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ABSTRACT. Nowadays there is increasing interest in using various
electrochemical methods as alternative to the energy consuming physico -
mechanical, hydrometallurgical and pyrometallurgical techniques for metals
recovery from waste printed circuit boards (WPCBs). Thus, cyclic voltammetry
(CV) and cyclic square-wave voltammetry (CSWV) methods were used for
studying the electrochemistry of some metals (Cu, Sn, Pb, Fe, Zn) on
glassy carbon electrode from synthetic leaching solutions containing known
concentrations of metallic ions and in real solution obtained from dissolving
10 WPCBs. A good linear correlation was obtained between the parameters
evaluated by ICP-OES and cyclic voltammetry. The influence of pH and
oxidation/reduction potential (ORP) on the corrosion rate of the mentioned
metals was studied gravimetrically. Based on the obtained results, a complex
sensors array (amperometric, pH, temperature and ORP) was proposed to
assure the accurate monitoring and control of the electrochemical process
for metals recovery from WPCBs.
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INTRODUCTION

The continuous development and the huge production of electrical
and electronic equipment leads to generate great quantities of waste printed
circuit boards (WPCBs). Those boards contain an important concentration of
heavy metals (like Cu, Sn, Pb, Fe, Zn) and low concentrations of precious
and rare metals (Au, Ag, Ga, In) [1-3]. During the leaching process, the
metals from WPCBs are transferred into solution, from where metals could
be removed and recovered. Due to the high quantities of WPCB and the
complex content of the obtained leaching solution, the recovery of even a
fraction of metals is becoming a difficult and increasingly important challenge.

Current recycling processes are pyro- [4] and hydro-metallurgical
alone [5] or coupled with complementary processes like: electrodeposition,
adsorption, ion exchange, extraction, precipitation, membrane separation,
solvent extraction and biochemical treatment [6].

It was shown that from environmental and economic points of view,
electrochemical recycling of metals from WPCBs have many advantages in
comparison to other recovering methods mentioned above [7, 8]. Thus, this
technique (i) can operate continuously and yields a metallic form of the
product with very high purity which is suitable for rapid reuse or resale and
(il) employs simple electric devices and requires minimal reagent consumption,
without additional waste streams [9, 10]. The major challenges for the
electrochemical recycling techniques are the increasing of the metals leaching
speed and the selectivity improving of the metals electrodeposition of from
WPCBs leaching solution by an accurate controlling of the electrochemical
operating parameters. Our preliminary results [11] revealed that a model
able to predict the behaviour of the chemical and electrochemical reactors and
optimize the process parameters must take into consideration some factors.
The most important from them are the potential and the concentration profiles at
the cathode/electrolyte interface level for the conditions in which the migration
and convective diffusion control to overall transport rates.

The aim of the present paper was to find simple and accurate analysis
techniques able to evaluate the main process parameters that control the metals
leaching rate from WPCBs and the metals selective electrodeposition from
the leaching solutions. Consequently, a complex sensor arrays (amperometric,
pH, temperature and ORP) was designed for an accurate monitoring and
control of the electrochemical process for metals recycling from WPCBs.
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RESULTS AND DISCUSSION
Electrochemical behavior in synthetic solutions

The cyclic voltammetry (CV) and cyclic square-wave voltammetry (CSWV)
were used to evaluate the electrochemical behaviors of the most abundant
metals in WPCBs. The measurements were performed using a glassy carbon
(GC) working electrode, an Ag/AgCI/KClsat reference electrode (REF) and a
Pt wire as counter electrode immersed in synthetic solution samples (SSSs)
containing 2 M KBr and 0.5 M HBr and individual metallic ions (i.e., Cu?*, Sn?,
Pb?*, Fe?*, Zn?*) at different concentrations. As it can be seen in Figure 1A, the
studied metallic ions are involved either in redox (peaks A1/C1) or in dissolution/
electrodeposition (peaks A2/C2) processes.
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Accordingly to literature [12], for SSSs containing 2.5 M Br, the
maijority of cuprous bromide species are CuBrs2, CuBr;~ and CusBrs2 and
of cupric bromide species are CuBrs2 and CuBrs, respectively. In these
conditions, as it can be seen from Table 1, the values of the formal peak
potential (E%cac), calculated as the arithmetical mean of the anodic (Eap)
and cathodic (Ecp) peak potential values, are in good agreement with the
theoretical values (E%weor), Only minor negative shifts of —10 and — 28 mV
being observed for the Fe?*/Fe?* and Cu?*/Cu* redox couples, respectively.

Table 1. Peak potential values recorded by CV on GC in 0.1 M Cu?* and Fe®*
in SSSs and the corresponding formal and theoretical potentials

Process Eap (A1) Ecp (C1) E%calc E” theor - AE
Cu?*/Cu* 0.480 V 0.390 V 0.435V 0.463 V -0.028 V
Fe3/Fe? 0.620 V 0.510V 0.565 V 0.575V -0.010V

"E%heor (V/REF) = E” (V/SHE [12, 13]) - Erer (= 0.197 V/SHE)

Even if in the tested solutions the Fe3'/Fe?* and Cu?'/Cu* redox
couples present a quasi-reversible behavior (the peak-to-peak separation,
AEp = Epa - Epc > 100 mV), the amplitude of the corresponding peaks can
be used to evaluate the concentration of the two species. The main
processes corresponding to the A1/C1 peaks are:

Fe? + e <> Fe* (1)
[CuBr4]™? + e «> [CuBrs] ™ + Br (2)

and, for the A2/C2 peaks, the next processes take place:
Me?* + 2e” <> Me®, where: Me® = Sn, Pb, Zn (3)
[CuBrs]? +e «> Cu®+ 3 Br 4)

For all studied metallic ions, the voltamograms recorded by CV and
CSWV measurements reveal strength dependence between the ions
concentrations and peak current intensities for oxidation/reduction and
dissolution/electrodeposition, this fact being exemplified for Cu in the
Figures 1B and 1C. As expected, the CSWV is a more sensitive technique,
showing higher peak current intensities like those obtained in CV, but
peaks limitations appear for Cu concentrations greater than 50 mM.

Also, the peak potentials could be used for the identification of the
metallic ions and the intensities of the corresponding peaks can be successfully
used for the concentrations monitoring. For example, in Figure 2, the calibration
curves, obtained by plotting the peak currents recorded by CV versus
MeBr; concentration, are presented for some metals.
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The parameters of the linear dependencies between the peak current
intensities recorded by CV and the metallic ions concentrations, presented
in Table 2, reveal a very good correlations (proved by the high values of the
correlation coefficient, R) and high sensibilities.

Table 2. Sensibilities and correlation coefficients for some calibration curves

Metallic ion Peak process Sensibility (WA / mM) R/ no points

Cu? A1 11.1+£0.2 0.9995/4

C1 9.7+04 0.9987 /4
Cu* C2 175+ 041 0.9999 /4
Sn% Cc2 48.6+£0.8 0.9997 /4
Pb? Cc2 43.0+1.4 0.9984 /4
Fe2* A1 9.9+0.3 0.9994 / 4

C1 6.2+0.3 0.9981/4
Zn2* A2 76.7 £5.1 0.9956 / 4

Cc2 40.2+14 0.9988 / 4

The highest sensibilities are recorded by CV in the case of the Sn,
Pb and Zn electrodeposition, suggesting an easier electrocrystallization of
these metals on the GC surface.

Electrochemical measurements in real sample solutions

Our previous results [14] indicate that, depending on the type of
studied WPCBs, the concentrations of the studied metals in the obtained
leaching solutions present a significant dispersion, the maximum ([Me]uax),
minimum ([Me]un) and average ([Me]wean) concentration values and the
corresponding standard deviation (SD) being presented in Table 3.
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Table 3. Concentration ranges of the more abundant metals in the obtained
leaching solutions from 10 WPCBs samples

Metal Cu Sn Zn Fe Pb Al Ni
[Me]max (mM) 598 85 150 145 47 51 18
[Me]min (mM) 343 53 34 34 0.2 9 10
[Me]mean (mM) 461 71 111 81 26 27 13
SD (mM) 70 12 37 32 15 14 3

As it can seen from Table 3, the concentration ranges for Cu, Zn, Fe
and Pb in the real sample solution (RSS) exceed the domains studied by
CV and CSWV in SSSs. Moreover, due to the complex composition and the
high metals ions concentrations in the undiluted RSSs, the peaks corresponding
to the electrodeposition/dissolution (C2/A2) and/or oxidation/reduction (A1/C1)
processes, evidenced either by CV or CSWV, are obviously limited and distorted.
As a consequence, in order to obtain adequate analytical signals, for all further
electrochemical measurements, the RSSs were diluted 10 times using 2M
KBr + 0.5 M HBr solution.

In these conditions, CV and CSWV become fast and inexpensive
methods to evaluate qualitatively and semi-quantitatively the composition of the
leaching solutions. As exemplified in Figure 3.A, the presence of Pb?* in a
RSSs is evidenced in CV by the apparition of a peak pair placed at Eppo+pp =
-0.565 V/REF and Eppppo+ = -0.480 V/REF. Contrarily, for RSSs resulting
from WPCBs released after 2006, when EU RoHS directive [15] took effect,
the corresponding Pb electrodeposition and dissolution peaks do not appear
(Figure 3A, dashed red line).
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Figure 3. CV (A) and CSWV (B) on GC electrode in 1/10 diluted RSSs containing
Pb2* (solid black line) and without Pb?* (dashed red line)
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More interestingly, comparing Figures 1A and 3A, we observed that
the high amount of Cu present in the RSSs induce a considerable attenuation
of the Sn and Pb metals dissolution peaks and a significant distortion of the
Cu dissolution peak, suggesting the formation of the Cu-Sn [16] and Cu-Sn-
Pb [17] alloys during the electrodeposition step.

From another point of view, a higher Fe concentration in the sample
containing Pb?* determines the apparition of the second pair of peaks (of
A1/C1 type), associated with the Fe3*/Fe?* redox couple.

As indicated in Figure 3B, all the previous mentioned phenomenon
become more evident during the CSWV measurements, better peaks separation
and higher amplitudes being recorded.

Correlations of metallic ion concentrations evaluated by ICP-AES and
electrochemical methods in real sample solutions

Being an extremely complex matrix, the RSSs obtained by leaching
a number of 10 WPCBs were analysed by ICP-AES standardized method.
The correlation of the Cu?* concentrations obtained by ICP-AES with those
estimated based on CV data recorded in 10 times diluted RSSs is presented in
Figure 4.
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BY ICP-AES

Three CV data sets (i.e., the intensities of the electrodeposition (C2)
and reduction (C1) peaks and the area of the dissolution (A2) peaks) were
exemplified. From Figure 4 it can be seen that the concentrations of Cu?*
obtained by the two methods are in good agreement, the statistical parameters
of the linear correlations being summarized in Table 4.
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Table 4. Statistical parameters for the linear correlations between the Cu?*
concentration obtained by ICP-AES and evaluated from CV data

Method Slope (mMM/mM) R SD n
C2 peak height 0.979 £ 0.013 0.9608 1.939 10
C1 peak height 1.003 £ 0.019 0.9088 2.642 10
A2 peak area 1.017 £ 0.015 0.9706 2.085 10

As seen from the data presented in Table 4, the slopes of the linear
correlations are very close to 1 (between 0.979 and 1.017), with correlation
coefficients (R) higher than 90% and standard deviations (SD) not greater
than 2.64.

Similar correlations could be obtained using experimental data from
CSWV (results not shown). It is important to note that, in the investigated
potential range, the Fe electrodeposition/dissolution processes cannot be
observed, but the Fe ions concentration can be evaluated based on A1/C1
peak pairs, subtracting the Cu signal. In this purpose, a dedicated algorithm
was preliminarily tested with very promising results.

An enhancement of the data accuracy obtained by electrochemical
methods (CV and CSWYV) can be achieved by restricting the potential scan
range, optimizing other experimental parameters (like the scan rate and/or
the controlled electrolyte flow), and by recording new calibrations curves in
mixed SSSs metals solutions similar to the RSSs.

Influence of pH and oxidation-reduction-potential on the metals leaching
rates

It is well known that the pH and oxidation-reduction-potential (ORP)
of the leaching solution influence significantly the rate of metals dissolution
from WPCBs. In this context, Figure 5 presents the evolutions of pH, ORP
and corrosion rate (CR) during the chemical leaching of different pure
metallic samples of Fe, Sn, Cu and Zn. As seen, for the tested metals, the
dissolution processes are accompanied by the pH increase, simultaneously
with the decrease of the OPR and CR.

Consequently, the track of the above parameters, using pH and ORP
sensors and dedicated galvanic insulated electrometers, is essential for an
adequate control and monitoring of the metals leaching process. Due to the
high salinity and acidity, the leaching solutions conductivity is indistinctly affected
by the dissolved metals concentrations, making irrelevant their monitoring.
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CONCLUSIONS

In order to efficiently monitor and control the process of electrochemical
metals recovery from waste printed circuit boards, a complex sensors system,
based on pH, OPR, temperature and voltammetric sensors, was designed
and the included components were successfully tested in synthetic and real
samples using dedicated LabView applications.

The simple and inexpensive voltammetric sensors, exploited by cyclic
voltammetry and/or cyclic square wave voltammetry, allow the evaluation of
the dissolved metals concentrations (Cu, Sn, Pb, Fe, Zn) with satisfactory
accuracy, eliminating the use of complex and expensive traditional analytical
equipments and advanced dilutions.

The electric signals delivered by the proposed sensors allow their
integration in a complex computerized and/or autonomous control system,
simplifying the metals recovery process management and increasing its
efficiency.
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EXPERIMENTAL SECTION
Chemicals

Reagents as: KBr, HBr, CuBrz, SnBrz, PbBrz, FeBr, and ZnBr; are
purchased by Fluka and Sigma-Aldrich.

Synthetic samples solutions are prepared by solving appropriate
quantities of CuBr2, Sn Brz, Pb Bry, Fe Br; and Zn Brz in 2 M KBr + 0.5 M
HBr solution.

Real samples solutions are obtained by leaching the metals from 10
PC motherboards (released between 1998 and 2008), in 2.2 L of 2 M KBr +
0.5 M HBr + 1 M Br; solutions [14].

Experimental methods

Cyclic voltammetry and cyclic square wave voltammetry were performed
using a computer-controlled multi-channel potentiostat (DXC240, Datronix
Computer, Romania) using dedicated LabView applications. The electrochemical
cell was equipped with glassy carbon (GC) disc (¢ = 3 mm) as working
electrode, a Ag/AgCI/KClsat as reference electrode and a Pt wire (¢ = 0.5
mm, L = 10 cm) as counter electrode. For all the CV measurements, a scan
rate of 50 mV/s was used. The CSWV measurements were performed at a
frequency of 20 Hz; a pulse amplitude of £50 mV and a step potential of
1 mV. Other particular experimental conditions are indicated in the figures
captions.

The composition of the real sample solutions were analyzed by the
standardized ICP-AES method, using a SPECTRO CIROS CCD spectrometer
(SPECTRO Analytical Instruments, Germany).

For the OPR measurements, a combined Pt sensor of SO50X type
and a Consort C863 multi-channel-meter, both from Consort, Belgium, were
used. The pH measurements were performed using a SenTix® 41 combined
glass electrode connected to a pH/Cond 340i pH-meter, both from WTW,
Germany.

For the corrosion rate measurements, 2 rectangular samples (20 mm *
20 mm * 2 mm) from each pure metal were immersed in 100 mL of leaching
solution containing 2M KBr + 0.5 M HBr + 0.1 M and stirred at 480 rpm.
Periodically, the samples were extracted from the leaching solution, washed
successively with 2M KBr, distilled water and acetone, dried and weighted.
The values of corrosion rate were calculated reporting the weight loss to the
sample surface, metal density and dissolution time.
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