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Iridium is considered a valuable material due to its physical, chemical and electrocatalytic properties
[1-3]. Iridium recovery from post-consumed industrial materials and effluents [4, 5] is necessary, since
the natural resources for its production are limited and its demand in the industry will continue
growing. This paper presents the electrochemical study of the iridium deposit on titanium (Ti) and
stainless steel (A304) substrates in an electrolytic medium of HCI. Cyclic voltammetry results show
iridium reduction response in standard solutions from 12.5 to 3 ppm for the two electrodes used. The
study of the cathodic charge, current (i) vs. Potential (E) curves, the results of semi-quantitative
chemical analysis by X-ray energy dispersive spectroscopy (EDS) and the diffusion coefficient of
iridium Dy, confirm the deposit of iridium on Ti electrodes and A304.
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1. INTRODUCTION

Iridium is considered a valuable material due to its physical, chemical and electrocatalytic
properties [1-3]. The extraction of this metal in the world is limited, ranking 77th in abundance among
the elements of the Earth crust [4, 5], that is the reason to encourage the Ir recovery from post-
consumed industrial materials. Pyrometallurgical and hydrometallurgical techniques are used for the
recovery of iridium; however, these techniques include the use of ionic resins, extraction with solvents
and recovery by reducing agents. This requires large amounts of solvents and a limited recovery rate,
given the low selectivity of the metal [6-8].

The electrochemical techniques represent an alternative in the recovery of the platinum group [9-13],
yet iridium recovery through an electrochemical procedure has not been extensively explored [14-17].
The most recent research about electrochemical recovery of Ir, is that of the anodic deposit of iridium
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oxidized particles on vitreous carbon [17], using a perchloric acid solution (HCIO,4) with 1000 ppm of
Ir species. So that, the research on the Ir deposit from sulphate and bromide solutions with Ir
concentrations up to 2000 ppm [18]. Nevertheless, metallic massive deposition or recovering of
iridium from post-consumed industrial materials is not considered. On the other hand, in a previous
work of our group [4, 19], we used a less strong acid, i.e. hydrochloric acid to use in Iridium leaching.
There, we have shown the feasibility of iridium electroleaching in the form of complexes in
hydrochloric acid from post-consumed industry materials, obtaining a concentration of 3 ppm. In the Ir
metallic recovering, chloride ion used to leach looks for the potential displacement to more negative
values and to diminish the hydrogen evolution such as has been observed with deposit of other noble
metals [20-22]. This paper presents the recovery of metallic iridium from standard solutions that
simulate the concentration of iridium leach form post-consumed products in HCI medium, using
electrochemical techniques, on stainless steel electrodes (A304) and Titanium (Ti). Energetic
conditions found in this work will be used to carry out the Ir deposition from solutions with Ir low
concentrations.

2. EXPERIMENTAL SECTION

2.1. Thermodynamic study

Pourbaix diagrams of Ir- (acidic) were constructed using the computer program Hydra-Medusa
from Royal Institute of Technology (KTH) Stockholm, Sweden in order to obtain thermodynamic
conditions of E and pH for iridium electrochemical deposition. The system conditions were HCI 2M
and 1.56x107 M of iridium, using logk= 0.35 and logk= 15.01 for complex species of Ir (1) and

(1.

2.2. Electrochemical study

Voltammetric studies with cathodic direction were performed in a potential range between -0.3
and -1.0 V vs. SCE at a potential sweep rate of 25 mVesec™, for the two electrodes under study; with
or without iridium. Chronoamperometric profiles were obtained in the potential range between -0.3
and -1.0 V vs. SCE during 600 seconds of electrolysis, with and without iridium, using Ti and A304
electrodes. After, i vs. E curves were constructed taking the data of the current of different potentials at
an electrolysis time of 300 seconds. Chronopotentiometric profiles were obtained at a constant
cathodic current of -47 mA during 7200 seconds for the two electrodes in study.

All experiments were performed in a conventional electrochemical cell of three electrodes.
Titanium (Ti) and stainless steel (A304) were used as working electrodes, graphite as counter electrode
and as reference standard calomel electrode (SCE). Electrolytic solutions were prepared with deionized
water of high purity with 14.8 mQecm resistivity at three concentrations of iridium; 3, 6 and 12.5ppm.
Solutions were prepared by dissolving a standard solution of 1000 ppm iridium in a 1 M solution of
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hydrochloric acid, analytical grade and with a purity of 37%. The cell was coupled to the Princeton
Applied Research potentiostat/galvanostat Model 263A equipment with a PowerSuite 2.56 interface.

2.3. Chemical characterization

After the chronopotentiometric profile, the characterization of Ti and A304 electrodes was
performed by scanning electron microscopy on a JEOL JSM-6300 microscope, operated at 30 KV
power. The images were obtained by secondary electron emission. The semi-quantitative analysis on
the studied electrodes was performed by Energy Dispersive Spectroscopy (EDS) of the emission
signals K and L of the interest elements (Ir, C, Cl, Fe, Ti, W).

3. RESULTS AND DISCUSSION

3.1. Thermodynamic analysis

Figure 1 shows the Pourbaix diagram with the thermodynamic conditions of the system Iridium
(Ir) in hydrochloric acid (HCI). Figure 1 demonstrates that ionic species of [IrClg]> is deposited in the
pH range from 0 to 4.2 and lower potentials than 456 mV vs. SCE. The diagram also shows that the
hydrogen evolution process does not interfere in the iridium deposit.

The reaction (1) of the iridium deposit is:

[IrClg]* + 3e— Ir + 6CI EO =581 mV vs. SCE 1)
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Figure 1. Pourbaix diagram of the system Ir-HCI with concentrations of iridium of 1.56x10”" M and 2
M, respectively.

3.2. Kinetic analysis

Figure 2 shows the voltammograms of Ti (2a) and A304 (2b) electrodes in 2 M HCI, without
iridium (blue) and with 6 ppm (red). It can be observed on the figure (line blue) a reduction process,
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C1, which starts from the potential -810 and -750 mV vs. SCE for Ti and A304, respectively; this
process is attributed to hydrogen evolution. It is important to mention that the A304 electrode has a
higher cathodic current compared to the Ti electrode for the potential -1000 mV vs. SCE (115 and 49
mA respectively). This behaviour is attributed to the substitution of the hydrogen adsorbed on the
surface by the chloride ion, which is concordant with results of the literature [20, 22-24].
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Figure 2. Voltammograms obtained from the electrodes (a) Ti and (b) A304 in a solution without
iridium (blue) and [Ir]= 6 ppm at a sweep rate of 25 mV s*

The presence of iridium in the solution displaces the reduction potential of the process C1
within more cathodic values (-810 to -870 mV vs. SCE) for Ti, compared to the electrolyte without
iridium (-610 mV vs. SCE). While the potential value for the process C1 on the A304 electrode
remains without changes. In the figure 2 (red line), the current curve exhibits an increase, respect to the
base line of the process C2, when iridium is present (for both electrodes) from the potential of -440 or -
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600 mV vs. SCE for Ti and A304, respectively. This increase is attributed to Ir deposit on the different
working electrodes under study. The deposition process is coupled to the hydrogen evolution and is
carried out from -870 mV vs. SCE for the Ti electrode and -750 mV vs. SCE for the A304.

A study of cathodic charges was performed from the linear voltammograms with the aim of
finding the effect that the Ir concentration has on the response of the reduction charge for the system
(electrode/solution). Table 1 shows the cathodic charge calculated for both electrodes (Ti and A304) as
a function of the Ir concentration (0, 3, 6 and 12.5 ppm).

Table 1 shows that, on Ti electrode, there is an important diminish on the cathodic charge when
the Ir is present in the solution (plus to 97%) with the three concentrations under study, compared to
the solution without Ir. This behaviour is associated to the adsorbed hydrogen substitution on the
surface of the electrode by chloride and Iridium complex ([IrClg]*). This substitution modifies the
kinetic and thermodynamic conduct; it depends on the electrode nature [18] and inhibit the
electrochemical Ir deposition reaction as the hydrogen evolution. On the other hand, it is observed that
when Ir concentration increases there is a slight increase in the cathodic charge, which is attributed
mainly to the Ir deposition on Ti electrode.

In the case of the A304 electrode, there is an important increase of the cathodic charge of about
200% when Ir is present. This conduct is attributed to the lack of hydrogen substitution by the chloride
ion, since soluble iron complex species with chloride are thermodynamically easier to obtain than the
adsorbed chloride ones [18]. Iron complex species with chloride give place to increases on the Ir
deposit and on the hydrogen evolution on A304 surface. Moreover, when the Ir concentration
increases, the cathodic charge growths until it reaches a limit charge for the concentrations 6 and 12.5
ppm; which is indicative that the process is controlled by the electron transference.

Table 1. Cathodic charges obtained from the voltammograms and with different Ir concentrations in
the electrolytic bath.

[Ti IGr] | |A304||Gr|

[Iridium] / ppm Charge / mCecm-2
0 67 310
3 2.5 672
6 4 842
125 5 840

It is worth to mention the use of the chloride ion has more adsorption on the Ti electrode
surface and other noble metals [25] than the A304 electrode, where there is more cathodic charge.

In order to narrow the potential range and/or cathodic current where the iridium deposit is
carried out, i vs. E curves were elaborated from chronoamperometric studies in the potential range of
-300 to -1000 mV vs. SCE on Ti and A304 electrodes at 3 and 6 ppm which simulates the
concentration of leached iridium from post-consumed materials of the ceramics industry.
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Figure 4. i vs. E curve obtained from the (a) Ti and (b) A304 electrodes chronoamperometric profiles
at potential range -300 to -1000 mV vs. SCE.

Figure 4 shows that when the iridium concentration is increased, the cathodic current of iridium
deposit rises in the Ti and A304 electrodes from a potential of -700 mV vs. SCE. Figure 4a
demonstrates that the potential range for the Ir deposit with the least interference of the hydrogen
evolution is -300 to -1000 mV vs. SCE for the Ti electrode at 3 and 6 ppm of iridium. While the
current range for the Ir deposit on Ti for the concentration of 3 ppm is 0.5a 13 mA and 1.1 a 21 mA
for the concentration of 6 ppm.

Figure 4b shows that for the A304 electrode the potential range of Ir deposit with the least
hydrogen evolution interference takes place from -300 to -800 mV vs. SCE for the 3 ppm iridium
concentration. While the current range for the Ir deposit on A304 electrode for the 3 ppm concentration
is 12 to 38 mA and 13 to 42 mA, for the 6 ppm concentration. It is important to mention that on A304
electrode the hydrogen evolution is observed from a potential of -800 mV vs. SCE.
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The i vs. E curves indicate that the process of the Ir deposit is controlled by the mass transport
in the potential range from -300 to -700 mV vs. SCE for Ti and -300 to -600 mV vs. SCE for A304
electrode. From the data obtained in the chronoamperometric studies the Ir diffusion coefficient (Dy,)
can be calculated by the Cottrell equation (Equation 1). This equation is restricted to deposition
processes controlled by the mass transport of ionic complex on the electrode surface [12].

I(f) = 24 C Equation (1)

(mt) iz
Where
— m:Z‘T
Ir " (nrFacy?

In the equation m is the plotted slope from i vs. t¥2, n is the number of electrodes, F is the

Faraday constant, A is the area of the working electrode, C is the concentration of the specie, t is time
and D is the diffusion coefficient.

Table 2 shows the diffusion coefficient of Ir (D) calculated, pondering n=3, F= 96500 C/mol,
C = 1.56x10-7 mol/cm?® and the chronoamperometric profiles from the potentials -600 and -700 mV vs.
SCE at 300 seconds for A304 and Ti electrodes respectively.

Table 2 demonstrates that the calculated value of Dy, is different for the two electrodes under
study and has the same order of magnitude. The order of magnitude of the D), values of this research
are consistent with those reported [26], Dy, de 4.95x10'cm?s™. The results of the Dy, values indicate
that Ir can be deposited on the surfaces of the Ti and A304 electrodes.

Table 2. Diffusion coefficient of iridium (D) calculated on a 3 ppm solution of Ir (1.56x10" molcm-3).

Area chronoamperometric D
Electrode (cm?) profiles (cmlzr/s) R
E/mV vs. SCE
Ti 0.50 -700 1.25x10"  0.8560
A304 0.20 -600 6.47x10" | 0.9460

In order to verify the massive deposit on the studied substrates, chronopotentiometric analysis
on a 3 ppm solution for 7200 seconds were performed with a constant current of -47 mA on both
electrodes. Finally, the surfaces of the Ti and A304 electrodes were characterized semi-quantitatively
using scanning electron microscopy and energy dispersive spectroscopy X-ray.

3.3. Chemical characterization

Figure 5 shows images of scanning electron microscopy and energy emission spectrum of
elements deposited upon the Ti electrode after performing a chronopotentiometric profile of -47 mA
for 7200 seconds. Figure 5a of the electron microscopy image at 33X exhibits a low density of beads
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on Ti compared to electrode A304. However, when a 300X amplification (Figure 5b) was obtained, a
granular agglomerate size close to 200 microns is shown. In the emission spectrum (Figure 5c) the
peaks of the Ir, Ti and Cl elements are observed. The Ti and Cl peaks are shown due to the base
element electrode and the chlorine from the electrolyte.

Figure 6 shows the images of the scanning electron microscopy and the emission spectrum of
the elements deposited on A304 after the chronopotentiometric profile at -47 mA during 7200 s.

Figure 6a of the electron microscopy at 16X presents the formation of deposits in beads form
on the stainless steel (A304). Furthermore, it also shows that the deposits are irregular and that there is
a greater amount in the lateral sides of the A304 electrode. The image at 100X (Figure 6b) shows the
agglomerate of the deposit of 100 microns. The energy spectrum (Figure 6c) displays the emission
peaks of the Ir, Fe and Cl elements.

Figure 5. Microscopies at 33X (a) and 300x (b) and emission spectrum (c) of the Titanium electrode

(Ti).
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Figure 6. Microscopies at 16X (a) and 100 X (b) and emission spectrum (c) of the stainless steel
electrode (A304).
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The analysis by energy dispersive spectroscopy X-ray (EDS) indicates the iridium deposit of
5.09% (w/w) on A304 and 0.61% (w/w) on Ti. It is important to indicate that the potential of
chronopotentiometric studies on A304 and Ti agrees with the potential of the Ir deposit determined by
the curves i vs. E.

4. CONCLUSIONS

Thermodynamic studies indicate that the iridium deposit without interference of the hydrogen
evolution is possible. While the electrochemical studies indicate that the Ir deposit on A304 and Ti
surfaces, has the hydrogen evolution coupled on potentials above of -700 mV vs. SCE.

The potential displacement of reduction process at less negative values in the voltammograms
and the changes in cathodic charge when iridium is present in the solution at different concentrations,
indicate that the iridium deposit on the Ti and A304 electrodes surfaces is being carried out. i vs. E
curves indicate that the massive deposit of iridium is reached from -700 mV vs. SCE for the electrode
A304 and -800 mV vs. SCE for the Ti electrodes. Chemical analysis by EDS of the Ti and A304
electrodes after the chronopotentiometry, at a current of -47 mA for 7200 seconds, confirm the iridium
deposit of 5.09 and 0.61% (w / w) on stainless steel (A304) and titanium (Ti) respectively. The Dy, is
also confirming the Ir deposition. Dy, in this work is 6.47x10™ cm?s™.

A304 is the best electrode to carry out the Ir deposition from low concentration solutions which
come from the leaching of post-consumed materials in chloride medium; due to the low adsorption of
the chloride ion on the A304 surface.
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