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A closed-loop process for the complete recovery of silver from a diluted silver cyanide solution has been
constructed based on an electrogenerative process. It was shown that the reduction of silver was a mass
transport controlled process. Under optimal experimental conditions, 100% of silver was recovered from
500 mg L™ and 100 mg L~? silver cyanide solutions by using a reticulated vitreous electrode (RVC) as
the cathode. The cyanide solution was recycled and reused so that a closed-loop process was obtained.
In addition, the RVC in this study can be used repeatedly up to 10 cycles with a calculated relative

rsc.li/rsc-advances standard deviation of 1.90%.

Introduction

Silver is one of the precious metals and has been used as
jewellery, coins, electrical goods and as catalysts in chemical
reactions. In addition, its compounds are also used as disin-
fectants and in photographic films. Among hydrometallurgy
processes, cyanide leaching is the most common treatments of
silver ores.' Later, the solutions undergo a separation process,
which is removing the metallic species. Normally, this process
uses activated carbon or ionic exchange resins. Finally,
cementation and electrolysis processes are carried out to
recover the metallic species.*

In recent developments, interest in using porous elec-
trodes in cementation and electrolysis processes has gained
special attention.”™* This is because porous electrodes have
high specific area.”® In addition, three-dimensional (3D)
electrodes serve as the ideal electrode materials for electro-
winning and cementation processes. This is due to their
special characteristics such as large surface area, chemical
inertness, excellent electrical conductivity, high mechanical
resistance and high area/volume ratios.” These characteris-
tics allow operations that produce relatively high current per
unit of cell volume.'>** Some authors have reported the use of
3D electrodes to improve the overall electrochemical perfor-
mance in which the electrode overpotential is controlled by
mass transport phenomena.'*™** However, all of these
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treatments (known as electrolytic cells) require power
consumption and a high cost of the treatment process,
especially for dilute sample solutions. In addition, dilute
solutions of silver ion have low conductivities and side
reactions tend to occur, thus reducing the efficiency of this
system.'**¢

To overcome this problem, an electrogenerative process
can be introduced. In this process, an electrochemical reac-
tion occurs spontaneously in a divided cell, in which the
more electropositive catholyte ions are reduced and depos-
ited at the cathode while the more electronegative metal
anode is oxidized. This reaction then generates an external
flow of current. Conventional treatment methods are elimi-
nated in this electrogenerative process, thereby reducing the
operational cost and waste. The electrogenerative process
can be operated in numerous types of configurations such as
a batch cell, flow cell or recycle batch cell.*”

Here, an electrogenerative process has been utilized to
recover silver from a simulated silver cyanide solution. A
batch cell with an improved design which uses 3D cathodes
is coupled with a two-dimensional (2D) anode, zinc, is
applied. To emphasize here, two novel approaches are pre-
sented in this study. First, the full recovery of silver from
a cyanide solution using an electrogenerative process. To
the best of our knowledge, this approach has never been
reported to date. This process also eliminates additional
processes needed to recover silver from diluted concentra-
tions such as preconcentration and precipitation. Second,
this process eliminates the production of sludge or waste
associated with the treatment of electronic waste because
the process could fully recover the silver and cyanide solu-
tion and cathode electrodes utilized in this system are
reusable. Used cyanide solution was determined according
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to American Public Health Association (APHA)."* The
production of waste can be avoided by operating in a closed-
loop process in which the cyanide solution is recycled.

In this study, the electrogenerative process was operated
and the performance of the system using various concen-
trations of simulated silver cyanide solutions, cell condi-
tions, different types of cathode materials and cathode
conditions were evaluated. This process does not require an
external supply of energy such as power supply or poten-
tiostat due to the spontaneous redox reactions. Such
a process is desirable due to its low cost, especially when
dealing with diluted solutions. The selectivity and kinetics
for particular reactions can be regulated by making suitable
choices of cathode electrodes and also by controlling the
potential. The overall cell potential is positive, and this
confirms that the reaction is a spontaneous reaction. The
electrochemical reactions in this process are presented
below:

Cathode:
2Ag(CN), (aq) + 2e- — 2Ag(s) + 4CN (aq) £°=—-0.31V (1)

Anode:
Zn(s) + 4CN~(aq) — Zn(CN)> (aq) + 2¢~ > =+125V  (2)

Overall:
2Ag(CN), (aq) + Zn(s) — 2Ag(s) + Zn(CN);* (aq) E° =
+0.94 V 3)

Silver recovery from the cyanide solution

It is known that cyanide ions are hydrolysed in water to produce
molecular hydrogen cyanide (HCN), according to the equation
below:

CN~(aq) + H,O(l) = HCN(g) + OH (aq) (4)

The HCN is a weak acid with K, = 4.89 x 10~ '° which
dissociates in aqueous solutions:

HCN(aq) = H"(aq) + CN™(aq) (5)

There are three main cathodic reactions that possibly take
place in the catholyte compartment containing basic silver
cyanide solution. Besides the silver deposition process, oxygen
reduction (eqn (6)) and water reduction (eqn (7)) reactions are
also likely to occur:

O5(g) + 2H,0(l) + 4¢~ = 40H (aq) E° = 040V (6)
2H,O(l) + 2¢~ = Ha(g) + 20H (aq) E° = —0.83V  (7)

According to Pletcher and Walsh,' oxygen reduction is the
most favourable reaction, followed by silver reduction and water
reduction processes. This is because of the thermodynamic
condition of the reactions. Therefore, dissolved O, must be
removed from the catholytes before and during experiments to
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increase the current efficiency and enhance the deposition of
silver on the cathode.

As can be seen in eqn (1), both cyanide ion and silver ion
complex concentrations influence the equilibrium potential for
the silver deposition reaction. While at the anode, the reactions
that occur are the formation of tetracyanozincate ion (eqn (2)),
followed by cyanide oxidation (eqn (8)):

CN™ +20H™ = CNO™ + H,0 + 2e~ (8)

In this electrogenerative process, cell electromotive force
provides the driving potential for the deposition process to
occur at the cathode. In a controlled short-circuit operation,
zinc ions are released at the anode to form zinc cyanide complex
and electrons are transferred to the cathode via the external
circuit. The electrons are utilized by the silver cyanide complex
for deposition of silver to occur onto the surface of the cathode.
All of the redox reactions are spontaneous and self-driven.

Optimum pH

The electrogenerative process was carried out to recover silver
from the silver cyanide solution with different cathode mate-
rials (RVC and PG). The initial pH value of both catholyte and
anolyte were between pH 10 and 11, but it then increased to pH
12 at the end of each experiment. Such increases were the
results of side reactions (cyanide oxidation and water reduction)
that occur in the cell throughout the experiment. Therefore, all
experiments were performed at pH = 10 to prevent HCN gas
from being released.

Results and discussion

Effect of cathode materials, initial concentrations and N, gas
purging
From Fig. 1, it can be observed that the recovery rates depend on
the type of cathode materials used. For both concentrations of
silver cyanide (500 mg L ™" and 100 mg L"), 100% of silver was
recovered within 2 h of experiment using RVC as the cathode
electrode. In contrast, 98.0% (40.2) of silver (for 500 mg L™*
catholyte) and 96.9% (£0.3) of silver (for 100 mg L™ " catholyte)
were recovered using the PG electrode. It is noticed that the
recovery rate from 500 mg L' silver solution is always greater
than from 100 mg L~ silver solution. The 10 mg L~" and
50 mg L " silver cyanide as the initial concentrations for the
electrogenerative process were also investigated. The experi-
ment produced a low recovery rate of 39.2% (£0.8) and 55.6%
(£0.8) respectively after 2 h of experiment with similar experi-
mental conditions. However, this result is not presented in this
paper because the silver deposition process at a very low
concentration (=50 mg L") was not controlled by mass trans-
port phenomena and reproducibility of the data is low.*>**
From this analysis, it is observed that RVC is the most suit-
able cathode electrode for the recovery of silver from the cyanide
solution. This feature is achieved due to the advantages of RVC
such as having a high volumetric surface area (specific surface
area of the cathode), =53 cm” cm > that provides homoge-
neous and porous structure, low density and high capacity of

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Percent of silver recovery with different cathodes from (a) 500 mg L~* and (b) 100 mg L~* within 5 h of experiment.

metal loading.”"** Table 1 confirms that the RVC is superior to
PG in terms of porosity, specific area and Brunauer-Emmett-
Teller (BET surface area), thus proving its suitability in this
study.

The purpose of purging N, gas before and during the
experiment is to eliminate the presence of dissolved O,. From
the experiment, it was observed that recovery rates of silver for
all cathodes are slower in the presence of dissolved O,. There-
fore, the recovery of silver is conducted in the absence of O,
which can be achieved by purging with N, gas.

Effect of cathode activation

As shown in Fig. 1(a), the use of activated cathodes resulted in
lower silver recovery from 500 mg L™ of silver concentration
than with non-activated cathodes. After 2 h of the experiment,
the percent of recovery using non-activated PG is 87.7% (£0.6)
while the percent recovery for activated PG is only 83.5% (+0.9).
On the other hand, the percent recovery of silver with non-
activated RVC is 100% whereas, for activated RVC, the silver
recovery is only 70.9% (=£0.6). This result shows that no extra
treatment (activation) of cathode material is needed to achieve
full recovery of silver. A similar pattern is also observed for an

Table 1 Physical properties of RVC and PG used in this study??

Specific area  BET surface area

Cathode material ~ Porosity (%) (m®>m™?) (m>g™)
RVC (80 ppi) 97 5300 1
PG (SG 132) 50 — 0.3

This journal is © The Royal Society of Chemistry 2019

experiment with an initial concentration of 100 mg L~*

(Fig. 1(b)).

Mass transport coefficient

A model of the concentration-time relationship for 3D elec-
trodes has been proposed and is shown in eqn (9):

In[C/Co] = —(VekmAet) Vi, (9)

where C, is the metal concentration at time ¢, C, is the initial
metal concentration, k,, is the mass transport coefficient, 4. is
the specific surface area of the cathode, V. is the cathode
volume and Vg is the volume of electrolyte within the cell.** The
volumetric mass transport coefficient value, k,A. provides
insightful information on the performance of different cathode
systems.>>?¢

Fig. 2 shows the linearization of normalized silver for
500 mg L " of the initial concentration of silver from cyanide

200 300 400

- =@ Non-
L activated
(@)
< RVC

-5

-6

activated
-7
Time (min) PG

Fig. 2 Linearization of normalized silver (500 mg L™ from cyanide
media for both non-activated RVC and PG cathodes.
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ion media for both non-activated RVC and PG cathodes. The
behaviour of each reactor system is in accordance with eqn (9)
for operating under mass transport control.>” Their values are
shown in Table 2. The values of ¢,4¢, represent the recovery rate
of silver. On the other hand, the £ 4. values represent the rate
constant for silver deposition on the cathode. The nonconfor-
mity of data from the trend lines may be due to the expansion of
surface area during the deposition process and increase of
turbulence in the fluid flow due to roughening effects of depo-
sition.” It is also noted that after 1 h of experiment, lineariza-
tion of silver for the RVC cathode cannot be determined because
the quotient of concentration at that time over initial concen-
tration (C,/C,) was negative.”

Morphology study

Silver deposited from 500 mg L' silver cyanide with non-
activated RVC was analysed using SEM-EDX. The morphology
of the silver deposits is shown in Fig. 3. The white spherical
shape particles on the cathode's surfaces correspond to silver
deposits. The EDX analysis shows the presence of silver as the
dominant element within the deposits (Fig. 3). This observation
confirms that silver was deposited at the RVC.

Reusing the cyanide residue and RVC cathode

As mentioned before, one of the advantages of this electro-
generative process is that the cyanide solution is reusable.
Therefore, in order to establish the viability of a closed-loop
process, the recovery of cyanide solution was also investi-
gated. After the recovery process is complete, concentrations of
the leftover catholyte (KCN and NaCN) and anolyte (only NaCN)
were determined using the proposed method by the APHA.™ It
was found that KCN and NaCN are reduced from 0.2% (w/v) to
0.1% (w/v), which is a 50% reduction. This is because catholyte
was withdrawn periodically during the experiment in order to
determine the silver concentration. In contrast, in the anode
compartment, only a slight decrease of NaCN has been observed
(0.5% (w/v) to 0.47% (w/v)). These cyanide solutions were
consumed again for the subsequent silver recovery experiment
without any additional treatment. However, these cyanide
solutions were adjusted to their initial concentrations prior to
the new cycle of analysis.

In addition, the RVC used in this study could be used
repeatedly. Essentially, after the silver recovery experiment, RVC
was treated with HNO; overnight and washed with deionized
water. Then the RVC was soaked in 95% ethanol solution for 4 h

Table 2 Cell performance for silver recovery of 100 mg L™ and
500 mg L™ cyanide solutions for different cathodes

Cathode C, (mgL™") #,% (min) Slope (min~') R> kmde (s71)
RVC 100 17 —0.063 0.993 1.8 x 1072
RVC 500 30 —0.041 0.996 9.9 x 103
PG 100 105 —0.014 0.952 2.7 x 1073
PG 500 75 —0.017 0.993 4.6 x 1073
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Fig. 3 SEM micrograph of deposited silver at RVC at x1000 magni-
fication. Inset shows the EDX spectra (a) before and (b) after the silver
recovery process.

and was rinsed. The RVC was kept in distilled water prior to use.
It was found that the RVC was able to be used repeatedly up to
10 cycles without affecting the performance of silver recovery
process. Interestingly, the calculated relative standard deviation
(RSD) for the 10 cycles of RVC usage was found to be 1.90%.

Experimental

Details of the experimental procedures are provided in the ESIL.{

Conclusions

The uses of 3D cathode materials for the electrochemical
recovery of silver from silver cyanide solution were demon-
strated by using an electrogenerative process. This process
promises an alternative in the treatment of diluted and low
concentration of silver cyanide solutions. It was confirmed that
the pretreatment of the cathode materials did not influence the
silver recovery process. Therefore, this electrogenerative process
has a massive potential to be applied in real-life applications
due to the fact it could fully recover the silver from the silver
cyanide solution. In addition, the leftover cyanide solutions
could also be recovered and reused, showing the viability of
a closed-loop process. Finally, an electrogenerative process can
be considered as a green and sustainable process owing to its
capabilities of fully recovering the metal (silver) and generating
zero waste (zero sludge disposal and the cyanide solution and
cathode electrode are reusable).
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