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Abstract The electrodeposition of copper from industrial
sulphate electrolytes has been studied using electrochemi-
cal impedance spectroscopy on the gold disc ultramicro-
electrode. The influence of dc potential E,., temperature,
cupric ions and animal glue concentration on electro-
chemical impedances has been investigated. The mecha-
nism of the copper electro-reduction process in industrial
electrolytes has been proposed and experimental imped-
ance data have been analyzed by proper equivalent circuits.
According to our knowledge the faradaic and non-faradaic
impedance parameters of the process on ultramicroelec-
trode’s have been estimated for the first time in complex
matrix copper industrial electrolytes. The role of animal
glue in copper industrial electrolytes has been discussed in
the present paper.

Keywords Industrial electro-refining - Animal glue -
Impedance - Ultramicroelectrodes

1 Introduction

Since electrolysis is widely applied in copper refineries and
the electronic industry, there has been a large number of
publications concerning the mechanism and kinetics stud-
ies of copper electro-reduction. However, a detailed
mechanism of the process has not been established. One of
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the methods to analyze the elementary steps of metal
electrodeposition [1] is Electrochemical Impedance Spec-
troscopy [2]. By combining EIS technique with ultrami-
croelectrodes a promising and broadly applicable tool has
been created to investigate the mechanisms and kinetics of
electrode reactions [3]. The term “ultramicroeletrode”
describes an electrode the size of which is decreased to
micrometer scale [4—6] and thus the critical dimension of
the UME is smaller than the diffusion layer.

Copper electrodeposition in an acidic bath has been
investigated in the current study using the EIS method. In
our previous studies, a mechanism of copper electrocrys-
tallization was studied using chronoamperometry and
cyclic voltammetry on the ultramicroelectrodes in con-
centrated industrial and laboratory prepared electrolytes
[7-14]. One of the key parameters of the industrial copper
electrorefining process has been the concentration of the
active animal glue in the electrolyte. In the past we used the
EIS method in industrial electrolytes for analytical pur-
poses as an indirect method of active animal glue detection
[7, 14].

It should be added that in general there are not many
experimental electrochemical studies concerning either
concentrated or complex matrix industrial electrolytes.
These studies are important because the relationships gov-
erning thermodynamic and electrochemical properties of
the concentrated electrolytes are in general non-linear and
the kinetic effects are not additive in many cases. Conse-
quently, extrapolation of the electrochemical behaviour of
the concentrated electrolytes from the results obtained in
diluted electrolytes is very difficult. Therefore, we believe
that despite the experimental difficulties, the measurements
in industrial electrolytes can be a source of very important
information concerning both the fundamental research and
the industrial process which is quite often carried out
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largely in accordance with empirically established rules and
conditions.

There have been a large number of published ac
impedance studies concerning copper electrodeposition
[1, 15-23], but the majority of these papers concern elec-
trolytes prepared in a laboratory and often copper ion
concentrations were relatively low. The mechanisms of
copper ion reduction proposed in the literature have been
different depending on the experimental parameters and
especially the electrolyte composition. There were several
processes discussed in the published papers: electron
transfers, adsorptions of reactants, products and interme-
diates as well as mass transport from the solution and
surface diffusion. Also likely pathways for copper elec-
trodeposition in presence and in absence of C1™ as additive
agent are proposed [16—19]. These interactions influence
the kinetics of copper electrodeposition and in fact com-
plex composition of industrial electrolytes obviously
makes the interpretation of all processes more difficult. The
knowledge concerning relatively diluted simulated elec-
trolytes might not be sufficient for the investigation of real
concentrated tank house solution. These electrodeposition
steps (ion transport, adsorption, nucleation, crystal growth
and charge transfers) might be sensitive to electrolyte
composition especially in the case of the presence of
inhibiting molecules, e.g. animal glue. It is known that
animal glue is a hydrolysis product of animal tissue col-
lagen and its average molar mass is in the range of
10,000-250,000 g mol~'. Neither collagen protein inter-
actions in water are established completely nor the inter-
actions between adsorbed glue molecules and copper
surface. Animal glue is hydrolyzed by acid and is incor-
porated into copper deposit during electro reduction. It is
assumed that positively charged proteins are attracted by
negatively charged cathode and there is a change in vis-
cosity of double layer [24]. Smoothing action of animal
glue consists in its adsorption on copper nucleus. Animal
glue layer inhibits too extensive growth of copper crystals
and it is used in concentration range of 1-10 ppm [25]. The
chemical and physical properties of animal glues used in
the electrorefining process and their water solutions/sus-
pensions are given in paper [24]. Additionally the effects of
temperature, thiourea, CI~ and Cu?* ions on animal glue
degradation are presented in the same paper. The recom-
mended procedures of preparing glue solution involve glue
soaking at room temperature followed by heating to about
50 °C.

The main aim of this paper is to investigate the influence
of animal glue concentration and potential ., temperature
as well as the concentration of cupric ions on the electro-
chemical impedances using original complex electrolytes
coming from a copper tank house. To our knowledge our
study is the first systematic analysis of EIS data using such
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electrolytes. Knowledge of these relations could bring
about better understanding of the mechanism of copper
deposition in a sulphate bath used in a copper refinery.

2 Experimental

The ac impedance results were recorded from 200 kHz to
0.5 Hz and the sinusoidal wave of 10 mV amplitude was
applied. The frequency response analyzer (FRA) was a
module of the AUTOLAB GSTST30 system (Eco
Chemie), and Frequency Response Analyzer version 2.4
Software was used for data acquisition.

The measurements for different E,. potentials and
temperatures were carried out in a two-electrode system. A
gold disc UME of 25 um diameter was used as a working
electrode. The 0.3 cm? copper plate was used as an aux-
iliary electrode. A copper sulphate solution containing
443 g dm™ cupric ions was supplied by Nordeutsche
Affinerie (currently Aurubis) Hamburg, Germany.

One of the most important factors determining the
kinetics and mechanism of copper electro-reduction is a
type of the copper base. In our previous studies we used
different UME materials such as gold, platinum and
stainless steel [11]. In the present study we selected gold
UME because it is characterized by the strongest interac-
tions with deposited copper which leads e.g. to the appli-
cation of gold to the stripping analysis of copper at room
temperature [26].

The measurements for different cupric ions and animal
glue concentrations were carried out in a three-electrode
system with a saturated calomel electrode SCE as a reference
electrode, 0.3 cm? platinum plate as an auxiliary electrode
and a gold disc UME (25 pum diameter) as a working elec-
trode. KGHM S.A. Glogow (Poland) industrial copper sul-
phate solutions containing 36.4-51.9 g dm™> cupric ions
were used. The other components of the electrolytes were
170-200 g dm > H,SO,, and 0.02-0.05 g dm > CI~; the
electrolyte contains numerous impurities (e.g. 25 g dm™>
Ni,20 g dm > As,2 g dm>Fe,0.7 g dm > Sb,0.6 g dm™>
Bi) and also 1-10 parts per million of leveling and grain-
refining agents (e.g. animal glue and thiourea). When
influence of temperature, animal glue and cupric ion con-
centrations were investigated, potentials E;. —130 mV (vs.
copper electrode), —60 and —50 mV (vs. SCE electrode)
were applied, respectively. It is claimed that under such
experimental conditions dissolution of deposited copper in
gold [26] on ultramicroelectrode’s surface took place
enabling to keep constant electrochemical surface area of
UME during EIS measurements.

In order to study the influence of animal glue on the
copper electrodeposition process it was removed from
the industrial electrolyte by heating the electrolyte for 4 h.
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The animal glue removal procedure was presented in our
previous paper [8]. When the influence of the leveling
agents’ concentrations were studied, fresh portions of them
were added. Animal glue manufactured by Smits Vuren
B.V (Netherlands) was used. The same product was used in
the industrial copper electro-refining process.

The ultramicroelectrodes were mechanically polished
with wet alumina powder before each measurement. The
estimate of the equivalent circuit’s parameters was made
using the Levenberg—Marquardt algorithm (LMA), i.e.
non-linear least squares routine [27], was implemented in
MATLAB.

3 Results and discussion

In general, EIS results depend on both the faradaic and
non-faradaic parameters of the studied system. Nyquist
plots were obtained for different dc potentials, E,. (Fig. 1)
and temperatures (Fig. 2). The complex plane plots show
only one semicircle: either well-defined or depressed/dis-
torted one. The second small distorted semicircle is
observed in the low frequency range when animal glue
concentration increases (Fig. 3) or Cu** ion (Fig. 4) con-
centration decreases. There are two different aspects of this
small distorted semicircle. At the lowest frequency range
an inductive loop is observed, which according to the lit-
erature, is difficult to assess [17]. In Gabrielli’s paper [17]
it is attributed to “the adsorption—desorption of inhibiting
species, e.g. anions, or to a nucleation process on the facets
of the copper crystallites, which, both give rise to the
relaxation of the surface area with potential.” In our paper
we assumed that the second distorted semicircle is related
to the second step of copper deposition described by
Eq. (5). Similarly, Reid [15] suggested that low frequency
semicircle related to this fast reaction was surface-diffusion
controlled. The concentrations of Cu®>" and Cu™ ions in the

reaction layer close to the electrode are related by the
equilibrium constant of disproportionation reaction [28].
Taking into account the equilibrium constant it is clear that
decreasing Cu®* ion concentration, the concentration of
Cu™ ions decreases. Since the second reaction step depends
on the concentration of Cu™ and its diffusion [15] it is more
pronounced when the Cu®" ion concentration decreases.

The equivalent circuit used to analyze experimental EIS
data for one semicircle is shown in Fig. 5 (solid line). In
this case the faradaic impedance Z is given by the Eq. (1)
[29]:

1

Z(f) =R, +ﬁ+ (znﬁ)CPA -0 (1)

where R, solution resistance, CPA constant phase angle,
R.,; charge transfer resistance of the process described by
Eq. (4), Q; capacitance constant phase element (CPE)
parameter, f frequency.

The equivalent circuit applied to fit experimental EIS
data for two semicircles is shown in Fig. 5 (solid and
dotted lines). The faradaic impedance Z is then given by
the following equation:

1 1
y + -
R}.,l + (27fﬁ)CPA -0 R% +2nfi - Cy + anli-Lk

(2)

where (Q; capacitance constant phase elements (CPE)
parameters, R,, L; and C, resistance, inductance and
capacitance, respectively, related to the new, copper phase
creation on the gold UME surface.

The CPE semi-empirical parameters [30, 31] were used
to describe the capacitance Q;, which has been equal to the
double layer capacitance, C, when CPA = 1. According
to theory [29, 30, 32] when the distributed double layer
capacitance is coupled with charge transfer resistance its
value can be estimated from the following equation:

Fig. 1 Complex plane EIS ¢ E=-130mV
plots obtained at different E,,. 0.3 1 9.5k « E=-150mV
(vs. copper) in tank house |
electrolyte containing 0254 368k . ° . i . 4 E=-170mV
443 g dm™> Cu*", at ¢ o E=-190mV
temperature 22 °C, using a gold 02 . * E=-210mV
disc UME of diameter 25 pm. ' .
Flrseiluencie:) in 1Iz-llrzne oo E ¢ + E=-230mV
§ o

c 0.15 7 ¢ , ~E=250mVv
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Fig. 2 Complex plane EIS 0.3 -
plots obtained at different 9.5k temperature / °C
temperatures and . 0.25 | . . .o, e229
E,. = —130 mV (vs. copper) in R .
tank house electrolyte 36,8 . ¢ . x29
containing 44.3 g dm—> Cu?*, o 021 15.8k . 4321
using a gold disc UME of g . ¢ L x / . . ©35.7
diameter 25 pm and frequencies g 0.15 4 . x 22k . . ‘401
in HZ _\ : % i A A /A ., X N ¢' .
N *x 113k 4 ! . o045
0.1 .XAOAOOOOOOO L Xxx 29K . . 492
é;*"***x 11.3k 00 ‘A/ % 0%k — 2 ’
0.05 4 %m%_&i % A X 1osk ; -54.6
S % } -
0 52k 50
0 0.1 0.2 0.3 0.4 0.5 0.6
Z'/ Qcm?
Fig. 3 Complex plane EIS animal glue / mg dm
plots obtained at different - .0
animal glue concentrations in 0.45 . o & .
tank house electrolytes o 003'2 * * ° a3
L. 3 24 8 % 3.9k X o
containing 51.9 g dm™> Cu’*, g 0.3 A N . x o ‘5
*x o
at temperature 23.3 °C and o 025 % - 2 * X o W *8
E, = —60 mV (vs. SCE) using Z 02 o™ Coeta “x < °, 09
. . = 0.15 * 8.5k * '- 4 A Xx 44 X 57 O
a gold disc UME of diameter N 0.1 %, s 7 XX*XXJX ©000de og
25 pum. Frequencies in Hz 0.05 o } LK %%/ ¥ XX 5.3&)0
0 - T T~ T T T )
0 0.2 0.4 06 2 08 1 1.2 1.4 1.6 1.8
Z'/ Qcm?
Fig. 4 Complex plane EIS 0.8 1
plots obtained in .tapk hquse 07 ] Cu+/ g dm
electrolytes containing different : N X o
2+ : x
Cu*" concentrations, at 06 4 ok N ©51.91
temperature 23.3 °C and = 46.75
E4e = =50 mV (vs. SCE) using & 05 x 44155
a gold disc UME of diameter g x - .« x36.36
25 um. Frequencies in Hz C 0.4 A . 3.9k / .
~
N 03 x LAt _/ Lo, x
[ " ] a x
X A s © o o -
0.2 4 x A® / 4 - . . N x
N 5k © o . . 74 X
>§-A' o = 164 ., %X 57
0.1 % " l/— N i i
0 3/7 5.3 24 1.4
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Z'/ Qcm?
T 1 16 (Fig. 3). The EIS experimental data fitting the parameters
Ca = O™ % + Ret (3)  are presented in Table 1. The solution resistance parameter

Theoretically, the dimensionless constant phase angle
CPA changes in the range of 0—1. The equivalent circuit
represented in Fig. 5 by dotted and solid lines was
proposed by Bai and Conway [2, 33] for a two-step
electrode reaction involving one adsorbed species. The
approximations of EIS results were made for the
electrolytes containing 0-9 mg dm™> of animal glue
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R. was fixed at 5 x 107" Qcm? in all cases. For
electrolytes containing 0 and 1 mg dm> of animal glue,
one semicircle was observed and the average double layer
capacitance, Cy of 2.21 x 107> Fem ™2 was estimated
from the Eq. (3). This value is very close to the data
[15, 34] given for concentrated laboratory-prepared copper
ion electrolytes. It is interesting to note that the estimated
value of the double layer capacitance in a concentrated,



J Appl Electrochem (2011) 41:713-719

717

L LT

Fig. 5 Equivalent circuits used to fit experimental EIS data in the
case of one semicircle at Nyquist plot (solid line) and in the case of
two semicircles (solid and dotted lines)

complex matrix electrolyte is very similar to that of diluted
electrolytes.

Cathodic deposition of copper consists of two consec-
utive charge transfer steps [18, 20, 21]:

Cu’t +e — Cut

4)
(5)

where reaction Eq. (4) is a rate-determining step while the
second process Eq. (5) is considered to be the fast one. The
presence in the electrolyte of organic and inorganic addi-
tives increases the complexity of the copper deposition
system. For example, it has been claimed that the kinetics
of reactions (4) and (5) have been influenced by chloride
ions due to the complex formation and adsorption of cop-
per chloride on copper surfaces [16, 17]. Furthermore, it
has been stated that animal glue has acted as an inhibitor,
and due to its adsorption the electrode surface was modi-
fied [24, 35].

The first semicircle that we observed at Nyquist plots
and registered in our studies could be attributed to one
electron charge transfer step presented in Eq. (4). The more
negative dc potential (E,.) has been applied, the smaller
radius of the first semi-circle was observed (Fig. 1). The
relationship between charge transfer resistance (R.;) and
the standard heterogeneous rate constant kg, as a function of
the applied dc potential E,., is generally described by the
following equation [29]:

Cu™ +e < Cu’

R = (RT/n*Fk,)V(Ey) (6)

where i, exchange current densities, R gas constant,
T temperature, F' Faraday constant, V(E,.) a function of the
applied potential E,., and charge transfer kinetic parame-
ters [29], n = 1 number of electrons.

Using the above equation the value of k; = 6.3 x
107* cm s~ ' was calculated for data presented in Table 1
for 0 mg of added animal glue. This value is very close to
the value of k, = 8.8 x 10™* cm s~ ! [36] in diluted Cu(II)
and laboratory prepared electrolytes. Lower values were
presented in papers [15, 28].

Increasing the temperature to 55 °C considerably
accelerated the copper electro-reduction kinetics (Fig. 2).
Furthermore, when the electrolyte was boiled for 4 h,
active animal glue concentration was decreased and R,
decreased. This fact confirms the necessity of regular
additions and on-line control of a fresh quantity of animal
glue during the industrial electrorefining [7, 14]. Acid
hydrolyzed animal glue and for the hydrolysis products of
molar mass below approximately 10000 g x mol ™!,
animal glue was not able to act as leveling agent and did
not ensure a smooth copper deposit [24].

From our study it can be concluded that in fact animal
glue acted as an inhibitor of copper electrodeposition. The
increase in the glue concentration increases the charge
transfer resistance R.;. The EIS results presented here
show that there is a threshold of animal glue concentration
of 3 mg dm ™ above which the mechanism of the process
changes mostly due to the influence of the adsorbed animal
glue on the copper nucleation process. In the first place, the
small semicircle was registered when animal glue con-
centration was higher than 3 mg dm . The appearance of
the second, distorted semicircle might be explained by the
processes of one-electron reduction Eq. (5) as well as
surface diffusion of the Cu® ad-atoms to copper crystals
during the nucleation process:

(7)

Additionally, the lowest values of CPA presented in
Table 1 are registered for the animal glue concentration of
3 mg dm . The low value of semi-empirical CPA suggests

Cutaq—atom — Clinucieus

Table 1 Parameters used for

lf;;tgmg the EIS data presented in /nﬁlguedmf3 féﬂcmz /Qléf4 F cm 2 sCPA-1 /L1k03H fé cm? /CF2 cm 2 o
0 0.52 1.63 - - - 0.88
1 0.56 1.63 - - - 0.90
3 0.64 3.46 0.59 0.025 0.14 0.82
5 0.91 8.38 0.30 0.059 0.22 0.77
Solution resistance, R, was a 8 1.28 1.04 2.14 0.20 0.17 0.74
fixed parameter (5 x 107 9 1.47 1.68 3.00 0.24 0.20 0.70

Q cm?)
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strong adsorption of animal glue. Further evidence for such a
threshold of animal glue concentration was found in our
previous paper [8]. When glue concentration was higher than
3 mg dm > at 5060 °C the chronoamperometric rate AN,
was higher than in the case of absence of leveling agent.
Consequently, when glue concentration is higher than
3 mg dm™> in the industrial electrolyte, animal glue can
have catalytic effect rather than inhibiting on the copper
electrocrystallization process. Finally, the results of our
previous chronoamperometric studies suggested that the
presence of leveling agent cannot change the nucleation
mechanism but it influences the nucleation rate.

Consequently, the parameter R, could not be unequiv-
ocally interpreted as charge transfer resistance R, of the
second reduction step Eq. (5) (see Table 1, Fig. 3). The
main reason was that it was not possible to separate the two
simultaneous processes: one electron electro-reduction of
Cu™ to Cu® and adsorption and crystallization of copper
atoms. The addition of animal glue inhibited the rate of the
first charge transfer step reaction Eq. (4) due to
the adsorption of animal glue on the electrode surface. The
second step represented by Eq. (5) was influenced by the
presence of animal glue mostly in the process of the new
copper-phase growth and formation on the gold UME base.
The surface animal-glue concentration I, is in general a
function of animal glue concentration in bulk solution
Cglue:

rglue = Yglue 'f(cglue) (8)

where [, is a coefficient of surface animal-glue
concentration.

Function f(C,y,.) depends on the animal-glue adsorption
isotherm that is valid for the given experimental condi-
tions. Adsorbed animal glue (quantified by I'y,.) has the
ability to block the surface at the sites where copper
electro-reduction takes place. This might be the reason why
the higher charge transfer resistance R.,; was observed for
the higher animal-glue concentration. The values of the
adsorption parameters R, and L; increased when the con-
centration of animal glue increased. The model discussed
here was also confirmed by the systematic decrease of the
calculated CPA values (Table 1) with the addition of ani-
mal glue. In accordance with theory [29, 31, 32], the
decrease of the CPA’s values (see Table 1) indicates
increasing physical inhomogeneity of the electrode surface
due to the increased concentration, Iy, of the adsorbed
animal glue.

The influence of the Cu?" ion concentration on the
kinetic parameters conforms well to the general theory of
charge transfer. The higher the Cu*" ion concentration, the
faster was the first electro-reduction step (Eq.4) and
charge transfer resistance R, is lower (see Fig. 4).
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4 Conclusions

The ac impedance method on the ultramicroeletrodes is a
very effective method to study the kinetics and mechanism
of the copper electro-reduction process in industrial elec-
trolytes. The experimental EIS kinetic parameters of cop-
per electrodeposition in a complex matrix industrial
refinery electrolytes are the function of temperature, copper
ion and animal glue concentrations. As far as we know the
current study is the first attempt to carry out a systematic
EIS investigation of faradaic and non-faradaic parameters
of copper reduction in industrial refinery electrolytes on
UME. The experimental relationships between charge
transfer resistance and temperature, and between copper
concentration and dc potential are in good qualitative
agreement with the theory. It is interesting to note that both
the double layer capacitance, Cy = 2.21 x 107> F cm™2
and the standard heterogeneous rate constant, k; = 6.3 x
107* cm s~ of the first step of cupric ion reduction are
very similar to the published data obtained in diluted
copper electrolytes. The EIS results presented here show
that there is a threshold of animal glue concentration of
3 mg dm > above which the mechanism of the process
changes mostly due to the influence of the adsorbed animal
glue on copper nucleation process. Consequently, our
results confirm the empirically established limit of
1-2 mg dm™> of active animal glue used in the copper
electrorefining industry.
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