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Abstract

The temperature dependence of various kinetic parameters for the copper electrodeposition reaction and for the ferrous to ferric ion
oxidation has been experimentally determined. Potentiodynamic sweeps were carried out in a reactive electrodialysis cell in°tBe 30—60
range in order to obtain expressions for each parameter as a function of temperature. In the conditions studied, for both reactions, the
exchange current density depends on temperature/@$Anim?2)] = —a/T + b and the limiting current density, ag (A/m2)| =cT —d.

For the copper electrodeposition reaction, the charge transfer coefficient is constant, whereas for the ferrous to ferric ion oxidation it
depends on temperature @s= fT2+ gT + h (a-h are constants). These expressions can be used in a temperature-dependent model of a
membrane-based copper electrowinning cell.
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1. Introduction The objectives of the present work are: (a) to study the
o effect of temperature on the exchange current density, the
1.1. Objectives charge transfer coefficient and the limiting current density

of the C¥* + 2e — CW° and Fé* — Fe&* + e reac-
tions and (b) to produce mathematical relationships for the
temperature dependence of the said parameters which could
help the development of a temperature-dependent RED cell
model.

This work attempts to establish the temperature depen-
dence of various kinetic parameters (charge transfer coeffi-
cient, exchange current density, limiting current density) for
the main cathodic and anodic reactions in a reactive electro-
dialysis (RED) cell. This cell is made up of two compart-
ments, the first one containing the cathode and the catholyte, ] o
and the second one containing the anode and the anolyte. Thé-2- Calculation of kinetic parameters
compartments are separated by an anion membrane meant i i i
to prevent cation transfer between the electrolytes. The ca- 1N€ Cell current density for a cathodic reaction under
thodic reaction is copper electrodeposition and the anodic Mxed control is given by
reaction is ferrous to ferric ion oxidation. At the operating
cell current densities, both reactions take place under mixed|ic| = - - 7
control. The design and operation of this cell have been de- ioc + lirel €XP(HF 1)
scribed in detail elsewher€{fuentes et al., 20043),b

iOc'liLc|

1)

and, for an anodic reaction under the same type of control,

[ . iOaiLa
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whereiq., ig, are cathodic and anodic exchange current den- of authors (e.g.Cooke et al., 1989Lee, 1993 Rao et al.,
sities, A/m?, irLcir, are cathodic and anodic limiting cur- 1995 Sandoval et al., 1998as, 1996Dew et al., 1985a;b
rent densities, Am?, «,, o, are cathodic and anodic charge Jiricny and Evans, 199%arconi et al., 1996Ronnholm et
transfer coefficients;,, 17, are cathodic and anodic overpo- al. 1999a,bCifuentes et al., 2003a
tentials, V,F is the Faraday’s constant, 96 500 C/Bds gas Various aspects of the design and operation of RED cells
constant, 8.314 J/mol K antis temperature, K. have been discussed [ifuentes et al. (2004a,bYhese

In order to determine the values of these parameters, po-cells have been shown to produce electrolytic copper at high
tentiodynamic sweeps were carried out. These experimentsvalues of the cell current density, cathodic current efficiency
provided data fof = f (1) at various temperatures. The val- and specific energy consumption. A time-dependent model
ues ofig, iz and« for the copper electrodeposition reac- for the operation of a RED cell has been produced and vali-
tion were obtained by the least-squares metl@ithpra and  dated Cifuentes et al., 2004cThe test variables were cop-

Canale, 1998 i.e., by minimizing the expression per production rate, ferric ion production rate, cell voltage as
v 2 a function of time, catholyte and anolyte conductivities and
. iocliLel specific energy consumption. The model was validated only
Z:Zw"['l'“~ : T ] ® tion at 56C, therefore, further work is required t
= ioc + lizel €xp(%E ) or operation a , therefore, further work is required to

allow for model predictions at a range of temperatures. This
The same parameters, for the ferrous to ferric ion oxidation, work intends to advance towards this aim.
were obtained by minimizing the expression

N .. 2
. 10alL 2. Experimental
Z=Zwk[lzik— " } @ P
k=j rlak)

i0a + iLa €XP(—FRF
Potentiodynamic sweeps were carried out at 30, 40, 50

In Egs. (3) and (4)wy is the weighting factor for each ex-  and 60°C (303, 313, 323 and 333K) for both copper elec-
perimental pointin the potentiodynamic swebps number  trodeposition and ferrous to ferric ion oxidation. In order
of data pointsj is first data point in the mixed control range to approximate the conditions found in a RED copper elec-

andk is kth data point in the potentiodynamic sweep. trowinning cell (cell geometry, electrolyte composition and
These equations were solved by an adapted Newton-hydrodynamics), the sweeps were conducted, for the ca-

Raphson methoddhapra and Canale, 199%roducingio, thodic reaction, in the cathode compartment of this cell and

iy anda values for each studied temperature. for the anodic reaction, in the anode compartment. In both

In the present work, 800 data points were captured for cases, there was simultaneous catholyte and anolyte recircu-
each sweep and the resulting data were processed by Excehtion to ad hoc tanks. The experimental arrangements are
software, first, in order to obtain parameter values at eachshown inFigs. 1and2.
studied temperature, and then to obtain expressions for each During normal operation of this cell, a current is generated

parameter as a function of temperature. by a rectifier and it is passed between anode and cathode. In
the present case, anode, cathode and rectifier were absent,
1.3. Previous work but the working, reference and counter electrodes depicted

in Figs. 1and2 were connected to a Voltamaster 10 electro-

There have been numerous studies of copper electrode-chemical interface in order to carry out the potentiodynamic
position (Cl?* + 2e — CuW0) kinetics (e.g.,Andersen  sweeps.
et al.,1973 Peykova et al., 199%agorovskii et al., 2001; In the copper electrodeposition case, the working elec-
Vicenzo and Cavallotti, 200Zifuentes et al., 2004aThe trode was a 1 cnx 1 cmx 0.05 cm electrolytic copper sheet
values of the kinetic parameters (exchange current density,and the counter electrode was a 2grcmx 0.01 cm plat-
charge transfer coefficient and limiting current density) inum sheet. In the ferrous/ferric oxidation case, the working
obtained by these authors vary with cell geometry and tem- electrode was a 1 cm 1 cm x 0.05cm platinum sheet and
perature, composition and hydrodynamics of the electrolyte; the counter electrode was a 4 il cm x 0.19 cm titanium

they also vary with the cathode materials used. mesh. In both cases, a saturated, 5G4 /Hg reference elec-
The ferrous to ferric ion oxidatiogFe?t — Fe3t + e) trode with Luggin capillary was used and the sweep rate was

has been chosen as an alternative to water decompositiord.5mV/s.

(2H,0 — Oy +4HT +4e) in the design of new copper elec- The two-compartment RED cell was made of 15 mm thick

trowinning cells because its use allows a drastic reduction acrylic plates held together by seven 5-mm diameter stain-
in the cell voltage, from about 2V (typical of conventional less steel bars bolted at both ends. Compartment dimensions
Cu electrowinning) to about 1\S@ndoval, 1995Cifuentes were 7x 8.5 x 1L.4cnP.

etal., 20045 In addition, this reaction eliminates ‘acid mist’ In both cases, the anolyte composition was 60 g/L
and the produced ferric ion can be used as an oxidizing Fe (from ferrous sulfate) and 190g/L sulfuric acid. The
agent in combined leaching processes. The ferrous to ferriccatholyte composition was 30g/L Cu (from cupric sul-
ion oxidation kinetics have also been studied by a number fate) and 190 g/L sulfuric acid. The source chemicals were
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Fig. 1. Experimental arrangement for the study of the cathodi%+¢0u0 reaction. WE= working electrode; RE= reference electrode; CE counter
electrode.
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Fig. 2. Experimental arrangement for the study of the anodfch FEe3t reaction. WE= working electrode; RE= reference electrode; CE counter
electrode.

Catholyte

analytical grade CuSQ 5H,0, FeSQ - 7H,O and 96% tanks were used. The inner diameter of the recirculation inlet

(w/w) sulfuric acid. and outlet tubes fitted to the cell was 1 cm. Total volume for
An lonac MA-3475 anion membrane was used to sep- anolyte and catholyte was 600 émach. The temperature of
arate anolyte from catholyte; it was fitted in ax44 cn? both electrolytes was kept constant during each experiment

window cut in the acrylic plates between the compartments. by a Julabo thermostatic bath.
This membrane was selected on the basis of availability
and performance in previous works. It was kept in place
by 2mm thick rubber seals. Before each experiment, the 3. Results and discussion
membrane was pre-treated. Membrane properties and pre-
treatment methods have been given elsewh@riéntes et 3.1. Cathodic kinetics
al., 2004b.
The electrolytes were separately recirculated at a flow Cathodic kinetics in the mixed control range is repre-
rate of 700 cm/ min, driven by two Cole-Parker WZIR051  sented irFig. 3as potentiodynamic curves at 30, 40, 50 and
peristaltic pumps. Two double-jacket, 1-L recirculation glass 60°C. It is clear that, the higher the temperature, the higher
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Fig. 3. Experimental and simulated potentiodynamic curveg |(iws. E) for the cathodic Cé*/CWP reaction at various temperatures.

Table 1 The remaining parameterg( andi; ;) were recalculated

Kinetic parameters for the Gti /CLP reaction on a copper sheet cathode by the procedure already described, but this time/as con-

at various temperatures: a first approximation : X . .
sidered constant. These corrected (second approximation)

Temperature  Exchange c. dg) Charge transfer Limiting c. dif) parameters are given ifable 2

°C) (K) (A/m?) coefficient ) (A/m?) Using the parameter values Tlable 2and an expression

30 303 45 0.7440 614 for the reac_tlon rate_ under mixed control (Eqg. (1)), simu-
40 313 19.6 0.7430 841 lated potentiodynamic sweeps were produced and plotted in
50 323 158.7 0.7429 1170 Fig. 3 The simulated curves are in good agreement with
60 333 12682 0.7439 1351

experimental results.

3.3. Cathodic exchange current density
the cathodic current density throughout the studied potential
range. Various relationships between the exchange current den-
The experimental curves iRig. 3 were used to obtain a  sity (ip in ampere per square meter) for the cathodic reac-
first approximation to the values for the kinetic parameters tion and the absolute temperature (in Kelvin) were tried. A
(io, @ andi;) from the procedure described in Section 1.2 linear fit was found between the logarithm of the exchange
above. These values areTable 1 The simulated results in  current density (values ifiable 2 and the reciprocal value

Fig. 3are discussed below. of the absolute temperature. The plot is showfig. 5.
The numerical relationship was obtained with Excel soft-
3.2. Cathodic charge transfer coefficient ware as
1
. 21
Cathodic charge transfer coefficiett.) values from  Nlioc(A/m )]——20438—T(K) + 68.33. (6)

Table lare plotted against temperatureriy. 4. o, is prac- h lati fici
tically constant in the studied temperature range. As this T _?h(_:o"el at.|on E‘_’e_'c'e”.t w;alsfo.9.99.d | ai h
coefficient depends on the reaction mechanism, it becomes Is relationship Is typical of mixed control given that,

apparent that the mechanism for copper eIectrodepositionfrom Eq. (1):
does not change with temperature in the studied range. ‘ aFln.| 1 icife
From these considerations, the cathodic charge transfer ioc = — R T (e —iLe) )

coefficient was assumed constant and it was calculated as
the mean value from the resultsTable 1 so, for the studied ~ @nd the latter expression exhibits the same form as Eq. (6)
temperature range, provided that the second term on the right-hand side of
Eqg. (7) remains fairly constant with temperature. Using ex-
o = 0.7434+ 0.0006. (5) perimental values for Eq. (7), as temperature increases from
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Fig. 4. Cathodic charge transfer coefficignt.) as a function of temperature for the @LVCUO reaction.

Table 2 In Fick’s law, D, 6 andk,, depend on temperature. The
Kinetic parameters for the é[ﬁ/Cuo reaction on a copper sheet cathode form of Eq. (8) suggests that

at various temperatures: a second approximation

D) _

Temperature  Exchange c. dg) Charge transfer Limiting c. dif) kn(T) = ———= =aT — b, (20)

©C) (K) (A2 coefficient ¢.) (A/m2) o(T)

30 303 31 0.7434 616 wherea andb are constants, because in this case, Fick’s law
40 313 19.6 0.7434 841 becomes

50 323 158.6 0.7434 1169

60 333 126838 0.7434 1269 licl=zFcp(aT —b) =zFcpal — zFcpb (11)

which exhibits the same form as Eq. (8).

30 to 60°C, the first term on the right-hand side of the equa- 3.5. Anodic kinetics

tion increases by about 60%, whereas the second term in-
creases only by about 10%. Anodic kinetics in the mixed control range are represented

in Fig. 7 as potentiodynamic curves at 30, 40, 50 and®0
The plots show that, the higher the temperature, the higher
the anodic current density throughout the studied potential
range.
The experimental curves iRig. 7 were used to obtain
b- the values for the kinetic parameteti, (o« andiz) from
the procedure described in Section 1.2 above. These values
are inTable 3 The simulated results were calculated with
lize(A/m?)| = 32617 (K) — 93096. ®) Eq. (2) and the parameter valuesTable 3 There is good
agreement between experiments and simulations.

3.4. Cathodic limiting current density

The values of the limiting current density; { in ampere
per square meter) for the cathodic reactioTable 2were
plotted against the absolute temperature (Kelvin). The o
tained relationship is linear (séég. 6) and it is given by

The correlation coefficient was 0.986.
On the other hand; can be calculated by Fick's equation 3.6. Anodic charge transfer coefficient

as

ch Anodic charge transfer coefficieqt,) values fromTable
iL =2FD - =zFkncp, 9) 3 are plotted against temperaturefig. 8. o, varies with

temperature. Considering that this coefficient depends on

wherec;, is the Ferrous ion concentration in the bulk so- the reaction mechanism, it follows that the mechanism for
lution, mol/m3, D is diffusivity, m?/s, k,, is mass transfer  ferrous to ferric ion oxidation changes with temperature in
coefficient, m/s, and is thickness of the diffusion layer, m  the studied range.
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Fig. 5. Logarithm of the exchange current densiy.) as a function of 17 for the CL12+/CUO reaction.
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Fig. 6. Absolute value of the limiting current density; .|) as a function of temperature for the ﬁu/Cu0 reaction.

The numerical relationship is and the absolute temperature (in Kelvin) were tried. As in
the cathodic case, a linear fit was found between the loga-
o =2 x 107* T(K)? — 0.1113 T (K) + 17.385. (12)  rithm of the exchange current density (valueFatle 3 and
the reciprocal value of the absolute temperature. The plot is

The correlation coefficient was 0.991. Further work is re-
quired in order to establish the reaction mechanisms in-
volved.

shown inFig. 9.
The numerical expression is

IN[iga(A/M?)] = 6403~ _ + 23828 (13)
3.7. Anodic exchange current density T (K)
with a correlation coefficient of 0.996. It is of similar form
Various relationships between the exchange current den-to Eq. (6) and the considerations made in Section 3.3 also
sity ({0, in ampere per square meter) for the anodic reaction apply in this case.
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Fig. 7. Experimental and simulated potentiodynamic curves|(iws. E) for the anodic F&"/Fe3t reaction at various temperatures.

Table 3
Kinetic parameters for the B&/Fe3t reaction on a platinum sheet anode at various temperatures
Temperature Exchange c. dg) (A/mz) Charge transfer coefficient:{) Limiting c. d. (1) (A/m2)
(°C) (K)
30 303 154 0.3393 644
40 313 28.0 0.3534 901
50 323 49.3 0.3782 1091
60 333 98.3 0.4614 1317
0.48
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Fig. 8. Anodic charge transfer coefficie@it,) as a function of temperature for theZi*e’Fe3+ reaction.

3.8. Anodic limiting current density and it is given by

. 2

The values of the limiting current densityiz{ in iLa(A/M?) =23015T(K) — 63189 (14)
ampere per square meter) for the anodic reaction in with a correlation coefficient of 0.998. This is similar to
Table 3 were plotted against the absolute temperature Eq. (8) and considerations put forward in Section 3.4 also
(Kelvin). The obtained relationship is linear (sEg. 10 apply here.
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Fig. 9. Logarithm of the exchange current densiiy,) as a function of 17 for the Fét/Fe3t reaction.

1400
1300
1200—-
1100—.

1000

. 2
[ A/m

900
800
700

600

T T T T T T T T T T T T T
300 305 310 315 320 325 330 335
Temperature, K

Fig. 10. Limiting current densityi; ) as a function of temperature for thezF'“e’Fe3+ reaction.

The obtained relationships for all six kinetic param- pressions for the calculation of both the cathodic and anodic
eters ., ioc, ire, %, ios and iz,) as functions of reaction rates, gives good agreement between experiment
temperature—Egs. (5), (6), (8), (12), (13) and (14)—can be and simulation.
included in a temperature-dependent model for the opera- (2) The charge transfer coefficient for the ZUCL® re-

tion of a membrane-based copper electrowinning cell. action does not significantly change with temperature and
its value is
o = 0.74344 0.0006.

4. Conclusions (3) The exchange current density for the?€uCP reac-

tion depends on temperature as
In the 30—60C temperature range: P P

(1) Using the kinetic parameter values obtained from the |n[jo.(A/m?)] = —20438 1 +68.33.
experimental potentiodynamic sweeps and mixed control ex- T (K)
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