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Abstract. The dissolution behaviour of nickel was investigated by electrochemical, XPS and SEM/
EDX measurements in different Br/Br, systems that could be used as lixiviants in the hydrometal-
lurgical route of metals recovery from waste printed circuit boards. Electrochemical impedance
spectroscopy and polarisation measurements showed that Ni becomes passive in near neutral KBr
solution and this fact hinders its dissolution. Instead, the dissolution of Ni was accelerated by de-
creasing the KBr solution’s pH to 0.3 and even more in the presence of bromine, at a concentration
of 0.01 M. Different electrical equivalent circuits have been proposed to broaden understanding the
dissolution mechanism of nickel. XPS chemical assessment allowed the identification of the dis-
solution products formed on Ni surface after exposure to brominated electrolyte.
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AIMS AND BACKGROUND

The EU directive defines as ‘waste electrical and electronic equipment’ (WEEE)
as the electrical or electronic equipment which is waste, including all compo-
nents, sub-assemblies and consumables which are part of the product at the time
of discarding'~.

The annual amount of E-wastes has reached 44.7 million metric t per year
worldwide in 2016 and is forecasted to be 52.2 million t per year by 2021. In the
European Union, approximately 10 million t of E-wastes are generated every year
with an annual increase of 3 to 5%. The total value of all raw materials present in
E-waste is estimated at approximately 55 billion Euros in 2016 (Ref. 3).

* For correspondence.
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E-waste is a complex mixture of materials and components (>1000) such as
metals (lead, mercury, arsenic, cadmium, selenium, hexavalent chromium), plastics,
rubber, concrete and ceramics; with its composition depending largely on the type,
manufacturer and age of the equipment’-8,

The most hazardous part of the electronic waste is Printed Circuit Board (PCB)
which can contain up to 40% metals, 30% ceramics and 30% organic materials/
plastics™. The electronic components from waste PCBs (resistors, relays, capaci-
tors, and integrated circuits), have a metal content of nearly 30% Cu;10-20% solder
Pb; 1-5% Ni; 1-3% Fe; 4% Sn, 1% Zn; 0.05% Ag; 0.03% Au and 0.01% Pd. The
purity of precious metals in PCBs is more than 10 times that of rich minerals!®!!.

Because of their hazardous content, and if not properly managed, can cause
major environmental and health problems!2. For instance, Ni intoxication causes
dermatitis, skin allergies, pulmonary fibrosis, and cardiovascular and kidney dis-
ease’?, Pb affects blood systems, kidney, central and peripheral nervous systems
and brain development of children, causing anemia, hypertension, risk for stroke
and cardiovascular disease!*!"*; Cd can cause chronic renal failure, atherosclerosis
and cardiovascular diseases!'®; poisoning with Zn causes cardiovascular, respiratory,
renal, and hepatobiliary failure'4; exposure to high levels of Cu can result in liver
and kidney damage, anemia, and immunotoxicity'’; Al affects the hematopoietic
and nervous systems and the skeleton'*.

However, E-wastes are an important source of base and precious metals
with high economic potential’. The existing processes for the recycling of Waste
printed circuit boards (WPCBs) can be divided into mechanical (physical), pyro-
metallurgical, hydrometallurgical and bio-metallurgical process, as well as some
hybrid processes!'®!°,

Mechanical-physical separation steps, usually used in the pre-treatment pro-
cess, included selectively dismantling, crushing and physical separation methods.
The separation efficiency of physical PCB recycling systems is up to 99% (Ref. 20).

Pyrometallurgy can recycle some base metals such as Cu, Pb, Zn, etc., with
high purity through smelting, refining process, but has some environmental limi-
tations!®. For instance, hydrometallurgical treatment of WPCBs has been found
to be more efficient and environmentally friendly than physical separation and
pyrometallurgical processes and could be preferred for the recovery of precious
metals such as gold, silver and platinum. To transfer metals from solid materials
to a solution for further recovery, leaching is an inevitable step in a hydrometal-
lurgical process. The traditional hydrometallurgical approaches use mineral acids
(HNO,, H,0,-H,S0,) (Ref. 9), which can effectively leach many base metals from
WPCBs but not precious metals. Since WPCBs recycling can only be profitable
with substantial Au recovery, cyanide was used as lixiviants for precious metals.
Cyanide is well known as a toxic chemical posing, but the advantages such as
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cheaper reagent, less dosage, operating in an alkaline solution make it to be pre-
ferred in the gold mining industry?'.

The recent research focus has been very much on finding more benign and
milder lixiviants and leach conditions. Thiosystem leaching (thiosulphate, thio-
urea and thiocyanate) and halide are mainly for precious metals leaching, while
ammonia-ammonium is reported to leach base metals from WPCBs (Ref. 20).
Although these lixiviants are low cost and environment-friendly, their disadvantage
is related to their low chemical stability with low metal recovery.

In the present work, a fundamental study on the electrochemical dissolution
behaviour of nickel was carried out using electrochemical, SEM and XPS meas-
urements in different bromide-based electrolytes that could be used as lixiviants
in hydrometallurgical route of metals recovery. This study is part of a complex
research project aiming to elaborate an innovative and pollutants-free hydrometal-
lurgical technology for metals recovery from WPCBs. The bromide/bromine (Br/
Br,) leaching system could be efficient for the dissolution of metals, due to its
important characteristics such as fast leaching rate, non-toxicity and applicability
over a wide range of pH values (from acidic to neutral). To the best of our knowl-
edge, Br/Br, system was used before only for extraction of gold from gold ores?.

EXPERIMENTAL

The dissolution tests were performed using a three-electrode cell; the working
electrode was made from Ni metallic disk (S = 0.28 cm?) embedded in epoxy resin
(Buhler, EpoxycureTM), Ag/AgCI/KCI_, (Ref.) was used as reference electrode,
while the counter-electrode was a twisted platinum wire (& =0.5 mm, L =10 cm).
The exposed metallic surface was prepared via an abrading procedure, using
successive grade of silicon carbide paper grit (from 1200 up to 4000), washed
thoroughly with distilled water and with ethanol.

Different bromide-based electrolytes were used as leaching systems, as fol-
lows: Sol. A—2 M KBr (pH = 6); Sol. B—2 M KBr+ 0.5 M HBr (pH = 0.3) and
Sol. C-2 M KBr+ 0.5 M HBr (pH =0.3) + 0.01 M Br,. All dissolution tests were
performed in the electrolytes under non-stirred and naturally aerated conditions.
The electrochemical measurements were carried out using a PAR model 2273
potentiostat. Potentiodynamic polarisation curves were recorded at constant sweep
rate of 10 mV min™', in a wide potential range of + 250 mV versus OCP from the
cathodic to the anodic direction. The impedance spectra were recorded at OCP in
the frequency range of 10 kHz — 10 mHz at 5 points per hertz decade, using an
AC voltage amplitude of £ 10 mV.

XPS and SEM/EDX data were collected using a custom built Thermofisher
ESCALAB 250 Xi XPS spectrometer equipped with a scanning electron micro-
scope and an X-ray detector for the acquisition of EDX data. The XPS spectra
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were acquired using the Al Ka radiation (1486.6 eV). The data were collected
from circular surface with a radius of 650 um. The XPS spectra were recorded
and fitted using the Avantage software.

RESULTS AND DISCUSSION

Electrochemical measurements. In order to obtain information on the electrochemi-
cal processes taking place at Ni interface in different bromide-based electrolytes,
potentiodynamic polarisation measurements and electrochemical impedance
spectroscopy (EIS) were carried out. The measurements were conducted at the
open-circuit potentials and the obtained polarisation curves and Nyquist plots are
depicted in Fig. 1.
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Fig. 1. Polarisation curves (@) and impedance diagrams (b) for nickel dissolution in different
bromide-based electrolytes

It should be mentioned that the Ni dissolution could not be achieved in the
near neutral KBr solution (pH 6) due to strong passivation of the metal, but it was
accomplished to a low extent in more acidic KBr electrolyte (pH 0.3). Instead, the
addition of Br, significantly enhances both the active dissolution of Ni and oxygen
reduction, as proved by the significant displacement of the anodic and cathodic
branches of the polarisation curves toward higher current densities values. A shift
of the corrosion potential towards more positive values could be also noticed in the
presence of Br,, while the cathodic process appears to be under diffusion control.

The electrochemical parameters derived from the polarisation curves, such as
corrosion potential (E_ ), cathodic and anodic Tafel slopes (B, and f,), corrosion
current density (i, ) were calculated according to the Tafel equation (1) and are
summarised in Table 1.

(1)

i=1i |exp

Ba ZF (E - ECUTI“) ( [3(: ZF (E - ECUlT) ))
, - —exp |- ————||,
RT

RT
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where i is the corrosion current density; E — the electrode potential; £ — the
corrosion potential; z — the number of electrons transferred; F' — the Faraday con-
stant; R — the universal gas constant; 7 — the absolute temperature; 3, and B, — the
anodic and cathodic Tafel coefficients, respectively.

The dissolution rate of nickel (mm/h) was also calculated based on the fol-

lowing equation:

v, =3.268 x 10° (E /p) (I, /), ©)

diss

where E_ is the equivalent weight of the sample (g); S — the sample area (cm?);
p — the sample density (g/cm?), and / __— the current density (A).

corr

Table 1. Electrochemical parameters and dissolution rates for Ni in different solutions

Solution E_. i B, B Viiss
(mV vs. Ref)) (A cm?) (mV/dec) (mV/dec) (mm/h)
B -125.36 1.6 110.8 51.9 0.002
C +247.50 141.0 13.3 13.2 0.170

Regarding the electrochemical impedance diagrams, it could be observed
from Fig. 15 that the value of the impedance corresponding to Ni dissolution in
sol. A is significantly higher than the value of the impedance obtained in strong
acidic solutions (sol. B and sol. C). This behaviour confirms the strong passivation
of Ni surface in near neutral KBr (pH 6) solution, which hinders its dissolution.
Instead, the significant decrease of the impedance magnitude observed in sol. B as
compared to sol. A and, even more in the presence of Br, (sol. C), is consistent with
an increased dissolution rate of Ni in strong acidic electrolytes. The appearance of
an inductive behaviour in the impedance diagram obtained in sol. C confirms that
the dissolution mechanism of Ni is different in the presence of Br,, as compared
to its absence, in agreement with the polarisation measurements results.

EIS results were further analysed by numerical simulation, using different
equivalent electrical circuits that allows the estimation of the R—Q parameters
corresponding to the electrochemical systems under investigation. The equivalent
electrical circuits used for experimental EIS data simulation are illustrated in Fig. 2
and the calculated R—Q parameters are presented in Table 2.
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Fig. 2. Equivalent electrical circuits used for EIS data simulation
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The impedance corresponding to Ni dissolution in sol. A and sol. B could be
suitably represented using two-time constants under capacitive relaxation, accord-
ing to the electrical circuit from Fig. 2a. In this circuit, R, represents the solution
resistance; R—Q; couple is ascribed to the resistance and capacitance of a passive
oxide layer (i.e. NiO and/or Ni(OH),) formed on Ni surface and R_—Q, parameters
correspond to charge transfer resistance and double layer capacitance.

An inductive contribution at intermediate and low frequencies is clearly visible
in the EIS spectra of Ni obtained in the presence of 0.01 M Br,. Several models
of equivalent circuits were attempted to fit these experimental data. The best
agreement between experiment and fitting results was obtained using the equiva-
lent circuit from Fig. 2. It contains one capacitive loop attributed to the charge
transfer reaction (R —Q,) and two R—L couples. The first indictive couple (R —L,)
could be ascribed to the coverage relaxation of some intermediates, i.e. NiOH_, *
formed in Br,-containing electrolytes. The presence of different Ni oxide states
on the surface was identified by XPS. The second inductive couple (R —L,) might
be attributed to the re-dissolution of the Ni species formed on surface, explaining
the high dissolution rate of Ni in the presence of bromine.

In Fig. 15 the lines marked with cross represents the simulated data while the
symbols are associated to the measured results. In all investigated electrolytes, the
used equivalent circuits well reproduce the experimental impedance data, as can be
readily seen in Fig. 15, where a good overlap between the measured and calculated
data was obtained. Table 2 presents the electrochemical parameters obtained by
fitting the experimental data to the equivalent electrical circuits.

Table 2. Values of R—Q parameters obtained for Ni dissolution in bromide-based electrolytes

Sol. R, R, 0, n, R, 0, n, R, L R, L,
(Q cm?) (kQ cm?) (uFs™!/ (kQ cm?) (uFs™!/ (Q ecm?) (H cm?) (Q cm?) (H cm?)
cm?) cm?)
A 131.7 355 092 543 733 098 - - - -
B 051 1.2 227 092 39 149 077 - - - -
C 056 - - - 0.15 168 - 2644 60.04 89.0 3024

n;and n, are parameters related to the depressed features of the experimental EIS.

It is well-known that a large charge transfer resistance (R ) is associated with
a less corroding system*. As shown in Table 2, the charge transfer resistance, R,
values decrease as the electrolyte’ pH becomes acidic and this effect is highly
enhanced by the addition of Br,. Thus, the calculated R , value is almost 14 times
lower in sol. B as compared to sol. A, which proves that the Ni dissolution process
is highly favoured by pH decreasing. This agrees with the variation of the film
resistance, R, value, which is more than 107 times smaller in sol. B, as compared to
sol. A, confirming that the passivation of Ni is strongly inhibited in KBr (pH 0.3)

556



solution. However, the lowest value of R  was obtained in sol. C; it is almost 361
and 26 times smaller in sol. C, as compared to sol. A and sol. B, respectively. These
results advice for an increased dissolution rate of Ni in Br,-containing electrolyte,
in good agreement with the polarisation measurements.

XPS and SEM/EDX measurements. XPS and SEM/EDX analyses were performed
on Ni surface after exposure for 48 h to sol. C. The regions analysed by EDX
and XPS have comparable areas (600 x 600 um for EDX, a circle with a 650 pm
diameter for XPS).
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Fig. 3. Ni 2p narrow scan fit after 10 s of etching, when all components become clearly visible

The Ni 2p narrow (Fig. 3) scans present complicated spectra in which at least
two different contributions can be distinguished, i.e. a metallic Ni phase present-
ing multiplet splitting and satellite features and at least one oxidised Ni?" phase
which also presents satellite features. Two sets of satellite peaks associated with
the oxidised phase appear to be required in order to obtain a featureless residue.
This could indicate the presence on the surface of the sample of more complicated
Ni compounds.

Table 3 gives the Binding energy (BE) values for the main peaks of the two
Ni phases observed on the surface. The Full width at half maximum (FWHM)
parameter of the main Ni 2p,, peaks is also shown in Table 3. The data were
acquired in constant analyser energy mode with a pass energy of 30 eV. In this
configuration the instrumental broadening is 1 eV. It can be observed from Table 3
that the width of oxide phase Ni 2p, , peak is more than 3.5 times the instrumental
broadening. This also indicates the presence of more complicated chemical phases
on the surface of the sample.

The value of BE for the oxide component seems to indicate the formation of
Ni(OH),. The observed Ni to O atomic ratio averaged on three different acquisi-
tion regions is Ni:O = 63.22:36.77 = 1.7:1. The Ni contribution is calculated using
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only the area of the Ni 2p,, oxide peak and neglecting the area of the satellite
peaks. This method is simplifying the calculations but is underestimating the Ni
concentration. However, even under this approximation excess, Ni is observed.
This result further indicates the presence of a mixture of different Ni oxide states
on the metallic surface.

Table 3. Binding energies of the observed Ni species

Peak State Observed Corrected FWHM Literature BE ~ Possible
BE (eV) BE (eV) at 30 (eV) compound
(-0.5eV) eV pass
energy
Ni2p,, metal 0 853.0 852.5 1.36 852.6 (Ref. 24) Ni
Ni2p,,oxide 2+ 856.3 855.8 3.68 853.7 (Ref. 24) NiO

854.9 (Ref. 24)  Ni(OH),
855.7 (Ref. 25)

Figure 4 shows SEM-EDX maps containing the distribution of Ni, Br and K
on the Ni surface. It can be observed that the regions which contain Br also present
a high concentration of K. EDX mapping shows Br is not distributed homogene-
ously on the surface of the sample whereas Ni is.

Fig. 4. SEM-EDX maps showing the regions containing Ni (a), Br (») and K (¢)

CONCLUSIONS

In the present paper, the dissolution behaviour of nickel in different bromide-based
electrolytes was investigated using electrochemical and surface characterisation
techniques.

Potentiodynamic polarisation and electrochemical impedance spectroscopy
measurements showed that nickel becomes passive in near neutral KBr solution
(pH 6), which hinders its dissolution. In highly acidic KBr solution (pH 0.3), the
dissolution rate of nickel is enhanced, and this effect is more pronounced in the
presence of bromine. EIS measurements allowed explaining the nickel dissolu-
tion mechanism in the investigated electrolytes, while XPS chemical assessment
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confirmed the presence of NiO and Ni(OH), on the metallic surface after exposure
to brominated electrolyte.

The increased dissolution rate of nickel obtained in the bromine-containing

solution strongly recommend its use as an effective lixiviant in the hydrometal-
lurgical route of metals recovery.
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