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Electrochemical studies were performed to recover silver from radiographic films on A304 stainless
steel (A304 SS) and titanium (Ti) flat electrodes using a filter press-type electrochemical reactor
(known as ERO1-FP), as counter electrode was used a mesh-type DSA. Voltammetric studies were
employed to find the current range under which silver reduction occurs for both electrodes. Using
chronopotentiometric studies with controlled current, homogeneous deposits were obtained on the
surface of the A304 SS and Ti electrodes. Scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDS) studies corroborated the presence of silver on the A304 SS and Ti flat
electrodes. Chronopotentiometric studies showed that the Ti flat electrode performed better for the
recovery of silver because to a current of -150 mA during 210 minutes to a constant linear flow
velocity of 15 Lmin™ was achieved 99.8% of silver recovery, with low energy consumption (Es of
0.387 KWh/kg) and high current efficiency (¢° of 99%). In addition, the silver concentration in the
solution after the experiments was 1 ppm below environmental requirements for maximum recovery (5
ppm of silver in effluents). The ¢° and Es values indicate the viability of a filter press-type
electrochemical reactor (ERO1-FP) for silver recovery from radiographic films.
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1. INTRODUCTION

Silver is an extremely important metal because of its various useful properties and its economic
value. Silver is used in four major areas, including the industrial, photography, jewellery and coin
sectors. Each year, the photography sector allocates approximately 45% of its silver to radiographic
applications, which is discarded completely after it is used. Some technologies have attempted to
recover the silver contained in these wastes. However, they have not met the environmental
requirements for maximum recovery (less than 5 ppm of silver in effluents [1]. Today, electrochemical
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and chemical methods are being used to recover the silver present in wastes generated by the
photography sector. Among the most frequently used are ion exchange and silver plating in electrolytic
units. Both processes have been broadly described in the literature [2-5], which shows the suitability of
electrochemical processes due to their low cost of operation and high recovery values.

Several authors have studied the recovery of the silver present in effluents generated by the
photography industry [6, 7]. However, in the case of solid wastes, information is lacking. Fundamental
studies on this issue have shown that solutions such as nitric acid, cyanide, ammonia and potassium
borohydride are suitable agents for dissolving silver found in solid wastes from the photography
industry (radiographic films). They have also shown that it is convenient to use substrates such as
stainless steel, titanium, silver and vitreous carbon as working electrodes to perform silver deposition
[8-10]. Furthermore, fundamental studies of chemical speciation of a nitrate bath generated from the
solid wastes of the radiography and photography industries have shown that the predominant species in
the nitrate medium is Ag” and that hydrogen evolution does not interfere with its deposition [8].

A recent paper [11] showed that it is possible to electrochemically recover silver by
electrodeposition on a DSA-O, mesh electrode surface from the waste products of an Ag(l)/Ag(ll)
redox system in a nitric acid medium used for mediated electrochemical processes. This study revealed
that, at an optimised current density of 12 Adm™, 99% of silver Ag recovery efficiency was achieved
with a high yield and a low energy consumption of 3.81 KWhkg™. However, the use of three-
dimensional electrodes (DSA-O,) introduces complexities into the removal of silver deposits.

At present, there are different types of electrochemical reactors that can be used for various
processes, including Electrocell AB, FMO01 and FM21-LC, which are used in laboratory studies, in
pilot plants and on an industrial scale, respectively. These reactors increase mass transport through the
use of turbulence promoters and deflectors. All of them have shown the ability to recover metals [12-
16]. Therefore, this work examines silver recovery from radiographic films on a filter press-type
electrochemical reactor (ERO1-FP). These studies include cyclic voltammetric and
chronopotentiometric investigations on A304 SS and Ti substrates using a filter press-type
electrochemical reactor (ER01-FP) to determine the energetic conditions of current efficiency, energy
consumption and Ag recovery efficiency when a deposit of silver is removed from the solid residue of
radiographic film. Finally, the nature of the deposits on the surfaces of the A304 SS and Ti electrodes
was verified using scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy
(EDS).

2. MATERIALS AND METHODS

In this work, a filter press-type electrochemical reactor (ERO1-FP) was used with a system of
three electrodes (working, counter and reference). The capacity of the reactor was 280 mL. A304 SS
and Ti (with a geometric area of 64.3 cm?) were used as working electrodes, a saturated calomel
electrode (SCE) was used as a reference, and a mesh-type DSA (titanium/ruthenium (1V) oxide) was
used as the counter electrode.
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The solutions used for the studies in this work included a nitric acid solution of 5%, that was
free of silver ions and a nitric acid solution of 5%,, with 250 g of radiographic film (initial
concentration of 2100 ppm of Ag®), which are referred to below as the SRF solutions. Both solutions
were prepared in the laboratory.

The electrochemical studies were carried out using a potentiostat-galvanostat PAR 263A
connected to a KEPCO power source with a capacity of 10 A. The techniques used in the study utilised
the software Power Suite®, provided by PAR.

SEM coupled with an EDS Jeol JSM-6300 was used to observe the morphology and the nature
of the deposits obtained on the surface of the A304 SS and Ti electrodes. The images were obtained
using secondary electrons at 30 kV.

3. RESULTS AND DISCUSSION

3.1. Voltammetric study

Figure 1 shows the voltammetric response at a scan rate of 25 mVs™ and a linear flow of 10
Lmin™ obtained from the solutions without (curve a) and with Ag* ions (curve b) on the A304 SS and
Ti substrates.
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Figure 1. Voltammograms obtained from the SRF solution for the A304 SS electrode (A=64.3 cm?)
and the Ti electrode (A=64.3 cm?). A scanning rate of 25 mV s and a constant linear flow
velocity of 10 Lmin™ were used.
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In the solution that contained no Ag® (curve a), there were not reduction or oxidation peaks
corresponding to the reduction or oxidation of nitrate or substrates in the potential range studied for the
A304 SS and Ti electrodes.

Figure 1 (curve b) shows that both electrodes (A304 and Ti) underwent two processes; the first
was due to the reduction of silver (i) (approximately 300 to -300 mV/SCE for the A304 SS electrode
and 150 to -300 mV/SCE for the Ti electrode), and the second corresponded to the oxidation processes
of silver (ii) (approximately 400 to 800 mV/SCE for the A304 SS electrode and 350 to 900 mV/SCE
for the Ti electrode).

Table 1 shows the over potential, the initial reduction current (where the reduction of Ag*
present in the SRF solution occurs on the A304 SS and Ti electrodes) and the maximum current peak
of silver oxidation. All of these parameters were obtained from an analysis of the voltammograms
shown in Figure 1.

Table 1. Overpotential, initial reduction current and maximum current peak of silver oxidation at
which the reduction of Ag* from the SRF solution on the A304 SS and Ti electrodes occurs.

Electrode Over potential Initial reduction current Maximum current peak of
mV / SCE mA silver oxidation
mA
A304 SS -79 -20 233
Titanium -184.9 -10 150

Table 1 shows that both substrates have a clear response to the silver deposits. The A304 SS
electrode presented a more defined response at the oxidation peak and a higher current, resulting in a
greater amount of transformed mass.

The data indicate the current and potential values at which the reduction process of silver from
the SRF solution on the A304 SS and Ti electrodes occurs. However, it was also necessary to perform
chronopotentiometric studies to find a more narrow range for the current and to determine the optimum
time for electrolysis when the silver is deposited onto both electrodes. Based on results obtained with
the SRF solution, it was observed that, because of the increasing time required for electrolysis, more of
the Ag” was transformed, which changed the surface of the electrodes and altered the energetic
conditions of the potential and current at which the reduction of Ag™ occurs.

Notably, in this work, all of the experiments used current values to facilitate the silver transfer
because the use of a potential in any industrial process is much more complicated.

3.2. Chronopotentiometric study

Chronopotentiometric studies with a controlled current were carried out for an electrolysis time
of 120 min and a linear flow velocity of 10 Lmin™. The current range used was obtained from the
voltammetric studies. Notably, in this current range, the reduction of the medium did not significantly



Int. J. Electrochem. Sci., Vol. 6, 2011 6155

affect the process of silver reduction. The current ranged from -40 to -125 mA for the A304 SS and Ti
electrodes.

Figure 2 shows the galvanostatic transients on the A304 SS (Figure 2a) and Ti electrodes
(Figure 2b). When the current acquired more cathodic values, the potential became more negative for
all of the current ranges in both electrodes. However, over the entire current range, the potentials did
not show any marked variation, indicating that the electroactive species of silver had not been
exhausted due to the high concentration of Ag™ in the SRF solution.

-0.64

a
-0.72
-0.80
'L—”/ -40 mA
> oql -50 mA
> ]
8 -80 mA
-0.96 -% -95 mA
L -125 mA
-1.04
-1.12 4
T T T T T T T T T T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000 8000
t/s
-0.90 b
-40 mA
-1.05
- 65 mA
-80mA
-1.20 ~n - 05 MA
>
= -125mA
8 -1.35
L
-1.50
-1.65

0 I 10|00 I 20|00 I SOIOO I 40|OO I 50|00 I 60|00 I 70|00 I 80|00
t/s
Figure 2. Chronopotentiograms obtained for the reduction of Ag” ions from the SRF solution for an

electrolysis time of 120 min and a linear flow velocity of 10 Lmin™ on a) the A304 SS
electrode and b) the Ti electrode (A=64.3 cm?) for a current range of -40 to -125 mA.
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Figure 3 shows the variation of the Ag'-normalised concentration with respect to the initial
concentration, C(t)/C(0), based on the electrolysis time using a current ranging from -40 to -125 mA
on the A304 SS (Figure 3a) and Ti (Figure 3b) electrodes.
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Figure 3. Variation of the Ag’-normalised concentrations of the SRF solution as a function of
electrolysis time with imposed currents in the range of -40 to -125 mA for 120 min on a) the
A304 SS electrode (area 64.3 cm?) and b) the Ti electrode (area 64.3 cm?) with a linear flow
velocity of 10 Lmin™.
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Figure 3 shows that the variation of the normalised concentration of Ag” decreased over the
electrolysis time period for the six values of current imposed on the A304 SS electrode (Figure 3a) and
the five values of current imposed on the Ti electrode (Figure 3b). In addition, in the current range
imposed on both electrodes, there was also an increase in the silver deposit as the current became more
cathodic.

The results of the chronopotentiometric study with controlled current indicate that the A304 SS
electrode is suitable for silver recovery, but it is not the best choice because the silver recovery was
only 67% at a current value of -125 mA. When using the same current value on the Ti electrode, silver
recovery reached 80%. Therefore, the Ti electrode is the better choice for silver recovery.

3.3. Characterization of the deposits obtained on the A304 SS and Ti electrode surfaces

Figure 4 shows an image (200X) of the deposits obtained when imposing currents ranging from
-40 to 125 mA on the A304 SS (Figure 4a) and Ti (Figure 4b) electrodes. Figure 4 also shows that
there is a tendency for a greater amount of deposits to appear on the surface of the A304 SS and Ti
electrodes as the current increases. The chronopotentiometric studies with a controlled current
produced homogeneous deposits on the surfaces of both electrodes.

Figure 4. Deposits obtained on the surface of a) the A304 SS electrode (-40 to -125 mA) and b) the Ti
electrode (-40 to -125 mA\) at a linear flow velocity of 10 Lmin™ over 120 min.

To verify that the deposit obtained on the surfaces of the A304 SS and Ti electrodes contained
only metallic silver, scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy
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(EDS) were performed on deposits that were extracted mechanically from the A304 and Ti electrode
surfaces after an electrolysis time of 120 min. Figure 5 presents the image obtained by SEM of the
products generated when imposing a current of -65 mA on the A304 SS (Figure 5a) and Ti (Figure 5b)
electrodes for 120 min. The image was obtained using secondary electrons. It shows a massive metallic
deposit from the products extracted from the A304 SS and Ti surfaces, which can be attributed to the
silver present in the solution. In addition, the EDS confirmed that the deposits obtained on the A304
SS and Ti electrodes were silver.

Figure 5. Scanning electron microscopy (SEM) images and EDS results of deposits obtained after 120
min of electrolysis in the SRF solution using a current of -65 mA on a) the A304 SS electrode
and b) the Ti electrode. The images of the deposits were obtained using secondary electrons.

To investigate the effect of the hydrodynamic conditions on the electrochemical deposition of
the silver on the surface of the Ti electrode, a chronopotentiometric study at a controlled current was
carried out by varying the flow velocity of the SRF solution through the reactor. The linear flow
velocities ranged from 7.5 to 15 Lmin™.

3.4. Chronopotentiometric studies with different flow velocities

Chronopotentiometric studies with different flow velocities were performed for an electrolysis
time of 120 minutes with a constant current of -65 mA in all experiments. This current was selected to
avoid hydrogen evolution.
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Figure 6. Chronopotentiograms obtained for the reduction of Ag” ions from the SRF solution for 120

min of electrolysis with a constant current of -65 mA on the Ti electrode (area: 64.3cm?) and
linear flow velocities ranging from 7.5 to 15 Lmin™.
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Figure 7. Variation of the Ag’-normalised concentrations of the SRF solution as a function of
electrolysis time with an imposed current of -65 mA on the Ti electrode (area: 64.3¢c m?) with
linear flow velocities ranging from 7.5 to 15 Lmin™.
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Figure 6 shows the galvanostatic transients obtained on the Ti electrode. The studies conducted
with linear flow velocities ranging from 7.5 to 15 Lmin™ showed that, as the flow velocity increased,
the potential values became less negative. Conversely, it was observed that, in each transient, the
potential became less negative as the electrolysis time increased. This behaviour indicates that the
silver nucleation on the surface of the Ti electrode results in less energy that is required to deposit the
silver. Furthermore, the hydrodynamic conditions caused a greater amount of Ag” to collect at the
interface.

Figure 7 shows the variation of the Ag'-normalised concentration with respect to the initial
concentration, C(t)/C(0), based on the electrolysis time with imposed flow velocities ranging from 7.5
to 15 Lmin™ on the Ti electrode. This figure shows that the variation of the normalised concentration
of Ag” decreased with respect to the electrolysis time for the four flow velocities imposed on the Ti
electrode. In addition, the recovery of silver increased as the flow velocity increased, and the silver
recovery reached 34% at a linear flow velocity of 15 Lmin™.

3.5. Characterization of the deposits obtained on the surface of the Ti electrode

Figure 8 shows the deposits obtained on the surfaces of the Ti (200X) electrode when imposing
linear flow velocities ranging from 7.5 to 15 Lmin™. The figure indicates that the amount of the deposit
on the surface of the Ti electrode increased as the flow velocity increased. As was found in the
chronopotentiometric studies with a controlled current, homogeneous deposits appeared on the Ti
electrode under all of the flow velocities used.

Figure 8. Deposits obtained on the surface of the Ti electrode (area: 64.3 cm?) for linear flow
velocities ranging from 7.5 to 15 Lmin™.

Figure 9 shows an SEM image of the deposits mechanically removed from the surface of Ti
electrode under a linear flow velocity of 7.5 Lmin™ (Figure 9a) and 15 Lmin™ (Figure 9b) for 120 min.
The images were obtained using secondary electrons and show the morphology of the silver deposit on
the Ti electrode surface. These deposits were analysed by EDS (Figure 9), which revealed that the
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deposits were metallic silver. It’s important to mention that all the deposits obtained on titanium and
A304 SS flat electrodes were easily removed using a Teflon spatula, avoid other more complex
processes such as those used when the deposit is made on three-dimensional or mesh electrodes [11].

Based on these results, and with the aim of exhausting the Ag” that was present in the SRF
solution, a chronopotentiometric study of a controlled current was performed over 210 min with a
constant current of -150 mA and a linear flow velocity of 15 Lmin™.

— ivm F1 MER
UAEH 38KU X4,000 19mm

UAEH 30KV ST 3 3 % 5 s 7 s s bono

Energy (KeV)

Figure 9. Scanning electron microscopy (SEM) images and EDS results of deposits obtained after 120
min of electrolysis in the SRF solution on the Ti electrode with an imposed current of -65 mA
and linear flow velocities of 7.5 and 15 Lmin™. The images of the deposits were obtained using
secondary electrons.

Figure 10 shows the variation of the Ag*-normalised concentration with respect to the initial
concentration, C(t)/C(0), based on the electrolysis time with an imposed current of -150 mA and a
constant linear flow velocity of 15 Lmin™ on the Ti electrode for an electrolysis time of 210 min. The
variation of the normalised concentration of Ag” diminished over time. In addition, after 210 min, Ag
recovery reached 99.8%. It’s important to mention that the silver concentration in solution after of the
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studies was 1ppm this concentration is below environmental requirements for silver maximum
recovery (5 ppm of silver in effluents) [1]. Figure 11 shows the deposit obtained on the Ti electrode
(200X) for a current of -150 mA for 210 min. A homogeneous deposit was present on the Ti electrode
surface and showed the same morphology as the silver deposits obtained in the chronopotetiometric
studies conducted at different flow velocities.
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Figure 10. Variation of the Ag*-normalised concentrations from the SRF solution as a function of the

electrolysis time (210 min) with an imposed current of -150 mA on the Ti electrode (area:
64.3cm?) and a linear flow velocity of 15 Lmin™.

Figure 11. Deposits obtained on the surface of the Ti electrode (200X) when imposing a current of -
150 mA with a linear flow velocity of 15 Lmin™ for 210 min.
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3.6. Current efficiency ¢° and energy consumption Es

W.
¢ =— (Eq.1)
WI'GI'AL
HFEGEI:
E,=—— (Eq.2)

where ¢° is the current efficiency, W; is the weight of metal j deposited, Wiga is the weight of
the deposit that should be obtained by imposing a current over a certain amount of time, Es is the
energy consumption, n is the number of electrons transferred, F is the Faraday constant, and Eg is the
cell voltage.

The current efficiency ¢° (Eq. 1) and energy consumption Es values (Eq. 2) were calculated by
weighing the silver powder obtained on the Ti electrode surface Wj after imposing a constant current
of -150 mA during 210 minutes to a constant flow velocity of Lmin™ and comparing this weight with
the those from the currents used for the deposition Wi [17,18]

The current efficiency and energy consumption Es values (Eq. 2) were calculated by weighing
the silver powder obtained on the Ti electrode under a constant current of -150 mA and comparing this
weight with the those from the currents used for the deposition Wi [17,18]. The efficiency value was
99%, with an energy consumption of 0.387 KWhkg™. These high current efficiency and low energy
consumption values demonstrate the excellent performance of the electrochemical reactor ERO1-FP for
the recovery of silver from an SRF solution, as compared to others discussed in the literature [11].

4. CONCLUSIONS

Voltammetric studies of SRF solutions in an electrochemical reactor (ER01-FP) showed that
the reduction and oxidation processes observed on A304 SS and Ti electrodes occurred due to the
deposition and dissolution of silver and did not arise from other ionic species in the SRF solution.

Chronopotentiometric studies with a controlled current produced homogeneous deposits on the
surfaces of the A304 SS and Ti electrodes. These deposits were analysed by EDS and were found to be
metallic silver. In addition, this study found a more precise current range under which the deposition of
silver takes place. Chronopotentiometric studies performed at different linear flow velocities showed
that the recovery of silver increased with increasing flow velocity. The Ti dimensional electrode
performed better for silver recovery.

For a current of -150 mA and an electrolysis time of 210 min, silver recovery reached 99.8% on
Ti flat electrode. The high current efficiency (99%) and low energy consumption (0.387 KWhkg™)
values at a constant current value of -150 mA indicate that the filter press-type electrochemical reactor
(ER01-FP) used in this study is an excellent option for the recovery of silver from SRF solutions.
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