s M
08y CuS Dass
na N, SO, W
e Py 8,00 ner
18 Iefe Oy 190
(4 Fed L3 A2
2% CaS0, (R -4
2 o 2 1™
DORE 30.32 Kg
wrs Llemgny -]
1% A L b 11
Wk A 2r e
0 Ce can
01 ” 19006
0 In 02404
0l Fe 0 W09
ot e cuete

Figure 7: Total balance in each section in the induction furnace and dore results.

c. Oxygenation and refining: The liquid Dore undergoes an
oxidation process by oxygen/air injection at a controlled
temperature of 1000 °C. Hydroxyapatite and oxygen/air
promote the removal of metals (cadmium, lead) through slag
formation.

d. High purity dore: The final Doré obtained has a purity greater
than 99%, which increases its commercial value.

To achieve this, the precipitate will first be treated in a basic
medium using hydroxyapatite or bovine bone to adsorb the lead and
cadmium onto the porous bone. Hydroxyapatite will also be used
as an adsorbent for lead and cadmium during smelting. This will
also adsorb the remaining metallic oxides of copper and iron onto
the bone, forming slag containing the highest amounts of zinc, lead,
cadmium, iron, and copper impurities. Based on this innovation, it
was possible to obtain a higher-purity Dore greater than 99%.
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Electrocoagulation Characteristics of the Process

Electrocoagulation (EC) effectively removes ionic species,
especially heavy metals, from solutions [12,13,17,18]. This
Technique Uses Sacrificial Anodes (Fe or Al) to produce polyvalent
cations, combined with hydrogen and oxygen gas during
electrolysis processes, as illustrated in Figure 8. Electrophoresis
drives negatively charged particles to the anode, while the ions

that are positively charged will travel to the cathode. The released

metal ions neutralize particle charges, promoting coagulation.
Simultaneously, electrolysis-generated gas bubbles facilitate
pollutant flotation. At the cathode, metal ions react with OH- to
form insoluble hydroxides, which absorb pollutants and contribute
to coagulation by neutralizing negatively charged colloids at neutral
or alkaline pH, enabling agglomeration via van der Waals forces
[12,17]. EC is a multi-stage dynamic process involving oxidation,
reduction, decomposition, deposition, coagulation, absorption,
adsorption, precipitation, froth flotation, and filtration [11,12].

el

Figure 8: Schematic diagram for removing gold and silver by the EC process.

The electrocoagulation process involves a sequence of stages:

a. Electrode dissolution: Applied current releases iron ions
from the electrodes.

b. Hydroxide formation: Iron ions hydrolyze, generating metal
hydroxides and polyhydroxides.

c. Water electrolysis: Parallel reactions produce oxygen and
hydrogen gas bubbles.

d. Sludge formation: Chemical reactions lead to precipitation,
including the formation of sludge with gold, silver, and other
cations/hydroxide ions.

e. Destabilization and aggregation: Metal ions are stabilized,
particulate suspensions destabilize, emulsions break, and
aggregates (flocs) form.

f. Froth flotation: The sludge/agglomerate is removed via
natural froth flotation.

g. Filtration: Residual sludge is separated from the metal-free
aqueous solution.

However, the cycle times of all stages in the Hermetic EC process
take less than 30 minutes.

Pilot plant parameters of the electrocoagulation process

Electrochemical (EC) experiments optimized gold/silver and
sodium cyanide removal from a Mexican mining (William) pregnant
solution [19]. Variables tested included pH (<9), residence time,
voltage, and amperage. Table 4 details the specific conditions used
in each EC test with iron electrodes and in Table 5, the results for
the tests performed for pH 8 and the addition of 4 grams of sodium
chloride, are shown. For 10-minute residence time achieved 98%
gold and silver removal. This high removal rate correlates with
the production of magnetic Fe,0, at a pH of 8-10. The magnetic
properties of Fe,0, enhance metal adsorption by physically
attracting gold and silver without chemical alteration. Additionally,
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reduced zeta potential on iron hydroxides diminishes particle
repulsion, promoting flocculation [20]. These flocs, aided by oxygen
and hydrogen microbubbles generated at the electrodes, facilitate
metal removal. For these experiments, the electrocoagulation pilot
cell was constructed with a non-conductive transparent outer

casing and iron carbon electrodes. The electrodes were spaced 1
centimeter and alternated (anode/cathode) to produce a flow of
pregnant cyanide solution. Optimal cell operating characteristics
were established at 25 amperes and 30 to 40 volts.

Table 4: Chemical assays and optimal parameters of EC process.

Chemical Assays and Optimal Parameters of EC
Sample Cot:lentration (Z]g)m) Temperature (°C) pH Current (Ampere) | Voltage (Volt) Time (Min)
Pregnant Solutions 65.5 519 25 8 10 15 10
Table 5: EC Results at pH 8 and 3 different time of treatments.
pH Ag (ppm) Average Concentration % Removal in Each State Total % Removal
Initial test 513.30 524.70
Time 3min 360.10 375.00 29.18 29.18
Time 6min 202.00 198.40 45.53 61.43
Time 10min 7.71 8.80 95.88 98.41
pH Au (ppm) Average Concentration % Removal in Each State Total % Removal
Initial test 64.70 66.30
Time 3min 50.90 52.00 21.45 21.45
Time 6min 26.00 35.60 40.14 52.98
Time 10min 1.29 0.20 97.58 98.86

A small volume of saturated NaCl brine was added to produce
adequate solution conductivity. The direction of current flow was
reversed automatically and performed without operator assistance
approximately every 3 minutes to equalize wear on the electrodes
and to remove sludge build-up from the surfaces of the electrodes.
Figure 9 shows the Pilot cell EC reactor with the SEM image

Element

cK 11.31 00
N K 4.67 PS ?%
0K 16.30

Na K 0.79 ‘ J
SK 4.96 usme 5466ds(‘usa 4 151 uusm) .
CIK 0.17

FeK 42.54

CukK 15.22

ZnK 1.61

AuM 2.42

Totals

sludge and EDAX of gold adsorbed on magnetite species. Gold was
deposited onto iron oxide/oxyhydroxide particle surfaces. The
resulting gold and silver-containing sludge was separable from the
depleted solution via gravity or filtration, with the depleted solution
then routed to leaching cyanidation tanks for disposal [21-23].

: .sm!“

a

Figure 9: Pilot plant cell reactor with the SEM image and EDAX of gold, copper, and zinc adsorbed on magnetite
species.
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The pilot plant employed a bipolar electrode configuration,
powering only the terminal iron electrodes. The intermediate
electrodes were conducted via the gold and silver-containing
solution. Increased power input reduced retention time, with
conductivity gains offsetting sodium chloride costs. However, the
system required high voltage, necessitating optimization of plate
thickness and spacing. Air injection at the bottom of the reactor
increase efficiency and circulation of magnetic particles and also
in the reactor’s lower section removed sludge from the electrodes.
From this table analysis, the EC process has shown that remove
more efficiently the gold/silver ions from the pregnant solution
in less operation time with cost lower than the Merrill-Crowe
cementation zinc dust technology. Also, The Hematic EC process
does not produce any HCN odor during the removal of gold and
silver from the pregnantrich solution [24]. Additionally, no chemical
reagents are required, as the coagulating agent is generated in situ
by iron or aluminum electrodes.

Top hermetic cell
Electrical Connector

Bottom EC Cylinder Cell

Porous Filter
Inside pregnant rich
solution

Hermetic Removal and Recovery of Sodium
Cyanide in the EC Reactor

The pregnant cyanide rich solution that contains the gold and
silver cyanide ions is fed tangentially at the bottom through inside
surface of the porous tube, leaving an empty air core centered on
the axis of the unit. The high velocity of the sparged air produces
a high concentration of small bubbles and intimate interaction
between these numerous fine bubbles and the pregnant rich
cyanide solution. Gaseous products HCN are then transported
radially to the top of the hermetic EC reactor. The major portions of
the gas phase HCN move towards and are vented into an appropriate
post-treatment device to recover the sodium cyanide [25]. The
equipment requires a hermetic EC system for recovery gold/silver
and cyanide, an operating space significantly less than that of a
Merrill Crowe process, Activate Carbon, a packed tower or other air
stripping devices, which result in significant savings in capital cost.
The Hermetic Air Injection EC Reactor unit schematically is shown
in Figure 10.

Exit HCN
Iron Electrode

Exit Sludge (Au-Ag)
Body EC Cylinder Cell

Air sparger

Figure 10: Hermetic hybrid electrocoagulation cell.

Procedure

Chemical analysis of cyanide in the effluent streams was
accomplished with a reflux distillation method. The collected
cyanide was quantified by titration with silver nitrate standard
solution (Aldrich) and/or the ion selective electrode technique
(Orion Model 9406). During the experiments two streams had to
be delivered to the Hermetic EC reactor: the pregnant rich cyanide
solution and the air. Cyanide rich solution was provided by a sump
pump mounted on a 20-liter retention tank. The rich cyanide
solution flow rate was adjusted using a regulated return flow to
the tank. Using an air compressor, airflow was evenly distributed

between the lower sections of the hermetic EC reactor. Operators
were provided with personal HCN gas monitor/alarm units.

Results and Discussion

One of the primary process variables associated with cyanide
destruction is the pH of the solution. Table 6 shows the results of
experiment for the effect of pH on cyanide rich solution for recovery
in the Hermetic EC cell. The effluent cyanide concentration (both
free and combined cyanide) is shown in Table 7. The combined
cyanide CN_is destroyed most effectively at high pH values more
than 9 [26].
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Table 6: Comparison of the electrocoagulation technology and the Merrill-Crowe Process [16,17,19,21-26].

Comment Electrocoagulation Technology Merrill-Crowe Zinc Dust Process
Residence times are less than one hour High capital and operating expenses in smelting calcine.
No Chemical toxic reagents. Processes solutions with high silver and gold
concentrations.
Handles solutions with low concentrations of silver and gold Can handle large throughputs
Energy costs per cubic meter for treating pregnant solution . - . ,
& bet cub” e preg o Highly efficient process with recovery’s more than 99.0%.
1.Advantages are lower compared to conventional methods.

Low sludge generation, and denser sludge

An alternative to electrowinning ions gold from AC process.

Disinfection properties

Easy and simple to integrate system.

Smaller operation area and well-known installations

It also treats high-grade solutions from carbon elution.

Can treat a wider range of pollutants and metals ions

Well-established and widely used technology for high
concentration ions.

Periodic maintenance and replacement of sacrificial anodes

Low metal recovers when the pregnant solution is low in

are necessary

ions metals of gold and silver.

Required skilled operators

It varies with the pH and concentration of free cyanide in
solution.

2. Disadvantages

Limited treatment capacity for large flow

The pregnant solution requires clarification and
deoxygenation.

Not a passive system, requires power input

The precipitate contains cyanides that require 3 steps of
refining.

conductivity and zeta potential)

Process can be sensitive to solution characteristics (pH,

Sensitive to interfering with ions e.g, Arsenic, copper, lead,
iron, etc.

3. Operations

Duration 4 stages in 1 day 7 Stages in a week
Treatment Calcine Not Yes
Recovery of NaCN Yes No
Operation Temperature Ambient Ambient and High 1100 °C
% Dore Quality 96-99 94-97
4. Final Product Pure Dore - Semiconductor product Pure Dore

Table 7: Show the effect of pH on cyanide destruction in the pregnant cyanide. Feed solution=250mg/1 total cyanide.
Solution flow rate=2001/min. Air flow rate=11/min. CN,=CNO-, HCNO, Fe(CN)*, etc.

Cyanide Solution (mg/1) Final Effluent (mg/1) % Destruction
pH Initial Total Cyanide Free Cyanide Combined Cyanide Free Cyanide Combined Cyanide (CN,))
10 250 0.20 2.0 99.9 79
9 250 0.19 103.0 99.9 60
Conclusion industry.
Electrochemical Coagulation (EC) generates magnetic Finally, the recovery of the precious metals in 98% and also

iron oxides (magnetite, lepidocrocite, and amorphous iron
oxyhydroxides) effective for copper, cadmium and lead removal.
SEM analysis confirmed the magnetic nature of these species,
demonstrating copper/cadmium and lead adsorption via Van der
Waal force and magnetic attraction. The EC process elevates pH,
producing ferrous ions and Fe(OH)n(s) as a gelatinous suspension.
This suspension facilitates gold and silver cyanide ions recovery
through complexation/adsorption with the magnetic particles
or electrostatic attraction, followed by coagulation and flotation.
Sludge analysis revealed the composition of goethite (a-FeOOH)
and maghemite y-Fe,0,. This magnetic product has a significant
semiconductor application, which has a prospect in the electronics

regeneration of the sodium cyanide in 80% are economics of the
Hermetic EC processes are quite attractive because of a reduced
processing cost while maintaining high processing capacity and
high efficiency.
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