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Electrochemical recovery of copper in the presence of contaminant ferrous ions
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The aim of this study was to collect specific electrochemical conditions for separate copper deposition from mixed
copper-iron model electrolytes. The investigation is devoted for further utilization of copper rich industrial wastes.
Reasonable, the composition of studied model electrolytes was considered with real solid and leach secondary wastes.
The electroextraction of copper has been studied in the presence of ferrous ions from acidic sulphate electrolytes by
means of potentiodynamic and galvanostatic methods. The potentiodynamic behaviour of copper was tested by adding
or inclusion the ferrous ions from the investigated system. The obtained experimental results show that the harmful
effect of ferrous ions on copper deposition could be minimized or modulated favorable without removing the iron
contamination only by increaseng the cupric content. Ferrous ions could be separated potentiodynamically from copper
ions by restriction of the range of the scanning potential. In all cases the presence of ferrous ions at the potentiodynamic
studies reduces the anodic peaks of copper dissolution. In galvanostatic regime the monitored current efficiency
declines abruptly with increase of ferrous ions concentration. At sufficiency high cupric ion concentrations this
important parameter was higher than 90% and practically was independent from the presence of ferrous ions. The
copper coatings obtained from equally mixed Cu?*/Fe?* electrolytes were dark red in color, brittle and powdery. In
comparison at higher Cu?*/Fe?* ratio 5:1 the coatings were light red in color, smooth and semi-bright in appearance. In
both cupric ions concentrations the coatings were composed only by copper metal phase proven by powder diffraction
and scanning electron microscopy methods.
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INTRODUCTION

After a number of pyro or hydrometallurgical
ore treatments, large amounts of wastes with high
metal content remain. The waste product known as
“blue powder” that results from condensing furnace
gases during the thermometallurgical processing of
non-ferrous ores contains large amounts of zinc,
iron and copper compounds [1, 2]. Lead-zinc cake,
produced as a result of zinc concentrate leaching,
contains extractable zinc, lead, copper and iron
compound residues [3]. Similar composition could
be attributed to other specific wastes as “Flue
dusts™ at a secondary copper smelter treated in the
electrowinning zinc plant [4]. The industrial “Zinc
residue”, which is a mixture of zinc scrap and zinc
dross resulting from the zinc cathode industry
contains large amounts of valuable zinc in the
presence of copper and iron contaminants [5]. The
residue discarded as a “cake” from a Waelz kiln
processing zinc-lead carbonate ores contains mainly
lead, zinc and iron compounds [6]. There are
numerous papers concerning the recovery of metals
contained in low concentrations in the wastewater
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produced in the metal plating industry by means of
liquid extraction or other chemical methods. These
methods, however, are inapplicable to the
extraction of metals from solid wastes like
powders, cakes, dusts, drosses, scraps, etc., where
the content of non-ferrous metals is much higher.
We found in the literature only three papers that
discuss in a systematic way the influence of ferric
and ferrous ions on the electroextraction of copper
from electrolytes with low metal concentration. By
means determination of polarisation curves Dew et
al. studied the effect of ferrous and ferric ions on
the cathodic and anodic reactions for dilute acid
copper sulphate electrolytes with  varying
concentrations and mixtures of reacting species [7].
The results describe the limiting rate of mass
transfer for the deposition of copper and reduction
of ferric ions. The cathodic reduction of ferric to
ferrous ions results in a mixed potential at the
cathode during copper electrowinning, and
consequently the current efficiency of deposition
would decrease significantly at high ferric
concentration. Re-oxidation of ferrous to ferric ions
at the anode would increase the effect of the ferric
ions concentration on the current efficiency [7]. In a
following study the same authors also investigated
the effect of ferrous and ferric ions on the efficiency
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of copper recovery from solutions containing less
than 2 g/L cupric ions, with an equivalent or greater
concentration of iron as ferrous and ferric ions [8].
Experiments showed that the current efficiency
decreased in proportion to the increase in the ferric
ions concentration. The work has shown that by
using of the Chemelec cell can achieve reasonable
efficiencies for direct electrowinning from dilute
leach liquors [8]. Das et al. studied the influence of
ferric ions concentration (varied from 0.5 to 6.0
g/L) on the current efficiency, power consumption
and cathode quality during copper electrowinning
in an open channel cell [9]. A decrease in current
efficiency started with increasing ferric ions
concentration at each of the flow rates studied.
When ferrous ions were added to Cu?'-Fe®*
electrolyte, the harmful effect of ferric ions on the
current efficiency was reduced. More than 90%
current efficiency may be achieved if the Fe**/ Fe?*
ratio is maintained at less than or equal to 1. A
marginal increase in the current efficiency was
observed during increase in Cu?* concentration. The
authors referred this tendency to increased solution
viscosity at higher cupric ion concentrations and
thus retarding the distribution of ferric ions over the
cathode surface [9]. A decrease in current
efficiency was observed when the ferric ions
concentration were increased from 1.0 to 2.0 g/L at
each sulphuric acid concentration.

For more details on the investigated system were
examined some noticeable works on iron
electrodeposition from sulphate electrolytes. For
example Mostad et al. were collected the long
experience from an industrial plant and semi-plant
pilot electrolytic cell and paid attention for using
electrode diaphragm for separation of anode side
reaction involving iron ions [10]. The authors
reported for the important role of solution pH and
its role on the current efficiency. At the same time
Diaz et al. published polarization curves and
impedance diagrams with detailed step increase of
the cathode potential and solution pH. After a deep
analysis the authors suggest an interesting
mechanism of “at least three adsorbed species” of
iron electrodeposition from acid sulphate solutions.
For more details on the proposed kinetic model see
reference [11].

Nevertheless the complicated electrochemical
behavior of iron the paper is devoted to the
practical importance of ferrous ions on the process
of copper recovery. All experiments were carried
out from sulphate electrolytes containing cupric
ions and ferrous ions in ratios close to the
proportion of these two metals in the solid

metallurgical ~ wastes,  especially
precipitates from zinc hydrometallurgy.

secondary

EXPERIMENTAL

Analytical grade iron (Il) sulfate heptahydrate,
copper (Il) sulphate pentahydrate and sulphuric
acid were used for electrolyte composition. Ferrous
ions (1, 5 or 10 g/L) were added to electrolytes
containing 10 or 50 g/L cupric ions in the presence
(60 or 130 g/L) and absence of free sulphuric acid
(pH=0.1). For metal compounds dissolution and
acid dilution laboratory bi-distilled water was used.
All  chemicals and electrodes gravimetric
measurements were carried out on a precise
analytical vessel Sartorius BP 301 S.

The potentiodynamic experiments were carried
out in a thermostated (37 + 1°C), three-electrode
glass cell (300ml) without stirring of the
electrolyte. The cathode (2.0 cm?) and both anodes
(4.0 cm? total area) were Pt plates. The reference
electrode was a mercury/mercurous sulphate
electrode in 0.5M H2SO, (SSE), its potential vs.
NHE being +0.720 V. The cyclic potentiodynamic
studies were carried out by potential scanning at a
rate of 30 mV sec? in the potential range starting
from +1.200 to - 1.800 V vs SSE using a
computerized PAR 263A potentiostat/galvanostat
with  Soft Corr Il software. Galvanostatic
depositions were carried out in sulphate electrolytes
(500ml) on copper cathodes (5.0 cm?) and Pb-Ag
(1%) alloy anodes at a current density of 2 A dm™
for 5 hours.

Current efficiency (CE) in the potentiodynamic
regime was determined by graphical integration of
obtained cyclic voltammograms (CVA) curves by
the help of potentiodynamic software. For more
details see next section. In galvanostatic deposition
current efficiency was determined by precise
gravimetric measurement of the metal quantity
deposited on the cathode. Copper plates prepared
for working cathode in form were tarred before and
after the electrolysis. A special attention was paid
when the final deposit was rough and powderly for
any losses in the total mass of the working cathode.

To determine the yield at current efficiency is
used the relationship between the real gravitate
mass of deferred copper coating to the theoretical
multiplied by a hundred:

CE % = (Am Cath./ Am theor_) . 100

In the case of cathodic deposition of copper
sulphate electrolyte, where copper ions are second
valence, ke accepted values 0,329 mg /C or 1,186 ¢
/ A.h relative time one hour:
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AM weor. [0] = 1,186 [g/AR] 1[A] At [h]

A Philips PW 1050 X-ray powder diffractometer
with angular scanning range of 20-110 (20) was
used. The surface morphology of the deposits was
examined and EDX Analysis was performed by
scanning electron microscopy (SEM) using a JEOL
JSM 6390 microscope.

RESULTS AND DISCUSSION

1. Cyclic voltammetry

In order to assess the intimate role of ferrous
ions in cupric electrolyte potentiodynamic scans
were performed. In Figure 1 (a, b, ¢) by curve 1
was recorded the behavior of copper electrolyte in
absence of ferrous ions. The potentials of very first
scans were extended to -1.6 V to detect hydrogen
evolution area. Potentiodynamic investigations
were started with an electrolyte containing 10 g/L
cupric ions and 130 g/L sulphuric acid. The
electrolyte composition is referred in the auxiliary

table in Fig. 1.
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Fig. 1. Cyclic voltamperograms of electrolytes containing cupric and ferrous ions: a) view to full negative scan; b)
spread area near iron deposition/dissolution; c) restricted scan to Everex = -0.6 V.
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Following the first recorded potential-current
trace some important points can be observed.
Importantly, at potential -0.400 V the cathodic
current starts to increase resulting from the
reduction of cupric ions. On further increase in the

potential (in negative direction), the cathodic
current decreases from -57.1 mA cm? at -0.745 V
to -544 mA cm? at -0.860 V due to the
concentration polarization of reaction 1 (Table 1).

Table 1. Specific reactions in potentiodynamic regime and standard potentials with reference to a standard hydrogen
electrode or a saturated mercury sulphate electrode.

CVA scanning Order of standard potentials
Reaction Ne Half-Reaction Ne E VS\')HE’ E VSVSSE’
Cu?* +2e =Cu 1 Fe?* + 2" #Fe 1S -0.44 -1.16
2H* + 2e = H; 2 Fe3* + 3e- #Fe 2S -0.04 -0.76
Cu - 2e" = Cu?* 3 2H* + 2e" F2H; (g) 3S 0.00 -0.72
2H:0 - 46@2) AHT+ 0z |y Cu? +e PCU* 45 0.16 -0.56
Fe’ + e = Fe?* 5 Cu?* + 2e- &Cu 5S 0.34 -0.38
Fe?* - e = Fe®* 6 Cu*+e #Cu 6S 0.52 -0.20
Fe’" + 3e = Fe 7 Fe¥* + e FEFe?* 7S 0.77 +0.05
+ -
Fe - 3¢" = Fe3* 8 02(Q) + 4H* + de 4 8s 1.23 +0.51
2H,0
Cu?* + Fe** =Cu* + 9
Fes*
2Cu*=Cu®*+Cu 10

Then the cathodic current begins to increase
again as a result of the reactions 1 and 2. During the
reverse potential scan (in positive direction),
dissolution of the copper coatings starts at -0.470 V
(reaction 3) yielding an anodic peak. At +0.900 V,
evolution of oxygen commences and the current
rises again. Curve 2 shows scan to -1.6 V in an
electrolyte containing only 10 g/L ferrous ions and
130 g/L sulphuric acid. At potential -0.020 V, the
cathodic current starts to increase resulting from the
reduction of ferric ions (reaction 5). The ferric ions
are a result of the reaction 6 proceeding on the
working or counter electrodes when their potentials
are sufficiently positive for the oxidation of ferrous
ions to commence. On further increase in potential,
the cathodic current decreases due to the
concentration polarization of reaction 5. Then (at -
0.720 V), the cathodic current begins to increase
again as a result of the reactions 2 and 7. During the
reverse potential scan dissolution of the iron
coating starts at -0.525 V (reaction 8) yielding at -
0.485 V very little (0.7 mA c¢cm) anodic peak. At -
0.230V oxidation of ferrous to ferric ions starts and
the current rises (reaction 6). At +0.900 V,
evolution of oxygen commences and the current
rises again as a result of reaction 4.

In the presence of ferrous ions, the reaction 9
proceeds in the bulk electrolyte. Cuprous ions
disproportionate rapidly to cupric ions and
elemental copper (reaction 10). Since no copper

precipitate is observed in the studied electrolytes, it
can be concluded that the amount of cuprous ions
produced by reaction 9 is very small.

Curves 3 and 4 show scans to -1.6 V or -0.6 V in
an electrolyte containing 10 g/L cupric ions, 10 g/L
ferrous ions and 130 ¢/L sulphuric acid. At
potential of -0.020 V, the cathodic current starts to
increase and at potential -0.130 V the curves feature
peaks resulting from the reduction of ferric ions
(reaction 5). In this case the ferric ions are as a
result both of the oxidation of ferric ions by the
reaction 9 taking place in the bulk electrolyte and
the reaction 6 proceeding on the working or counter
electrodes when their potentials are sufficiently
positive for the oxidation of ferrous ions. On further
increase in potential, the cathodic current decreases
due to the concentration polarization of the reaction
5. At -0.475 V the cathodic current begins to
increase again to -29.5 mA c¢cm? (-0.680 V) as a
result of the reactions 1. On further potential
increase, the cathodic current decreases to -19.4
mA cm? (-0.910 V) due to the concentration
polarization of the reaction 1. Then the current rises
again as a result both of Cu deposition (reaction 1)
and hydrogen evolution (reaction 2). During the
reverse potential scan, dissolution of the copper
coating starts at -0.480 V yielding an anodic peak
as a result of reaction 3 with a standard potential of
-0.380 V. On further scanning to more positive
potentials, the current starts to increase and new,
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considerably lower anodic peak (curve 4) occur due
to the ferrous ions oxidation (reaction 6). At +0.900
V, evolution of oxygen commences (reaction 4) and
the current rises.

The graphical integration of the cathodic and
anodic peaks of the cyclic voltammograms
recorded on scanning to -0.6 V vs. SSE in
electrolytes with different composition, allows
determination the quantity of electricity (Qcan)
consumed by the different reactions. Integration of
the cathodic peak resulting from reaction 5 and of
the anodic peak produced by reaction 3 gives the
values of the quantity of electricity consumed for

the reduction of ferric ions to ferrous ions (q
rea+/iFe2+) and for the dissolution of copper to cupric
ions (g cuwcuz+), respectively. The remaining part of
the cathodic electricity goes for the evolution of
hydrogen. This approach is mostly based on the fact
that no side chemical reactions proceed during the
potential scanning and that no other reactions take
place within the integration regions, except for
reaction 3 or 5, respectively [12]. The obtained
results of the above calculations, which may be
called partial contribution (or current efficiency) of
the respective reactions to the overall process are

100
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presented in Figure 2 a,b.
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Fig. 2. Partial contribution of the reactions taking place on the electrodes.

At the lower cupric ion concentration, the part of
the reduction of ferric ions increases and even
becomes predominating (50.5%) in the electrolyte
containing 10 g/L ferrous ions (Fig. 2a, curve 1).
The partial contribution of the reduction of cupric
ions decreases rapidly with increase of the ferrous
ions concentration and becomes 34.6% at 10 g/L
ferrous ions (Fig.2a, curve 2). Similar relationships
have been observed at 50 g/L cupric ions
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concentration (Fig. 3a, curves 3 and 4), but in this
case the influence of the higher ferrous ions
concentration is considerably weaker.

The part of the reduction of ferric ions decreases
with the increase of cupric ions concentration
(Fig.3 b, curve 5). The partial contribution of the
reduction of cupric ions increases rapidly with the
increase of cupric ion concentration (Fig. 3 b, curve
6).
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2. Galvanostatic deposition

Current efficiency of copper decreases sharply
with increase in ferrous ions concentration during
deposition in electrolytes containing 10 g/L cupric
ions and 130 g/L sulphuric acid (Fig. 3 a) and is
practically  independent on  ferrous ions
concentration during deposition in electrolytes
containing 50 g/L cupric ions and 130 g/L sulphuric
acid (Fig. 3 b). When the deposition is conducted in
electrolytes containing 50 g/L cupric ions and 130
g/L sulphuric acid, the current efficiency is higher
than 90%. The very weak influence of ferrous ions
on the recovery of copper from electrolytes
containing 50 g/L cupric ions can be explained by
the impeded access to the cathode of the ferric ions
formed on the anodes. The reduction of ferric ions
to ferrous ions on the cathode and increased
hydrogen gas evolution may lead to a decrease in
copper current efficiency. This is, probably, the
reason for the significantly lower current efficiency
when the concentrations of cupric ions and ferrous
ions are equal (10 g/L).

The results of the microprobe analysis indicate
that obtained metal coatings contains only copper
phase (Fig. 4 a-d). However, in the presence of
ferrous ions the coatings have a more fine-grain
structure. The coatings are dark red, fragile and
brittle (powdery).

In structural aspect it is seen that the preferred
orientation of the Cu coating changes from a plane
of lower density (220) (Fig. 5 a) to a plane of
higher density (111) (Fig.5 b) despite the fact that
EDX results show that no iron is co-deposited with
the copper. However, the EDX technique is not
sufficiently accurate to detect small quantities of
metals due to its poor precision. A more detailed
information can be obtained if the value of cell
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Fig. 3. Current efficiency of copper depositions
depending on ferrous ion concentration and the presence
of free sulfuric acid. Deposition at current density 2.0
Aldm? for 5 hours.

parameter is calculated from the X-ray diffraction
data. If small quantities of ferrous ions are
incorporated in the cell, it would provoke a
distortion in the copper cell parameter. The
formation of alloys, even in small portion, could
also explain the change in the preferred orientation
observed in the copper deposit. It is possible also
iron ions to inhibit the growth of crystal face with
(220) orientation.

10pm 0070 ) 10 40 SE

SNQ0KV- . X1,000 \:%m\oosb: 09 50 SEI

Fig. 4. Morphology of deposited copper coatings in the presence and absence of ferrous ions. SEM images x1000,
current density 2.0 A/dm?, deposition time 5.0 h, free sulphuric acid 130 g/L. Metal ion concentrations shown on
pictures in g/L.
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Fig. 5. Powder diffraction analyses of copper samples.

The surface morphology of coatings is not
changed in the presence of ferrous ions when cupric
ions dominate in the solution (Fig. 5 ¢, d). At
similar ratio between cupric and ferrous ions the
microstructure is changed substantially (Fig. 5 a, b).
In both cases the obtained coatings are light red in
color, smooth and semi-bright. The SEM
microprobe analysis detects only copper content in
all tested samples (Fig. 4 a-d).

The results of X-ray diffraction analysis of
coatings deposited in acidic electrolytes in the
absence of ferrous ions (Fig. 5 a, ¢) and in the
presence of ferrous ions (Fig. 5 b, d) shows that at
higher (50 g/L) cupric ions concentration the
preferred (220) orientation of the coatings is not
changed which can be explained by the impeded
access to the cathode of the ferric ions formed on
the anodes.

The ferrous ions have a similar potential to that
of copper ions. This circumstance makes it almost
impossible  their  electrochemical  separation,
although the influence of the sulphuric acid the two
metals have separate, distinct peaks anodic
dissolution. In cathodic reduction, however, cupric
and ferrous ions practically tend to a codeposition
process. Therefore, attention to ferrous ions is
mainly directed to their role on the morphology and
purity of the resulting coatings and the extraction
stream.
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CONCLUSIONS

Using classical electrochemical methods as
cyclic  voltamperometry  and  galvanostatic
deposition was demonstrated the contribution of
ferrous ions on the behavior of copper sulphate
electrolytes. The obtained results were aimed for
application to real systems by selective
electroextraction of valuable non-ferrous metals
from secondary wastes. By scanning of the
electrode potential were selected the specific
conditions for best observation of separate and
mixed copper and iron metallic phases. The
presence of free sulfuric acid affirmatively
contributes to  copper-iron  separation and
minimization  of their  co-deposition. At
comparatively large amounts of ferrous ions the
observed reduction of current efficiency was
overcome by simply increasing the cupric part. In
galvanostatic regime this allows practical recovery
of copper metal despite the presence of iron
contaminants with low electricity losses and
sufficient purity. In this study ferrous ions have a
significant influence in cases where the copper ions
are at a concentration up to 10 g / L, the current
efficiency by reducing of the copper ions of less
than 40%. At high concentrations of copper ions in
the electrolyte, in the range of 50 g/ L, the presence
of ferrous ions decreases the current efficiency to a
level not lower than 90%. This reduction occurs at
concentrations comparable to those of copper ions
(10 g/L). In this case, the impurity ferrous ions will
mostly have a role on the morphology and purity of
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the resulting copper coatings without compromising
recovery as a whole. In all cases where the content
of minded copper is low and in the same time
ferrous ions in the waste electrolyte is around and
above 1.0 g/L it is appropriate that they should be

removed before conducting selective
electrochemical recovery.
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EJIEKTPOXUMHNYHO U3BJIMYAHE HA MEJ] B [TIPUCBCTBUETO HA BPEIHU 3A
[IPOLIECA ®EPOMOHU

I'. A. Xomxkaormy

Hucmumym no gusuxoxumus ,, Axao. P. Kauwes - bPvieapcka Axademusn na Hayxume (MDX-BAH) ,
yia. ,,Akao. I'. bonuee” Bn. 11, 1113 Coghus, bvreapus

[Moctenuna Ha 23 ronu, 2016 r. kopurupana Ha 2 HoemBpH, 2016 T.
(Pesrome)

Lenra Ha TOBa U3CIEABAHE € Ja c€ ChOepaT KOHKPETHHU €IEKTPOXUMUIHH YCIOBHS 32 pa3JellHO OTiaraHe Ha MeJl OT
CMECEHH MEIHO-)KEJIC3HH MOJICITHH eIeKTPOIUTH. V3cne1BaHeTo € MOCBETEHO 3a MO-HATaThITHO U3I0J3BaHe Ha OoraTtu
MEIHU WHAYCTpHATHU OTmaabii. ChCTaBBT HA W3CJICIBAHUTE EINEKTPOJIUTH € CHhOOpa3eH C PEATHHUTE TBHPAU H
U3ITYy’)KEHU BTOPUYHHU OTMAIbIM. Upe3 MOTEHIIMOJAWHAMUYHHM M TaJBAHOCTATUYHH METOJM € OCBIIECTBEHA ENeKTPO-
EKCTPAKIUATA HA MEJl B MPUCHCTBUETO HA YKEJIE3HU HOHM OT KUCENH CyIdaTHH eNeKTpoauTu. [IoTeHIMOAn HAMUIHOTO
MOBEJICHME Ha MeITa € TecTBaHO 4pe3 Jo00aBsiHe Ha (epoioHM KbM H3cie[BaHaTa cuctema. [lonmydeHure
EKCIICPUMEHTAJIHN PE3yJITaTH MOKa3BaT, 4ye BPEIHOTO Bb3ICHCTBHE HA (DePOHOHUTE BHPXY OTJIAraHETO HA MEATa MOXKE
na Oble CBEIEHO J0 MHHHMYM 4Ype3 yBEJHuYaBaHe HAa MeaHaTta KOMIOHeHTa. JKenesHute WOHM MoraT jga ObaaT
pasdeneHd OT MEOHWTE WOHHM B IOTEHIIMOAMHAMIYCH PEKUM 4Ype3 OrpaHMYaBaHe Ha o0XBaTa Ha IOTEHIMala Ha
cKkaHMpaHe. BbB BCHUKM cilyyan, HAIMYUETO Ha JKeJIE3HW HOHM HamaJslsiBa aHOJHUTE MUKOBE Ha pa3TBapsiHe Ha MeaTa. B
raJIBAHOCTATUYCH PEIKUM CE HaOJII0]aBa Ps3KO HaMaIsIBaHEe Ha TOOWBA MO TOK C yBelMYaBaHE KOHIEHTpamus Ha (epo-
vonure. [Ipu BUCOKAa KOHLEHTpALMs HA MEAHUTE WOHHM TO3U Ba)KEH MapaMeTbp € Mo-BUCOK OT 90% u Ha mpakTuka e
HE3aBUCHM OT IMPUCHCTBHETO Ha Xeyie3HW HoHu. [loyydeHnTe MEIHM HOKPUTHS OT €JHAKBO CMECEHH MEHI-)KEeJs30
€JIEKTPOJIUTH Ca THMHO Y€PBEHHU Ha IBAT, PEXaBU U MpaxooOpa3Hu. [Ipu mo-BIUCOKO CHOTHOIIIEHHE HA MEI-XKeNsi30 5: 1,
MOKPUTHATA Ca CBETJIO YEePBEHW Ha IBAT, miagku u Onectsmu. Ot mpoenennte CEM u mpaxoBo-audpakinnoHeH
aHAJIN3 ce BIK/A, Y€ MOKPUTHATA ChIABPIKAT EAMHCTBEHO METATHA MEI.
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