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Abstract

Metal recovery by reduction of metal ions presenmiodel solutions, containing one or
more heavy metals, was performed. To prepare théehmsplutions, sulfates and/or
chlorides of Cu(ll), Cd(ll), Pb(ll) and Zn(liyere used, at pH 3.5. Assays were run in a
one or two compartments cell, at different applpaentials, using a steel plate as
cathode, a platinum plate as anode and an Ag/AgClsat as reference electrode. The
metal recovery yield was determined by atomic gitsmm spectroscopy. The phases
corresponding to the metallic deposits were idaatiby X-ray diffraction.

For the solutions containing just one metal iore tiest metal recoveries and the
corresponding applied potentials, obtained in a e compartment, were the
following: CU** 99% at E = - 100 mV; Bb 99% at E = - 800 mV; C8 93% at E = -
900 mV; and ZA" 38% at E = - 1300 mV.

The metal removals from the mixed solution of fbeavy metals, after 4 consecutive
chronoamperometries, performed in a one compartneelif at the best applied
potentials determined with the solutions containmgy one metal ion, were the
following: CL#* 99%; PB* 68%; Cd*92%; and ZA*10%.

Keywords metal recovery; copper; lead; cadmium; zinc.

Introduction

Heavy metals are one of the most dangerous clasgesdlutants [1,2]. There are
several methods for their separation and recoveoyne of them wusing a
combination of various techniques, such as membpaoeesses, electrolysis or
precipitation, to recover metal ions in the metalitate or as oxides or
hydroxides, with the possibility of being reuseteta thereby recovering their
market value [3,4].

The application of electrochemical techniques | émvironmental remediation
IS increasing because, besides being very versé#tigy can be applied in the
removal of polluting solids, liquids and gases. Tkeovery of heavy metals
from aqueous solutions is one of the examples efube of electrochemical
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methods with environmental purposes [5-9]. In fastyeral metal ions in
solution can be recovered in the metallic form bgluction at a cathode under
specific conditions. Examples are silver and coppgt,10-15], whose economic
value is significant, and cadmium, lead and nigk¢lused in common and car
batteries, whose toxicity is high. The recoveryr@dtals from Ni-Cd batteries has
also been intensively studied in the last decad&6f18]. In the case of lead,
besides the reduction at the cathode, its oxidatiam also take place at the
anode, obtaining lead metallic and lead oxide ((\9], respectively, being both
useful products. During the metal ion recovery frawiution, cathodic side
reactions can take place, like hydrogen evolutiomegluction of the dissolved
oxygen to form water, thus decreasing the currrtiency of the process.
Besides the recovery of isolated metal ions, séya@ers were also published in
what concerns the recovery of metals from mixedtswh [9,18,20,21].

In this paper, the deposition of several metalsnfe@gueous solutions containing
either a single metal ion or a mixture of metalsios reported. Metal recoveries
were performed under potentiostatic conditions fidnoride or sulfate solutions
containing Cu(ll), Pb(ll), Cd(ll), Zn(ll) as heavyetals.

Experimental

All reagents used in this study were analyticatgrdrom Sigma Aldrich, having
purities higher than 99%. The model solutions vaeeous solutions containing
one or more metal salts and an electrolyte. Theyheaetal salts used in the
preparation of the model solutions were copperaselfcadmium sulfate, zinc
sulfate and lead chloride, with concentrations 6f ol L™. This value was
chosen since this is a common value for the conagom of heavy metals in
some industrial effluents [5,21]. In the case aldiea chloride salt was used
instead of the sulphate, since sulfate salt hagle@r solubility. The electrolytes,
Na,SO, or KCI, were chosen since they have a common anitinthe metal salt
and they were used with a concentration of 0.039 b H,SO, or HCI
solutions, 0.1 mol L', were used to correct the pH value to 3.5 [9].

In order to choose the potential values to runassays of metal recovery from
solution, by chronoamperometry, linear and cychttammetries were run with
the model solutions. Applied scanning rates rarmdieen 0.025 and 25 mVt.s
After the identification of the highest cathodict@atial (HCP) that allowed the
recovery of the metal from solution, chronoamperieg were performed with
the model solutions containing one or the four ms#dts. In the former case,
chronoamperometry was run for 3 h at several catheygplied potentials, lower
than HCP determined for the metal, and the metal y@ld recovery was
calculated; in the later case, four chronoamperoeseivere successively run,
with duration of 3 h each, at the different applatentials determined in the
first part of the study as those who allowed besbvery yields for every metal
ion.

Chronoamperometries were performed, at room tertyerawith stirring. The
total volume of solution used in the experimentdagys of metal recovery was
200 mL, for tests run in a one compartment celisTdell had four electrodes
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connected to the potentiostat/galvanostat: an AGIAKCls, electrode as
reference electrode; a steel plate with 1G ¢ooth sides) as working electrode;
two square platinum plates, 12.5 Teach, as auxiliary electrodes, placed on
each side of the steel plate.

In the case of lead chloride, an electrochemicklvaéh two compartments was
also used. One of the compartments contained 15@fmhetal salt solution in
the electrolyte, acidified to 3.5, the working d¢tede and the reference
electrode. The other compartment had 150 mL ofifs@idelectrolyte solution
and the auxiliary electrode. The two compartmentsrewseparated by a
membrane, and joined by a salt bridge with a hghcentration of electrolyte in
the cell, 1 mol [*.

The electrochemical studies were carried out in céeniostat-galvanostat,
VoltaLab brand, model PGN 301.

In order to determine the metal recovery yield,dD samples were collected
every hour and quantification of the metals in #aenples was performed by
atomic absorption spectroscopy, using a Philipaegips, model PYE UNICAM
SP9. The phase identification of the metallic dé@posver the cathode and/or
anode was obtained by X-ray diffraction (XRD), wpim Rigaku X-ray
diffractometer model DMAXIII / C with Cu K radiatio( = 0.15406 nm) and
working at 30 kV/40 mA. The diffraction patterns ecollected in the range of
29 = 10-90° with a 0.02° step and an acquisition 2 s per step. Scanning
electron microscopy (SEM) and spectroscopy of gndrgpersion X-ray (EDS),
performed with Hitachi Model S-2700/Oxford (60-74)gre used to visualize the
morphology of the deposits and to have its semnttsive chemical analysis,
respectively.
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012 4 — - Cadmium
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E/10° mV (vs Ag/AgC, KClsat)

Figure 1. Voltammograms for the system (Lol L™ metal ion + 0.035 mol £
electrolyte at pH=3.5. Scan rate 20 m¥ &) CuS@; b) PbC}; c) CdSQ; d) ZnSQ.

Results and discussion

Voltammetric study

In order to select the applied potential for théhodic deposition of the heavy
metals in solution, linear voltammetries were rum the different solutions
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containing metal salt, at several scan rates. Higpresents the linear
voltammetries performed at 20 mV*,sused to determine HCP for the different
metal ions, which were the following: Cu(ll) -100vmPb(ll) -400 mV, Cd(ll) -
600 mV and Zn(lIl) -1000 mV.

In the linear voltammogram performed with the zswution some shoulders
were unexpectedly found, since it was predictablgt Zn (II) was directly
reduced to the metallic phase. This observation rayexplained by the
existence of further reductions, related to theuctidn of the sulfate to S and
later to HS, species that are soluble in aqueous media [22]a oZrf*
underpotential reduction. This has only been detkatith zinc, probably
because it presents a reduction potential moreodaththan the other studied
metals.

Removal of metals from solution by chronoamperometr

Copper

Fig. 2, a to ¢, shows the micrographs obtained fdmposits on the cathode at
three different applied potentials, -100, -300 ab@d0 mV, respectively, equal
and more cathodic than the HCP determined for aopfralysis of these

micrographs shows a more stratified morphologytlierapplied potential of -100
mV.
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Figure 2. Micrographs (magnification x1000) and X-ray difftagrams for the cathodic
deposits obtained in tests run at different apppetentials with the copper sulfate
solutions, in a one compartment cell: -100 mV,r& d); -300 mV, b) and e); -500 mV,
c) and f).
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The diffractograms of these deposits (Fig. 2, @) taentified cuprite, CpO, as
the main phase, meaning that Cu (Il) in solutiors waostly reduced to Cu (I).
The diffractograms are quite clear, with narrow ksewvell defined, and when
compared with XRD files from database of the Jdd@mmittee on Powder
Diffraction Standards (JCPDS) confirm that the olsd deposit was cuprite,
since the experimental diffractogram coincides witht of the PDF file # 05-
0667 of the CyO, cubic structure, with a = 0.42696 nm. Thus, evp(l)
initially in solution was reduced to copper (I) ficing the cuprite. In fact, for the
applied cathodic potentials the formation of cugris only predictable for
solutions more basic than those used [22]. HoweMérreduction to H may
compete with the reduction of €yat the cathode, increasing the local pH and
favouring the formation of cuprite. At the end béttests, the copper removal is
almost total, being higher for the less cathodiglied potential (-100 mV).
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Figure 3. Micrographies (magnification x1000) and XRD patterfor the deposits
obtained in tests run at different applied potésitvath the lead chloride solutions, in a
one compartment cell: a) and d) cathodic deposk@@ mV; b) and e) cathodic deposit
at -800 mV; c¢) and f) anodic deposit at -500 mV.

Lead
Fig. 3 presents the SEM (Fig. 3a to ¢) and XRD .(Bd to f) results for the

deposits obtained for the chronoamperometries pagd with lead chloride

solutions, carried out in one compartment celgmilied potentials of -500 and -
800 mV. During these chronoamperometries the oeoas of a black anodic
deposit was also observed, whose SEM and XRD eesudt also presented in
Fig. 3. By analyzing the experimental diffractogeaand comparing them with
XRD database files, JCPDS, references (PDF # 04-&@8Pb and PDF # 52-
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0751 for Pb®) a similarity between the values of interplanastalces points to
a lead deposit over the cathode, with cubic strectind a = 0.49506 nm, and a
deposit of lead oxide over the platinum anode, vaithorthorhombic structure
and a = 0.493 nm, b = 0.4814 nm and c = 0.3363Asmthe objective of this
work was the recovery of metal ions in solutiondayhodic reduction and in lead
ion solution assays with one cell compartment, &eehobtained simultaneous
formation of cathodic and anodic deposits, similests were run in a two
compartments electrochemical cell to avoid the andéposits. In these tests,
since the anodic compartment did not contain lead (as described in the
experimental section), only cathodic deposits vadatained, corresponding to the
same Pb metal phase identified in the tests runairone compartment
electrochemical cell (data not shown).

d) e) f)
Figure 4. Micrographies (magnification x1000) and XRD patterfor the cathodic
deposits obtained in tests run at different apppetentials with the cadmium sulfate
solutions, in a one compartment cell, at differgmplied potentials: -700 mV, a) and d);
-800 mV, b) and e); -900 mV, c) and f).

Cadmium

Fig. 4 shows the micrographs and XRD patterns @ctithodic deposits obtained
with the chronoamperometries performed with cadmsutfate solutions at three
different applied potentials: -700, -800 and -90@.Ror the applied potential of
-900 mV a more stratified morphology can be obsérvRegarding the

diffractograms, when a comparison with the datall®3eDS files is made, the
presence of cadmium metal for the three depositsbeaidentified, coinciding
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with the PDF file #05-0674, showing a hexagonalctire, with a = 0.2979 nm,
b =0.2979 nm, ¢ = 0.5618 nerxb=90° andy=120°.

d) e) f)
Figure 5. Micrographies (magnification x1000) and XRD patte for the cathodic
deposits obtained in tests run at different applpedentials with the zinc sulfate
solutions, in a one compartment cell, at differapplied potentials: -1200 mV, a) and
d), -1300 mV, b) and e); -1400 mV, c) and f).

Zinc

Fig. 5, a to ¢, shows the micrographs of the deposbtained on the steel
cathodes, for the three different applied potesitfel200, -1300 and -1400 mV),
showing a morphology less defined for the more agith potential studied (-
1400 mV). Fig. 5 also presents the diffractogranthef deposits and, when the
results are compared with those from JCPDS XRDbda# files, one can come
to the conclusion that the deposit obtained is hmite, since the diffractogram
match the PDF file # 04-0831, for hexagonal stmetwith a = 0.2665 nm, b =
0.2665 nm, ¢ = 0.4947 nng=b=90° andg=120°. For the highest cathodic
applied potential, -1400 mV, some refraction lings$ributed to steel were
detected. These lines have also been observedmne sb the metal recoveries
performed with copper and cadmium solutions. The&yeanot detected in the
diffractograms obtained for zinc recovery at higapplied potentials, probably
due to the increase in zinc deposit obtained atdathodic potentials that covers
the substrate in a more regular way.

Table 1 shows the metal removals from solution iabthafter 3 hour assays for
the various applied potentials, for solutions conie a single heavy metal.
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Table 1.Percentage of removal of the various metal iong!, @15, Cf* and Zf*, by
chronoamperometry performed at the different agptietentials in a one compartment
electrochemical cell.

Metal cuw* PK’ c# %
Applied

potential -100  -300 -500 500 -650  -800 700 -800 -900 1200 -1300 -1400
/mV

%removal g9 g7 g7 86 - ??;* 29 65 93 31 38 31

* Results obtained in an electrochemical cell vitlo compartments.

Figure 6. Cyclic voltammetry performed with the solution caiming a mixture of the
four metal ions, [Ct{]=[Cd*"]=[Zn*]=0.01 mol L* and [PB']=1.4x10° mol L?, in
0.035 mol [* NaSO; electrolyte at pH=3.5, at a scan rate of 25 iV s

Mixed solution with four heavy metals

During the preparation of the aqueous solutionaaitg sulfates of copper (ll),
cadmium (II) and zinc (lI) and chloride of lead)(lIn a concentration of 0.01
mol L™* each, and 0.035 mol'isodium sulphate, the formation of a precipitate of
lead sulfate (Solubility of 1.4xI0mol L™* at 25 °C [23]) occurred. After several
hours stirring, the suspension was filtered andh wie resulting solution a cyclic
voltammetry was performed, at a scan rate of 25 shVstarting at 2000 mV
(Fig. 6). Several successive reductions were obsem the cathodic scan, as
well as several oxidations in a row in the anodweep. These peaks were
assigned to the redox processes related with thirdke four heavy metals in
solution (Fig. 6) according to the sequence of dtandard reduction potential.
Despite the lead ion should also undergo reduchod oxidation, as its
concentration is much lower than that of the otimetals in solution, its redox
processes are hidden between those of copper dnduwa.

Fig. 7 shows the successive chronoamperometriestifer mixed solution,
performed at the different chosen applied potesitiah 3 h periods each.
Although this experiment was held in a one compantincell, there was no black
deposit of Pb@on the anode. This may be due to the fact that deacentration
in solution was very low. In the analysis by EDXtbé cathode deposits it was
not possible to identify lead, probably due to shene reasons.
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Figure 7. Successive chronoamperometries, with 3 h eachonpeed with the mixed
solution containing the four ion metals, fJ&[Cd*]=[Zn*']=0.01 mol L' and
[Pb**]=1.4x10° mol L'1, in 0.035 mol [* Na&,SO, electrolyte at pH=3.5, at the different
applied potentials: -100, -500, -800 and -1300 mV.

Table 2. Percentage ofemoval of metal ions Gl PE*, Cd* and ZiA* from the
solution containing the four heavy metals afterssmutive chronoamperometries, of 3 h
each, performed at four distinct potentials, ima oompartment electrochemical cell.

Metal % of removal from solution

Metal Applied potential / mV
-100 -500 -800 -1300
cw* 55 70 93 99
PR - 38 56 68
Cc* - - 20 92
Zne* - - - 10

The metal removals from solution during the sudeesshronoamperometries
are presented in Table 2 and, with the exceptiorimd, good removals were
obtained at the end. The XRD analysis of the cathaglowed the conclusion
that heavy metals were recovered in metallic fewgn for copper, which, when
isolated in solution, was recovered in the forncwbrite.

Comparing the values of removals obtained in thkvidual test, after 3 hours,
with the values obtained in the mixed solutiomppears that removal is greater
when the metal is "isolated". The worst removaleal have been obtained for
zinc in both situations, due to the high formatadrinydrogen even at its HCP.

Conclusions

The recovery of copper from solution presentededdint behaviors for solutions
containing just Cti or a mixture of Ctf with other metal ions, at the same
applied potential and with the same experimentalipsein the former case,
copper was recovered by reduction on the cathodberform of CyO and, in
the later case, it was deposited over the cathadertetallic copper.

Regarding PB removal from aqueous solutions, it was recovereithé metallic
form over the cathode and in the form of BlwWer the anode, when tests were
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run in a one compartment cell. However, when tlsaasvas performed in a two
compartments cell, with the metal ion only in thethodic solution, lead was
recovered in the metallic form over the cathodeidinmg anodic deposit. The
removal of lead ion from solution in the cell witvo compartments was
significantly lower than that obtained in a one pamment cell.

Metal ions C4" and Zi* were recovered in the metallic form over the cdého
in a one compartment cell, either from the solwgioantaining just a single metal
ion or when solutions containing a mixture of mevals were used.

The best results obtained in the recovery of tfifer@int metals, obtained in a one
compartment cell, after 3 h under the applied drpamtal conditions, for
solutions containing just one metal ion, were*C80% at E = -100 mV; Pb
99% at E = -800 mV; Cd 93% at E = -800 mV and Zh38% at E = -1300 mV.
The low yield observed for zinc is related to tlaetfthat its reduction is given
under conditions where the release of hydrogenuite gntense and there is
competition between the two reduction processes.

The duration of the experiments containing singétahion was adequate for the
almost total removal of metals from solutions, witle exception made to zinc
ion solutions. In the case of the mixed solutiomgh four metal ions, the four
consecutive runs, with 3 h each, at selected patenproved to be enough to
achieve high removals of the various metals, exaephade for zinc: 99% for
Cu™, 68% for PB', 92% for Cd" and 10% for Zf".
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