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Abstract

Additives like thiourea, gelatin and chloride are used during copper electrorefining to promote a smooth deposit.
However, additives can also facilitate nodule formation when their ratios and/or concentrations are inadequate. A
preliminary investigation was conducted to determine if electrochemical noise (EN) measurements could be used to
monitor and detect inefficient copper electrorefining conditions due to improper ratios and/or concentrations of
additives. EN measurements were carried out in the laboratory under simulated industrial conditions. Galvanostatic
experiments were conducted using a synthetic electrolyte containing different concentrations of additives. A 316L SS
cathode and industrial copper anodes were used. The effects of three different data acquisition frequencies were also
investigated. EN signals obtained as potential time record series were studied using statistical analyses and
frequency domain transforms. The different calculated parameters gave similar results for all conditions studied
except when additives present in the electrolyte led to nodule formation. Results also showed that the data
acquisition frequency must be at least 10 Hz to detect improper ratios and/or concentrations of additives.

1. Introduction

In industrial copper electrorefining, additives like thio-
urea (TU), gelatin (G) and chloride (Cl) are added to the
electrolytic bath to maintain cathode quality and
promote a smooth cathodic deposit [1, 2]. These addi-
tives, which act mostly as inhibitors, adsorb on the
cathode surface where they take part in the electro-
chemical crystallization process [3, 4]. The need for these
with regard to the cathodic deposition is clearly estab-
lished, although their mechanisms during electrolysis are
not completely understood [3]. However, additives can
also facilitate nodule formation when their ratios and/or
concentrations are inadequate [5–7]. Knowing the active
concentration of each individual additive in the electro-
lytic bath is therefore extremely important to ensure a
better control over the electrochemical crystallization
process and therefore on the cathode quality. Unfortu-
nately, this task is difficult since the different techniques
available are sensitive and/or time consuming. More-
over, results may differ significantly depending on the
technique employed [8].
As part of a broader study [8] on the effect of various

additives on cathode quality, electrochemical noise

(EN) techniques were used to study copper electrode-
position during copper electrorefining. The sensitivity of
these electrochemical techniques is relatively well estab-
lished for the detection of spontaneous changes in
localized corrosion processes, in particular pitting,
cavitation attack and certain types of stress corrosion
cracking (SCC) [9]. The objective of the present study is
to determine if EN techniques can identify different
cathodic potential behaviors depending on the concen-
tration of additives in the electrolytic bath during
copper electrorefining. EN could then be a powerful
tool to monitor, detect and eventually control bad
industrial copper electrorefining conditions due to
improper ratios and/or concentrations of additives.

2. Experimental procedure

The methodology followed in this study was designed
according to the principles described in a recent publi-
cation on EN techniques [10]. The emphasis was put on
statistical analyses for time domain curves (skewness
and kurtosis) and on the slope of the power spectrum for
frequency domain curves.
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2.1. Experimental setup

Galvanostatic experiments were conducted over 25 min
using conventional 700 ml electrochemical cells. A
square 316L SS cathode with a surface area of 1.0 cm2

and an industrial copper anode were used. The anode to
cathode distance was 2.5 cm. A thermostatic bath was
used to maintain the electrolytic temperature at
65 ±1 �C. The synthetic supporting electrolyte con-
tained 42 g l)1 of Cu2þ, 18 g l)1 of Ni2þ, 40 mg l)1 of
Cl) and 160 g l)1 of H2SO4. The electrolyte was renewed
before each experiment. A GAMRY� PC4/300 poten-
tiostat linked to a personal computer was used to log
potential and current values. EN experiments and data
treatment were conducted using GAMRY� ESA400
software. At least four experiments were made in each
condition presented in this paper.
Additive concentrations in the electrolytic bath were

based on previous work conducted at Laval University
on copper electrorefining [11]. A condition that has
clearly resulted in nodulation, two conditions that have
resulted in a nodule free deposit and an additive-free
electrolyte were investigated at 500 A m)2 (see Table 1).
Additives were first diluted in water and then added at
the beginning of the experiments. The influence of data
acquisition frequency on EN values was also investiga-
ted. Experiments were conducted at 1, 10 and 20 Hz for
conditions previously presented.

2.2. Instrumentation

A silver chloride electrode Ag,AgCl/KClsat (0.202 V vs
SHE) was used as reference. All potentials are given
with respect to this electrode. SEM analyses were
conducted using a JEOL JSM-25s III model scanning
electron microscope equipped with a TN 5700 model
energy dispersive X-ray analyzer.

2.3. Data analysis

EN signals obtained as potential and current time
records were analyzed by using a variety of methods.
First, potential time records were examined to identify
short-term transients in the data. These transients are
usually indicative of spontaneous changes in mecha-
nism. Statistical analyses were then calculated on batch

data from potential time records. The following statis-
tics were calculated: mean, variance, standard deviation,
root mean square, coefficient of variance, skewness,
kurtosis and noise resistance (standard deviation of
potential divided by standard deviation of the current).
Details on calculation of these parameters can be found
in the literature [9].
EN analyses were also conducted in the frequency

domain. To do so, time domain curves were first
expressed in the frequency domain using Fast Fourier
Transform (FFT). The slope of the Fourier Power
Spectrum was then calculated (FPS). Slopes of power
spectra were also calculated by the Maximum Entropy
Method (MEM).
Each parameter discussed here after is calculated on

blocks of data containing 5 min of experiments (3000
point experiments using sample rate of 10 Hz). An
average of these results is then calculated for each
parameter. Observations are based on the differences
between these averages from one experimental condition
to another. All data treatment was done using GAM-
RY� ESA400 EN software.

3. Results and discussion

Figure 1 presents typical experimental curves obtained
from galvanostatic EN experiments conducted at
500 A m)2 with various additive concentrations. As
expected, since the current is imposed, no short-term
transients are observed throughout galvanostatic expe-
riments.
Figure 2 presents typical SEM micrographs of cath-

odes obtained from galvanostatic EN experiments con-
ducted at 500 A m)2 for 25 min with a bath containing
different concentrations of additives. Nodules developed
only on cathode D (bath containing 40 mg l)1 of Cl),
4 mg l)1 of TU and 11.5 mg l)1 of G). The deposited
copper is smoother in all other conditions tested al-
though it is somewhat rougher with an additive-free
electrolyte (Figure 2A). However, in this latter case, this
does not lead to nodule formation [11].

3.1. Effect of different concentrations of additives

3.1.1. Statistical analysis
Skewness and noise resistance statistical parameters
calculated from galvanostatic EN experiments conduc-
ted at 500 A m)2 over 25 min with a bath containing
different concentrations of additives are presented in
Figure 3. The values calculated are significantly different
in conditions where nodulation occurs. The skewness
parameter is only positive for condition D, which is the
only condition leading to nodule formation. The phys-
ical meaning of such signal behavior is that the shape of
the distribution of the potential signal is very different
when electrochemical conditions result in nodulation.
The noise resistance value increases steadily with gelatin
concentration. The value calculated is significantly

Table 1. Galvanostatic copper electrorefining EN experiments con-

ducted at 500 A m)2 under different data acquisition frequencies (1, 10

and 20 Hz) with an electrolytic bath containing various concentrations

of additives (TU = thiourea; G = gelatin; Cl) = chloride)

Experimental

conditions

Additives mg l)1 Deposit

[Cl)] [TU] [G]

A – – – Nodule free

B 40 4 2 Nodule free

C 40 4 6 Nodule free

D 40 4 11.5 Nodules

1094



higher (about three times higher) when nodulation
occurs. It can be atgued that the noise resistance
corresponds to the polarization resistance. Gelatin has
a strong polarizing effect on copper electrodeposition.
The polarization increases with gelatin concentration.
The resistance noise can thus be used to characterize and
determine high polarization levels during copper elect-
rorefining.

3.1.2. Frequency domain transforms
Slopes of frequency domain curves calculated by FFT
and MEM from galvanostatic EN experiments conduc-
ted at 500 A m)2 for 25 min with an electrolytic bath
containing different concentrations of additives are
presented in Figure 4. Results calculated are similar
for both FFT and MEM when experimental conditions
do not lead to nodulation (conditions A, B and C).

Fig. 1. Typical experimental curves of galvanostatic EN experiments conducted at 500 A m)2 and 10 Hz.

Fig. 2. Typical SEM micrographs obtained from deposition of copper during galvanostatic EN experiments conducted at 500 A m)2 for 25 min

with an electrolytic bath containing different concentrations of additives.
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However, the slopes of the power spectra decrease
drastically when the concentration of the additives in the
bath produces nodules (condition D). The effect of
increasing gelatin concentration is to increase the
amplitude of low frequencies present in the signal.
These low frequencies are related to the interface
impedance. Hence, under high gelatin concentrations,
the impedance of the interface changes in a manner that
leads to the formation of nodules.

3.2. Effect of different data acquisition frequencies

EN techniques require high precision instruments that
can log current and potential values very rapidly. The
influence of data acquisition frequency was investiga-
ted using statistical analyses and frequency domain
transforms to determine the optimum data acquisition
speed.

3.2.1. Statistical analysis
Skewness, kurtosis and noise resistance statistical pa-
rameters calculated from galvanostatic EN experiments
conducted at 500 A m)2 for 25 min with an electrolytic
bath containing 40 mg l)1 of Cl), 4 mg l)1 of thiourea
and 2 mg l)1 of gelatin are presented in Figure 5 for
various data acquisition frequencies. The skewness
values are very similar no matter what the data
acquisition frequency is. However, the kurtosis and the
noise resistance values calculated under high data
acquisition frequencies (10 and 20 Hz) are very different
from those obtained under low data acquisition fre-
quency (1 Hz). Thus, 10 Hz is the minimum data
acquisition frequency required to distinguish different
mechanisms using statistical analyses.

3.2.2. Frequency domain transforms
Slopes of frequency domain curves calculated by FFT
and MEM from galvanostatic EN experiments conduc-

Fig. 3. Skewness and noise resistance statistical parameters calculated from galvanostatic EN experiments conducted at 500 A m)2 for 25 min

with an electrolytic bath containing different concentrations of additives (10 Hz).

Fig. 4. Slopes of frequency domain curves calculated by using FFT and MEM from galvanostatic EN experiments conducted at 500 A m)2 for

25 min with an electrolytic bath containing different concentrations of additives (10 Hz).
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ted at 500 A m)2 for 25 min with an bath containing
40 mg l)1 of Cl), 4 mg l)1 of thiourea and 11.5 mg l)1

of gelatin are presented in Figure 6 for various data
acquisition frequencies. FFT and MEM slopes calcu-
lated for 1 Hz experiments are significantly different
from those calculated for 10 and 20 Hz experiments,
which are similar. Moreover, at 1 Hz, the slopes
calculated are almost identical for all experimental
conditions. It is thus not possible to identify any
characteristics under low data acquisition frequencies.
Consequently, a data acquisition frequency of 1 Hz is
not fast enough to clearly identify different electrorefin-
ing conditions. On the other hand, there is no advantage
of conducting experiments at data acquisition frequen-
cies higher than 10 Hz since the values obtained at 10
and 20 Hz are similar.

4. Conclusions

EN techniques have been applied to a copper electrore-
fining system. Galvanostatic experiments were conduc-
ted at 500 A m)2 under various additive concentrations
and various data acquisition frequencies. Statistical
analyses and frequency domain transforms were calcu-
lated from potential time records.
At 10 Hz, statistical results calculated are significantly

different when additives present in the electrolytic bath
result in the nodulation phenomenon. The skewness
parameter is positive only for conditions leading to
nodule formation. The noise resistance value increases
with gelatin concentration. This value is about three
times higher when nodulation occurs. The noise resis-
tance value is related to the polarization, which increases

Fig. 5. Skewness, kurtosis and noise resistance statistical parameters calculated from galvanostatic EN experiments conducted at 500 A m)2 for

25 min under various data acquisition frequencies ([Cl�] ¼ 40 mg l)1, [TU] ¼ 4 mg l)1 and [G] ¼ 2 mg l)1).

Fig. 6. Slopes of frequency domain curves calculated by using FFT and MEM from galvanostatic EN experiments conducted at 500 A m)2 for

25 min under various data acquisition frequencies ([Cl)] ¼ 40 mg l)1, [TU] ¼ 4 mg l)1 and [G] ¼ 11.5 mg l)1).
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with gelatin concentration. This parameter can thus be
use to characterize and determine high polarization
levels during copper electrorefining.
Values calculated from frequency domain curves gave

similar results for all conditions studied except when
nodulation occurs. In this case, the slope values decrease
drastically when the experimental conditions lead to
nodule formation. Hence, increasing gelatin concentra-
tion increased the amplitude of low frequencies present
in the signal. These low frequencies are related to the
impedance of the interface. In these conditions, the
impedance of the interface changes in a manner that
leads to the formation of nodules.
A data acquisition frequency of 10 Hz is deemed

appropriate for studying copper electrorefining using
EN techniques. Lower data acquisition frequencies
(1 Hz) are insufficient to differentiate between the
various electrorefining conditions. On the other hand,
20 Hz data acquisition frequency gave similar results to
those obtained at 10 Hz. There is thus no interest in
conducting experiments under data acquisition frequen-
cies higher than 10 Hz.
Results have shown that EN techniques can identify

different cathodic potential behaviors, which depend on
the composition of the electrolyte. EN techniques are an
interesting avenue of study and characterize copper
electrorefining conditions. These techniques could be
used to monitor, detect and eventually control bad
industrial copper electrorefining conditions due to
improper ratios and/or concentrations of additives.
However, further research on the influence of additives
using EN techniques is required.
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