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A B S T R A C T   

In copper electrorefining and electrowinning, the conductivity and viscosity of the electrolyte affect the energy 
consumption, and for electrorefining the purity of cathode copper. Consequently, accurate models for predicting 
these properties are highly important. Although the modeling of conductivity and viscosity of synthetic copper 
electrolytes has been previously studied, only a few models have been validated with actual industrial electro-
lytes. The conductivity and viscosity models outlined in this study were developed using conductivity and vis-
cosity measurements from both synthetic and industrial solutions. The synthetic electrolytes were investigated 
over a temperature range between 50–70 ◦C and typical concentrations of Cu (40–90 g/dm3), Ni (0–30 g/dm3), 
Fe (0–10 g/dm3), Co (0–5 g/dm3), As (0–63.8 g/dm3), H2SO4 (50–223 g/dm3) as well as other solution impu-
rities like Sb in some cases. Validation of the synthetic electrolyte models was performed through industrial 
measurements at three copper plants across Europe. Generally, the developed models predicted the conductiv-
ities and viscosities of industrial solutions with high accuracy. The viscosity models covered extended ranges of 
both [H2SO4] and [Cu] with percentage errors of only (2.08 ± 0.59) - (2.48 ± 0.61). For conductivity, two 
different models for low (<142 g/dm3) and high (>142 g/dm3) [H2SO4] electrolytes were utilized. Their error 
margins were (−1.96 ± 0.84) - (−1.44 ± 0.35) and (1.17 ± 0.27) - (2.52 ± 0.28), respectively. In the case of high 
[H2SO4] electrolytes, the validations focused on conductivity, and the highest level of accuracy was obtained 
when the effects of Sb and other minor impurities were considered.   

1. Introduction 

Copper is one of the most important industrial metals and is third, by 
consumption, after iron and aluminum (U.S. Geological Survey, 2018). 
Almost all copper is currently produced by energy-intensive processes 
like electrorefining (Cu-ER) of impure copper anodes or by electrowin-
ning (Cu-EW) of pregnant leach or solvent extraction solutions (Schle-
singer et al., 2011). 

Electrolyte resistance (Eqs. (1) and (2)) is the main factor influencing 
energy consumption in a Cu-ER cell (approx. 50%) (Aromaa, 2007; 
Pawlek, 1983). In Cu-EW, the value of electrolyte resistance is of similar 
magnitude, however, its proportion of the total energy consumption is 
lower (12–24%). This is due to difference in anodic and cathodic re-
actions, increasing the cell voltage as well as the overpotential for 
anodic reaction (26–33%) (Beukes and Badenhorst, 2009; Schlesinger 

et al., 2011; Schmachtel, 2017). Energy consumption in electrorefining 
and electrowinning processes can be minimized by optimization of the 
electrolyte conductivity and viscosity. Conductivity directly affects the 
energy consumption in terms of cell voltage, whilst viscosity influences 
the mass transport of Cu – increased viscosity results in increased 
diffusion overpotential, which impacts on the energy efficiency (Jar-
joura et al., 2003). 

EΩ = (l⋅j)/κ (1)  

ES = (z⋅F⋅Ecell)/(CE⋅M⋅3600) (2)  

where EΩ is overpotential due to the electrolyte resistance (V), l is the 
gap between anode and cathode (m), j is the current density (A/m2), κ is 
the conductivity (S/m), ES is specific energy consumption (kWh/kg), z is 
number of electrons, F is Faraday’s constant = 96 485.33 C/mol, Ecell is 

* Corresponding author. 
E-mail address: mari.lundstrom@aalto.fi (M. Lundström).  

Contents lists available at ScienceDirect 

Minerals Engineering 

journal homepage: www.elsevier.com/locate/mineng 

https://doi.org/10.1016/j.mineng.2021.107069 
Received 22 October 2020; Received in revised form 3 July 2021; Accepted 5 July 2021   

mailto:mari.lundstrom@aalto.fi
www.sciencedirect.com/science/journal/08926875
https://www.elsevier.com/locate/mineng
https://doi.org/10.1016/j.mineng.2021.107069
https://doi.org/10.1016/j.mineng.2021.107069
https://doi.org/10.1016/j.mineng.2021.107069
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mineng.2021.107069&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Minerals Engineering 171 (2021) 107069

2

cell voltage (V), CE is current efficiency (%) and M is molar mass (g/ 
mol). 

Viscosity affects the movements of both oxygen bubbles – which 
form on anodes in Cu-EW (Al Shakari et al., 2011) – and the anode slimes 
(Zeng et al., 2015) that accumulate during Cu-ER (Schlesinger et al., 
2011; Shi and Ye, 2013). Consequently, viscosity in a Cu-EW electrolyte 
needs to be sufficiently high to hinder the movement of bubbles and acid 
mist formation (Al Shakari et al., 2011). In contrast, for Cu-ER the vis-
cosity needs to be low to ensure the fast settling of slime particles 
(Kalliomäkiet al., 2019a) so as to minimize their inclusion in the copper 
cathodes and allow sufficient cathode purity to be maintained (typically 
Cu ≥ 99.99%) (Moats et al., 2007: Schlesinger et al., 2011). Further-
more, the purity of cathode copper is affected by current density and 
impurities of the electrolyte, as in both processes electrolyte can be 
entrapped in the cathodes (Price and Davenport, 1980, 1981; Subbaiah 
and Das, 1989; Schlesinger et al., 2011). For Cu-ER electrolytes, the 
impurity concentrations have gradually increased, primarily as a result 
of utilizing a wider variety of Cu materials throughout the whole copper 
process in order to enhance the circular economy (Moats et al., 2016, 
2019; International Copper Study Group, 2019; Tesfaye et al., 2017). 

The present study outlines conductivity (κ) and dynamic viscosity (η) 
models for Cu-ER and Cu-EW electrolytes as a function of composition 
and temperature, which follow on from investigations that have been 
conducted previously by several researchers (Devochkin et al., 2015; 
Jarjoura et al., 2003; Kalliomäki et al., 2017; Lehtiniemi et al., 2018; 
Price and Davenport, 1980, 1981; Subbaiah and Das, 1989). Conse-
quently, the main dependencies are well known: Increasing T and 
[H2SO4] with concurrent decreases of the metal concentrations and [As] 
increase conductivity, whereas an increase in all these variables – except 
temperature – lead to increased viscosity and density (Price and 
Davenport, 1980, 1981). Nevertheless, only Kalliomäki et al. (2017) and 
Lehtiniemi et al. (2018) have published data that includes industrial 
validation of their models and further show that their performance in 
industrial electrolytes is inaccurate. The possible reasons for this 
discrepancy in conductivity were assumed to be organic compounds 
(Lehtiniemi et al., 2018), although minor impurities and variations in 
component speciation may also have effects. Of the minor impurities, 
industrial electrolytes have been reported to have 0.002–0.9 g/dm3 Sb, 
0.002–0.7 g/dm3 Bi (Moats et al., 2007), 0–0.046 g/dm3 Pb, 0–0.027 g/ 
dm3 Te and 0–0.013 g/dm3 Se (Kalliomäkiet al., 2019b). The speciation 
of the components in the electrolytes can affect conductivity since the 
ionic mobilities of the different species vary and both ionic mobilities 
and concentrations have been previously shown to be key factors that 
determine specific conductivity (Atkins De Paula, 2006). For example, 
the ionic mobilities of H+ and SO4

2− are 3.623⋅10−3 and 8.29⋅10−4 cm2 

s−1 V−1 (Atkins De Paula, 2006), respectively, whilst the ionic mobility 
of HSO4

− has been approximated to be half of that of SO4
2− (Stern, 2000), 

which results in lower conductivity with HSO4
− when compared with H+

and SO4
2−. In industrial copper electrolytes, the concentration of HSO4

−

can increase as the level of cupric sulfate rises (Casas et al., 1999). 
Moreover, other phenomena like the dissociation degree of As species, 
which is typically only 10–20%, can also influence the interactions that 
occur within electrolytes (Casas et al., 2003). 

To improve the accuracy of conductivity and viscosity prediction for 
industrial electrolytes, the causes of these types of inaccuracies were 
thoroughly investigated to build more rigorous conductivity and vis-
cosity models applicable for industrial usage. Additionally, the avail-
ability of such enhanced conductivity and viscosity models that cover 
wide concentration ranges would be useful beyond commercial opera-
tions for the study of impure copper solution properties. 

2. Materials and methods 

Synthetic copper electrolytes and other test solutions were prepared 
using the chemicals shown in Table 1. For the electrolytes, the compo-
sitions and measurement temperatures chosen (Table 2) were based on 

the parameters utilized in industrial electrolysis processes previously 
outlined in literature (Moats et al., 2007, 2016, 2019; Robinson et al., 
2007; Sole et al., 2019) and the data from three industrial copper 
tankhouses (Table 3). In addition to the test solution data, findings from 
the research of Price and Davenport (1981) were utilized to help build 
viscosity models in order to obtain more complete models with a wide 
range of component compositions. Industrial electrolyte compositions 
were defined by the tankhouse personnel in their laboratories from the 
electrolyte samples, each taken immediately after the measurement. For 
the synthetic electrolytes, three different As sources were used to allow a 
more in-depth study into the effects of this specific type of impurity. As 
can be seen from Table 1, the arsenic acid not only contained additional 
impurities like Sb, but also Cu and Ni, which were considered during 
solution preparation. Furthermore, the solutions that utilized As2O3 as 
the As source differed from those prepared with As2O5, as H2O2 was used 
to enhance the As solubility by oxidizing As(III) to As(V). This procedure 
involved preparation of an As2O3-H2O slurry that was heated to 70 ◦C 
and then H2O2 was added to complete As dissolution (Kalliomäki et al., 
2017). The effects of other relatively common copper electrolyte bath 
components like bismuth, antimony and gelatin were also briefly 
investigated separately. 

Although speciation of the sulfates may affect the results (Casas 
et al., 1999, 2003), these where not considered separately from the other 
species used in the modeling – with the exception of model ηΓ. This is 
because the excessive complexity and need for additional composition 
analyses in future usage were aimed to be avoided. The model ηΓ which 
considers the sulfates as well as oxides, was built using ionic concen-
trations (Eq. (3)) (Asmus, 1939). 

Γ =
∑

ciz2
i (3)  

where Γ = ionic concentration, c = concentration (mol) of the ion i and 
z = valency of the ion i. 

The regression models for conductivity and viscosity were con-
structed from the laboratory measurement data for the synthetic copper 
electrorefining solutions (Table 2) utilizing MODDE 8 software (by MKS 
Data Analytics Solutions). Additional consideration of Arrhenius-type 
dependencies (Eq. (4)) was undertaken for the viscosity models, there-
fore the models were initially formulated via sub-models of Ea and ln A 
(Budtova and Navard, 2015; De Guzmán, 1913). In order to achieve 
successful validation, the predictions from the models developed were 
compared with measured values of industrial electrolytes. The mea-
surements for conductivity were conducted in August 2016 (Reference 
Tankhouse 2 and 3) and January 2017 (Glencore Nikkelverk). In addi-
tion, concurrent viscosity measurements were conducted in Glencore 
Nikkelverk tankhouse during the same trial. Results were also compared 

Table 1 
Chemicals used in the synthetic electrolytes.  

Chemical Purity 

CuSO4⋅5H2O 99–100%, Ph.Eur., crystallized, VWR International, LLC. 
H2SO4 95–97%, for analysis, Merck KGaA 
NiSO4⋅7H2O 99–100%, for analysis, crystallized, Sigma-Aldrich Co. LLC. 
FeSO4⋅7H2O 99–100%, Alfa Aesar, Thermo Fisher Scientific GmbH 
CoSO4⋅7H2O 98%, Alfa Aesar, Thermo Fisher Scientific GmbH 
As2O3 99.5%, Alfa Aesar, Thermo Fisher Scientific GmbH 
As2O5 99.9–100%, Acros Organics, Thermo Fisher Scientific Inc. 
Arsenic acid [As] = 322.6 g/dm3, [Sb] = 7.7 g/dm3, [Cu] = 3.4 g/dm3, [Ni] =

1.21 g/dm3, [Se] = 0.0193 g/dm3, [Pb] = 0.016 g/dm3, [Te] =
0.012 g/dm3, [Bi] < 0.005 g/dm3, [Ag] < 0.001 g/dm3, [Ba] <
0.001 g/dm3, Boliden Group, Harjavalta 

H2O2 30%, for analysis, Merck KGaA 
Bi2O3 ≥98%, Fluka Analytical, Sigma-Aldrich Chemie GmbH 
Sb2O3 99%, Sigma-Aldrich Chemie GmbH 
Sb2(SO4)3 ≥95%, Sigma-Aldrich Chemie GmbH 
HCl 37%, EMSURE ACS, Merck KGaA 
Gelatin Ph Eur, Fluka Analytical, Sigma-Aldrich Chemie GmbH 
Distilled H2O distilled once  
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using the classical models of Price and Davenport (1981), Devochkin 
et al. (2015), as well as the models of Lehtiniemi et al. (2018) for con-
ductivity results and the model of Kalliomäki et al. (2017) for viscosity. 

ln η = ln A + Ea/RT (4)  

where A is a constant, Ea the activation energy (J/mol), R gas constant 
(8.31446 (J/mol)/K), and T absolute temperature (K). It has to be noted 
that the term Ea / RT does not have here the minus sign since this Eq. is 

designed for viscosity, not for reaction rates. 
The conductivities of both the synthetic and industrial electrolytes 

were measured using a Knick Portamess® 913 Cond conductivity meter 
(Knick Elektronische Messgeräte GmbH & Co. KG, Berlin, Germany) and 
the kinematic viscosities (ν) for the models using an Ubbelohde capillary 
viscometer (SI Analytics GmbH, Mainz, Germany). In order to determine 
the dynamic viscosities (η = ν ⋅ ρ), the densities of synthetic electrolyte 
samples were measured with a glass tube oscillator DMA 40 Digital 

Table 2 
Compositions and temperatures of synthetic copper electrolytes measured for the prediction models.   

Concentration (g/dm3) T 

For modeling Cu H2SO4 Ni Fe Co As 
∑

Minor impurities* (◦C) 

κ in Cu-EW (1) 40–90 50–142 0–30 0–10 0–5 0–30 ** – 50–70 
κ in Cu-EW (2) 40–70 120–223 0–30 0–10 0–5 0–45 ** – 50–70 
κ in Cu-ER (1) ⁑ 40–60 142–223 0–30 – – 0–30 ** – 50–70 
κ in Cu-ER (2–3) ⁑ 40–60 130–223 0–30 – – 0–63.8 † 0–1.53 50–70 
ρ in Cu-EW and Cu-ER 40–60 80–223 0–20 0–10 0–5 0–30 ** – 50–70 
η in Cu-EW and Cu-ER‡ 5–90 10–225 0–30 0–20 0–5 0–30 ** – 50–70  

* Sb + Bi + Pb + Te + Se. 
** As2O5 as As source. 
† Arsenic acid as As source in 78 and As2O3 in 56 samples. 
⁑ Data from the research of Lehtiniemi et al. (2018) was also utilized in modeling κ. 
‡ Data from the research of Price and Davenport (1981) was also utilized in modeling η. 

Table 3 
Compositions and temperatures of the industrial copper electrolytes.   

Concentration (g/dm3) T  

Cu H2SO4 Ni Fe Co As (◦C) 

Glencore Nikkelverk, Cu-EW 
Cells 45.4–68.2 89.4–119.4 13.2–13.4 0.47–0.5 4.2–4.4 0.36–0.38 41.9–63.2 
Make-up 93.6 51.6 13.6 0.5 4.4 0.41 55.1–55.4 
Lab meas. 45.4–93.6 51.6–119.4 13.2–13.6 0.47–0.5 4.2–4.4 0.36–0.41 48.1–72.0 
Reference Tankhouse 2, Cu-ER 
Inlets 42.1–47.0 167.2–173.5 14.7–21.9 – – 8.9–11.1 54.4–61.5 
Outlets 44.9–49.1 166.1–174.8 14.7–22.5 – – 8.7–11.1 59.3–67.0 
Reference Tankhouse 3, Cu-ER 
Inlets 43.4–47.4 169–177 17.9–19.9 – – 6.4–6.7 51.2–62.7 
Outlets 43.7–47.4 169–174 18.0–19.9 – – 6.4–6.7 61.4–63.5  

Table 4 
Terms and their coefficients, correlation coefficients and reproducibility (Repr.) values of the conductivity models built. The concentrations are in g/dm3 and T in ◦C.   

Model  Model  

κ (mS/cm) κEW.1 κEW.2 log10(κ) 
(log(mS/cm)) 

κER.1 κER.2 κER.3 

Constant 19.442 217.759 Constant 2.426 2.446 2.458 
[Cu] 1.328 0.175 [Cu] −2.291E-03 −6.089E-04 −9.632E-04 
[H2SO4] 3.386 1.805 [H2SO4] 1.696E-03 1.553E-03 1.487E-03 
[Ni] −0.685 0.054 [Ni] −2.818E-03 −2.117E-03 −1.106E-03 
[Fe] 0.415 −2.400 [Fe]    
[Co] −1.533 −3.381 [Co]    
[As]  0.485 [As] −3.908E-04 1.398E-04 1.923E-04 
∑

[Minor impurities]*   
∑

[Minor impurities]*   −6.491E-03 
T −0.288 −1.293 T 2.985E-03 9.518E-04 9.008E-04 
[Cu] ⋅ [H2SO4] −0.028 −0.017 [Cu] ⋅ [H2SO4]  −7.753E-06 −5.706E-06 
[Cu] ⋅ [Ni]   [Cu] ⋅ [Ni]  −1.235E-05 −1.524E-05 
[Cu] ⋅ [As]   [Cu] ⋅ [As]  −8.915E-06 −8.123E-06 
[H2SO4] ⋅ [Ni] −0.013 −0.021 [H2SO4] ⋅ [Ni]   −4.703E-06 
[H2SO4] ⋅ Fe −0.026  [H2SO4] ⋅ [Fe]    
[H2SO4] ⋅ [As]  −0.005 [H2SO4] ⋅ [As]  −4.930E-06 −4.653E-06 
[H2SO4] ⋅ T 0.020 0.029 [H2SO4] ⋅ T  1.030E-05 1.053E-05 
[Ni] ⋅ [Fe] 0.045  [Ni] ⋅ [Fe]    
T ⋅ [As]   T ⋅ [As]  1.019E-05 1.002E-05 
R2 0.998 0.996 R2 0.992 0.987 0.988 
Q2 0.997 0.996 Q2 0.990 0.986 0.987 
N 119 265 N 89 263 263 
Repr. 1.000 1.000 Repr. 1.000 1.000 1.000    

* [Sb] + [Bi] + [Pb] + [Te] + [Se]  
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Density Meter (Anton Paar KG, Ostfildern-Scharnhausen, Germany). In 
contrast, the kinematic viscosities of the industrial electrolytes were 
evaluated using a Cannon-Fenske Routine Viscometer (Cannon Instru-
ment Company, State College, PA, USA). 

3. Results and discussion 

3.1. Conductivity models 

The regression models for conductivity in electrorefining (κER.1, κER.2, 
κER.3) and electrowinning (κEW.1, κEW.2) electrolytes are displayed in 
Table 4 as the generic form (Eq. (5)). In this work, the results include the 
effects of different As sources (As acid, As2O3 and As2O5) (Table 2), 
whereas Lehtiniemi et al. (2018) limited their As source to As acid only. 
Furthermore, the model κER4, includes the effect of 

∑
[Minor impurities] 

([Sb] + [Bi] + [Pb] + [Te] + [Se]) and this sum term was utilized 
because Sb and Bi were found to have insignificant individual effects on 
conductivity at the concentrations found in industry (Fig. S1 and 
Table S1, Supplementary Material). It is worth noting that although the 
poor solubility of Sb and Bi as oxides can be considered an issue, the Sb, 
Bi and the other impurities (Table 1) that had dissolved during the Cu- 
ER process remained dispersed within arsenic acid and were found to 
decrease conductivity – thereby revealing a sum effect of these type of 
impurities. In contrast, the effect of gelatin and its degradation products 
at concentrations between 10–30 mg/dm3 were confirmed to be insig-
nificant (Fig. S2, Table S2, Supplementary Material). 

κ = a1 + a2[Cu] + a3[H2SO4] + a4[Ni] + a5[Fe] + a6[Co] + a7[As]

+ a8

∑
[Minor impurities] + a9T + … + an⋅(combined effect term)

(5) 

All the models were confirmed to be valid with high correlation 
coefficients and reproducibility values. Additionally, the sensitivity of 
the models was tested as outlined previously (Kalliomäki et al., 2017, 
2019b; Lehtiniemi et al., 2018) and no excess sensitivity to shifts in the 
variables were found. Changes in conductivity were found to be affected 
primarily by [H2SO4] and T, as experiments where these two parameters 
were independently increased by 15% resulted in related conductivity 
increases of 11.0–11.4 and 4.7–6.4%, respectively. The other composi-
tion parameters were found to have a less substantial effect and their 
increase led to decreases in conductivity. Overall, the sensitivities ob-
tained were determined to be very similar to those found previously by 
Lehtiniemi et al. (2018). 

The data show that the coefficients of [H2SO4], [Cu], [Ni] and T have 
a considerable impact on the conductivity in all models. In addition, it is 
also clear that [As] can have significant conductivity effects. In model 
κER.2, the effect of the minor impurities in the arsenic acid were excluded 
from the model – although the model utilizes the same data as in κER.3 – 
as it has been previously assumed that the effect of impurities other than 
As and Ni in Cu-ER electrolyte are negligible (Lehtiniemi et al., 2018). 
Nevertheless, the current study takes into account minor impurities in 
model κER.3 and the results indicate that this parameter (

∑
[Minor im-

purities]) have the most substantial effect on conductivity. As conduc-
tivity alters the energy consumption in the electrolyte (Eqs. (1) and (2)), 
the percentage change in this partial energy consumption can be 
calculated accurately as changes in EΩ. For example, the addition of 1 g/ 
dm3 minor impurities (

∑
[Minor impurities]) to the solutions resulted in a 

1.5% increase in EΩ and similarly in the partial energy consumption due 
to enhanced electrolyte resistance. In comparison, by using model κER.3, 
adding 15 g/dm3 of As to the solutions resulted in a 0.7–2.9% increase, 
whereas 10 g/dm3 of Ni caused a 5.5–7.3% increase in EΩ. 

The combined influences of [H2SO4] and [Cu] on the conductivity of 
the electrolytes have already been subject to detailed investigation by 
Claessens (1967). In this case, the higher [H2SO4] is more pronounced as 
it decreases the impact that increasing metal ion (such as Cu, Mg or Al) 
concentrations have on conductivity (Claessens, 1967). Conversely, at 

low or zero [H2SO4], increases in the concentrations of Cu, Mg or Al ions 
increase conductivity. These combined effects were reported to derive 
from increased viscosity, which reduces the movement of the ions, 
resulting in enhanced proton transfer path blocking by the ions (Claes-
sens, 1967). Consequently, a reduction in these particle movements 
lowers the conductivity (Atkins De Paula, 2006; Claessens, 1967) and 
the presence of these combined effects is confirmed by the results of this 
work – as shown in Table 4. Furthermore, the analogous combined effect 
of [H2SO4] and [As] – reported previously by Lehtiniemi et al. (2018) – 
was separately investigated in more detail (Fig. 1) and confirmed. In the 
κEW.1 model (Table 4), the effect of [As] is insignificant due to the 
combined effect of [As] and [H2SO4] because at low [H2SO4], [As] does 
not significantly influence conductivity. In addition, the other combined 
effects that have a minor impact on conductivity observed in this work 
(Table 4) were outlined earlier (Lehtiniemi et al., 2018). 

3.2. Validations of the developed conductivity models 

The industrial validation results of the electrolytes are presented in 
Table 5 and Figs. 2–3 for the industrial electrolytes detailed in Table 3. 
In Figs. 2–3, the residual values show the prediction error (predicted - 
measured) compared with measured (x axis) values and the zero- 
residual line. As can be seen from Table 5, the predictive performance 
of the models built in this work was very high in comparison with pre-
vious research (Price and Davenport, 1981, Devochkin et al., 2015, 
Lehtiniemi et al., 2018). Generally, the predictions for EW solutions 
outlined were more accurate than for ER solutions as shown by slope 
tangents = ~1, higher R2 values and lesser systematic error (constant) 
(Table 5). The percentage error for the EW electrolyte predictions with 
model κEW.1 for all data was −1.96 ± 0.84 and −1.44 ± 0.35 for samples 
measured in laboratory. In contrast, the ER electrolyte predictions were 
in the range 1.17 ± 0.27 to 2.52 ± 0.28 depending on the model (κEW.2 
and κER.1–3). Although the concentrations of the minor impurities were 
not analyzed in the industrial ER electrolytes, they could be approxi-
mated based on the typical concentrations utilized in tankhouses (Leh-
tiniemi et al., 2018; Moats et al., 2007). Nevertheless, in Table 5 and 
Fig. 3, the 

∑
[Minor impurities] values for κER.3 are only example values – 

which were also taken as the model limits – in order to make the pre-
dictions close to those achieved by κER.2. 

The model κEW.1 was found to predict the conductivities very accu-
rately (Table 5 and Fig. 2) over a wide conductivity range, particularly 
for industrial solutions that were transferred to the laboratory, where 
the constant environment reduced temperature and concentration 
fluctuations to a minimum. In addition, the best prediction was obtained 
when the temperature was within the range of the design of experiments 
(DOE). The effect of very low temperature and high [Cu] can be seen in 

Fig. 1. Combined effects of [H2SO4] and [As] on conductivity at 60 ◦C, with 
As2O5 as As source. 
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the Fig. 2 as the worst predictions with model κEW.1 (the six lowest 
points), however, the same effect – lower prediction values for electro-
lytes with high [Cu] at low temperatures – is also visible in the pre-
dictions of all the other models. The predictions with κEW.1 model were 
shown to be more accurate than the other models investigated, primarily 
as a result of the different ranges used in their DOE when compared with 
those of the industrial electrolyte concentrations (Table 3). Though the 
model by Lehtiniemi et al. (2018) predicted the conductivities very 
accurately with the highest R2 and the lowest systematic error values, 

the slope was further from 1 (Table 5) than for model κEW.1. The slope 
values also revealed the presence of slight inaccuracies, which can be 
more clearly identified in Fig. 2. Consequently, the models that 
considered the concentration ranges that are typically used in industry 
resulted in the best predictions. 

The Cu-ER model κER.1 and Cu-EW model κEW.2 for high [H2SO4], 
which were based on the electrolytes without minor impurities or 
possible traces of H2O2, predicted the effects of the variables very 
accurately. However, as industrial Cu-ER electrolytes tend to contain 
more impurities, these models tended to predict conductivity values that 
were too high. Consequently, models κEW.2 and κER.1 are more applicable 
for predicting conductivities of electrolytes that contain less impurities. 
Furthermore, model κEW.2 would most specifically be applicable for 
predicting conductivities of Cu-EW electrolytes that have high (>142 g/ 
dm3) [H2SO4], as was originally intended. In contrast, the predictions 
with models κER.2 and κER.3 that have been built using more impure 
electrolytes (Table 2) from arsenic acid (Table 1) were inherently more 
accurate. Nonetheless, on average, the best conductivity predictions of 
these Cu-ER electrolytes were obtained for electrolytes with moderate 
concentrations of free H2SO4, sulfates, impurities and for inlet 
electrolytes. 

It was found that the accuracy in predicting conductivities of the 
inlet ends of the cells was higher than of the sampled outlet ends (Fig. 3). 
These results indicate that the composition of the electrolyte and the 
speciation of the electrolyte components prior to the electrorefining 
process is distinctly different from that after the process has been per-
formed. The cause for this difference is most probably due to increased 
levels of unidentified components dissolved from the anodes, which 
change the speciation or otherwise have an impact on conductivity, 
therefore, conductivity probably decreases more than expected. 

The model κER.3 gives the most accurate predictions for conductivity 
values in the electrolytes investigated when 

∑
[Minor impurities] is ≥

0.26 g/dm3 in Reference Tankhouse 2 electrolyte, and ≥ 0.19 g/dm3 in 
Reference Tankhouse 3 electrolyte. If the real values of these impurity 
concentrations are less than the specified concentration limits, model 
κER.2 gives the most accurate predictions, although this is unlikely 
because the impurity concentrations are typical for copper electro-
refining electrolytes (Moats et al., 2007). The worldwide average [Sb] 
was reported to be 0.3 and [Bi] 0.2 g/dm3 (Moats et al., 2007, 2016), 
and in 2007 average [Sb] to be 0.4 g/dm3 in Reference Tankhouse 3 
(Moats et al., 2007). When these values – worldwide average for 
Reference Tankhouse 3 and the 2007 value for Tankhouse 2 – were used 
in calculating predictions for the electrolytes, the average results were 
further improved. In addition, the prediction slopes (Table 5) for the 

Table 5 
Slopes, correlation coefficients and constants of the measured (x) vs. predicted 
(y) plots for conductivity of the industrial copper electrolytes. The predictions 
are implemented by models built within this work (Table 4) and by models of 
Price and Davenport (1981) (PD), Devochkin et al. (2015) (D) and Lehtiniemi 
et al. (2018) (KL).  

Measured 
industrial κ (y) 
vs. predicted κ 
with models 
(x) 

Model Measurements N Slope R2 Constant 

Glencore 
Nikkelverk 

κEW.1 cells and lab 45 0.9379 0.9810 26.18  

PD cells and lab 45 1.4423 0.9082 −272.2  
D cells and lab 45 0.8062 0.9721 56.37  
KL cells and lab 45 0.8945 0.9848 12.81  
κEW.1 lab 21 0.9958 0.9975 5.821  
PD lab 21 1.5083 0.8829 −302.3  
D lab 21 0.8227 0.9753 47.88  
KL lab 21 0.9081 0.983 6.240  

Reference 
Tankhouse 
2 

κEW.2 cells, all 51 0.8436 0.6891 71.91  

κER.1 cells, all 51 0.8455 0.6997 74.31  
κER.2 cells, all 51 0.8727 0.6997 62.36  
κER.3* cells, all 51 0.8904 0.6882 52.78  
PD cells, all 51 0.8057 0.5103 105.4  
KL cells, all 51 0.8499 0.7241 69.57  

Reference 
Tankhouse 
3 

κEW.2 cells, all 25 0.8509 0.8159 70.41  

κER.1 cells, all 25 0.8462 0.8044 76.75  
κER.2 cells, all 25 0.8863 0.8221 56.92  
κER.3

** cells, all 25 0.8914 0.8203 54.19  
PD cells, all 25 0.6656 0.5455 184.5  
KL cells, all 25 0.8601 0.8212 65.79  

* [Sb] + [Bi] + [Pb] + [Te] + [Se] assumed to be 0.26 g/dm3. 
** [Sb] + [Bi] + [Pb] + [Te] + [Se] assumed to be 0.19 g/dm3. 

Fig. 2. Measured conductivity values of industrial Cu-EW electrolytes in Glencore Nikkelverk tankhouse and residuals of predicted values based on conductivity 
model κEW.1 and the literature models (Price and Davenport, 1981, Devochkin et al., 2015; Lehtiniemi et al., 2018 (KL)). M refers to make-up electrolytes. 
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Tankhouses 2 and 3 was also found to change to 0.8936 and 0.8942, 
respectively. 

Consequently, model κER.3 is the most accurate in these industrial 
validations – at least within the expected impurity concentration limits. 
Furthermore, when calculated with 

∑
[Minor impurities] 1.11 g/dm3 for 

the evaluations of Reference Tankhouse 2 and 0.81 g/dm3 for Reference 
Tankhouse 3, the predictions were further enhanced as they better re-
flected the measured results. These values were chosen to result in the 

most optimal predictions. The prediction slopes (Table 5) for the tank-
houses also changed to 0.9017 and 0.8997, respectively. Nevertheless, 
these sum term values are slightly higher than the probable real sums of 
these impurity concentrations (Moats et al., 2007) and the speciation of 
the electrolyte components may also have a minor effect. 

Fig. 3. Measured conductivity values and residuals of predicted values of industrial Cu-ER electrolytes in a) Reference tankhouse 2 with 
∑

[Minor impurities] assumed 
to be 0.26 g/dm3 and b) Reference tankhouse 3 with 

∑
[Minor impurities] assumed to be 0.19 g/dm3. The predicted values are based on models κER.2, κER.3, and the 

literature models (Price and Davenport, 1981; Lehtiniemi et al., 2018 (KL)). 

Table 6 
Terms and their coefficients, correlation coefficients and reproducibility (Repr.) values of the density model and the sub-models (Ea and ln A) for viscosity models built. 
The concentrations are in g/dm3.   

Model  Model  Model  Model 

ρ (g/cm3) ρ ln η = ln A + (Ea / R)(1/T) (ln(mPa∙s)) (Eq. (4)) 
For ηc For ηΓ, 

where Ea / R = 1850.4 K  
Ea (J/mol)  ln Ac (ln(mPa∙s))  ln AΓ (ln(mPa∙s))  

Constant 1.018 Constant 14426.5 Constant −5.956 Constant −6.3178 
[Cu] 2.247E-03 [Cu] 19.439 [Cu] 1.123E-03 Γ 6.946E-02 
[H2SO4] 5.111E-04   [H2SO4] 1.526E-03   
[Ni] 2.338E-03 [Ni] 18.759 [Ni] 2.771E-03   
[Fe] 1.717E-03   [Fe] 9.208E-03   
[Co] 1.758E-03   [Co] 7.857E-03   
[As] 9.446E-04   [As] 2.941E-03   
T (◦C) −5.754E-04       
R2 0.9894 R2 0.6159 R2 0.9832 R2 0.9947 
Q2 0.9879 Q2 0.5827 Q2 0.9774 Q2 0.9943 
N 117 N 62 N 64 N 63 
Repr. 0.9933 Repr. 0.8841 Repr. 0.9997 Repr. 0.9936  
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3.3. Density and viscosity models 

The regression models for density and dynamic viscosity (ηc and ηΓ) 
are presented in Table 6. As the viscosity models consisted of sub-models 
for ln Ea and ln A, the R2 values were calculated separately: for ηc the R2 

was 0.9949 and for ηΓ 0.9909. Of these viscosity models, ηΓ was built 
using ionic concentrations (Eq. (3)) based on the work of Asmus (1939) 
and Price and Davenport (1980, 1981), whilst the effects of the 
composition components were modeled separately in model ηc. The 
models were confirmed to be valid with high correlation coefficients and 
reproducibility values (Table 6). Furthermore, the sensitivities of the 
models were similarly tested for conductivity and no excess sensitivity to 
changes in the variables was found. Changes in dynamic viscosity were 
mainly affected by T and [Cu]: independently decreasing T by 15% 
increased viscosity by 16.7% and increasing [Cu] by 15% increased 
viscosity 6.0%, with model ηc. The corresponding increases in dynamic 
viscosity by 15% decrease in T and increase in [Cu] with model ηER,c 
were 16.7 and 6.4%, respectively. All other terms were found to influ-
ence dynamic viscosity to a lesser extent and all terms were found to 
have less impact on density as the sensitivities were similar to those 
found previously (Kalliomäki et al., 2017). In addition, the effect of 
gelatin – and associated degradation products – was investigated sepa-
rately (at concentrations of 5 and 30 mg/dm3). These were determined 
to be insignificant in terms of viscosity (Fig. S3, Table S3, Supplemen-
tary Material). 

For the density model, T (◦C) is used directly as a term, whereas in 
the dynamic viscosity models it was transformed into the form: eEa/RT (e 
(J/mol)/K) so as to follow the convention outlined by De Guzmán (1913) 
(Eq. (4)) (Budtova and Navard, 2015), Price and Davenport (1980) with 
e1890/T and Cifuentes et al. (2008) with e1813.02/T. 

Both viscosity models were valid with high correlation coefficients 
although the Ea values were defined by only two or three temperatures. 
Because the modeled Ea values were utilized, instead of the original 
values, in defining the ln A values for model ηc, ln Ac model has very high 
correlation coefficients. Furthermore, the ln AΓ model for model ηΓ has 
very high correlation coefficients because a constant Ea/R, average of 
the defined values was used in defining the ln A values. This viscosity 
modeling confirmed that T affects viscosity as it obeys Arrhenius-type 
dependencies (Eq. (4)). In addition, the effect of [Cu] and [Ni] on vis-
cosity related Ea was found and roughly evaluated, while the effect of Γ 
on Ea could not be reliably evaluated. Γ was found to increase viscosity, 
although correlation of the equation was low. This suggests that the 
effects of the composition terms in ionic form on Ea are not the same as 
on ηc. Though there is no huge difference between the effects of [Cu] and 
[Ni], the effects of the other terms differ. Based on the initial model 
before refining, [H2SO4] seems to lower Ea but the probability value of 
0.072 was too high (>0.05) to consider this term significant. 

3.4. Validations of the developed viscosity models 

The industrial viscosity validation results of the Cu-EW electrolytes 
are displayed in Table 7 and Fig. 4, while the ranges of [Cu], [Ni], [As], 
[H2SO4], [Fe], [Co] and T in the industrial electrolytes are presented in 
Table 3. As Table 7 shows, the predictive performance of the models was 
very high. In the predictions, the slope tangent was close to 1, correla-
tion values were high and systematic error (constant) low: the per-
centage error was 2.08 ± 0.59 with the model using all concentration 
terms (in g/dm3) and 2.48 ± 0.61 when ionic concentrations were uti-
lized (Eq. (3)). In addition, based on a brief validation for ηc/ρ utilizing 
previous industrial results (N = 3) (from Kalliomäki et al., 2017), the Cu- 
ER model was found to be valid. The viscosity models ηc and ηΓ could 
predict the kinematic viscosity – by including the density model – with 
good accuracy to achieve errors of 1.03–4.21 and −0.07–3.16%, 
respectively. For comparison, an error spread of 1.91–6.16% was found 
when the equations of Price and Davenport were used (Price and 
Davenport 1981). 

The viscosity predictions of ηc/ρ and ηΓ/ρ were shown to be accurate 
(Table 7 and Fig. 4), as were the predictions from models by Price and 
Davenport (1981) and Kalliomäki et al. (2017). However, the models of 
Price and Davenport and Kalliomäki et al. were not able to accurately 
predict viscosities of the make-up solutions at 50 and 70 ◦C. Addition-
ally, the prediction slopes of those models were further from 1 and the 
systematic error values higher (Table 7). The issue with the make-up 
solutions most probably results from the wider range of concentra-
tions in industrial electrolytes (Table 3) than in their DOE. Similarly, the 
incompatible concentration ranges caused error in predictions with 
models by Devochkin et al. (2015) and Kalliomäki et al. (2017). In 
contrast, ηc/ρ and ηΓ/ρ gave the most accurate predictions also for the 
make-up solutions. Model ηΓ/ρ had the best prediction slope close to 1, 
second lowest systematic error and the best correlation when consid-
ering all the data, including make-up data, although it also systemati-
cally predicted slightly too high viscosities. This is in contrast to 
predictions with the model by Devochkin et al. (2015) that predicted too 
low viscosity values. The prediction slope of the model by Devochkin 
et al. (2015) was very good and the systematic error the lowest while the 
R2 was lower than for the other models. The error with ηΓ may be due to 
uncertainty of the accurate concentrations of the sulfates in industrial 
electrolytes because they were not analyzed. Consequently, sulfates and 
oxides were needed to be considered when calculating Γ (Eq. (3)) for the 
synthetic electrolytes. The model would probably have predicted the 
viscosity values more accurately if the precise speciation were known. 
The effect of the sulfates can be assumed to have some impact because 
major solution components were in sulfate form while only As was in 
oxide form. Thus, the effect of oxides can be assumed negligible as the 
[As] in the industrial EW electrolytes was very low (Table 3). Hence, ηc/ 
ρ can be regarded as a slightly more reliable model within a wide range 
of viscosity values when accurate sulfate concentrations are not known. 

4. Conclusions 

This work introduces refined regression models for predicting con-
ductivities, viscosities and densities of industrial copper electrolytes 
over wide concentration ranges. In addition, the effects of the main 
compositional components were established and the combined effects of 
metal concentrations and [H2SO4] on conductivity were verified. The 
combined effect of [As] and [H2SO4] on conductivity was further 

Table 7 
Slopes, correlation coefficients and constants of the measured (x) vs. predicted 
(y) plots for kinematic viscosity of the industrial Cu-EW electrolytes. The pre-
dictions are implemented by models built within this work (Table 6) and by the 
literature models of Price and Davenport (1981) (PD), Devochkin et al. (2015) 
(D) and Kalliomäki et al. (2018) (K).  

Measured 
industrial ν (y) 
vs. predicted ν 
with models 
(x) 

Model Measurements N Slope R2 Constant 

Glencore 
Nikkelverk 

ηc/ρ lab, all 43 1.0456 0.9896 −0.0578  

ηΓ/ρ lab, all 43 1.0248 0.9943 −0.058  
PD lab, all 43 0.9094 0.9860 0.0834  
D lab, all 43 1.0353 0.9799 0.0185  
K lab, all 43 1.1134 0.9924 −0.0801  
ηc/ρ lab, no make- 

up 
36 1.0140 0.9956 −0.0341  

ηΓ/ρ lab, no make- 
up 

36 1.0195 0.9955 −0.0532  

PD lab, no make- 
up 

36 0.9523 0.9911 0.0446  

D lab, no make- 
up 

36 0.9737 0.9914 0.066  

K lab, no make- 
up 

36 1.0857 0.9965 −0.0591  
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confirmed by additional conductivity measurements with solutions that 
contained As2O5 and H2SO4. Furthermore, the sum effect of minor im-
purities – which decrease conductivity – was revealed, whereas, in 
contrast, the presence of gelatin was clearly demonstrated to have an 
insignificant effect on either conductivity or viscosity. This knowledge of 
the compositional components in copper electrolytes will enable 
advanced predictions of the solution properties in industry. 

Overall, the conductivities and viscosities of industrial Cu-EW and 
Cu-ER electrolytes can be predicted very accurately with the models 
built in this work. The most accurate predictions for conductivity for 
industrial Cu-EW and Cu-ER electrolytes determined by this work were 
obtained by utilizing models κEW.1 and κER.3, respectively. For viscosity, 
both ηc and ηΓ models with ρ model offered very accurate predictions for 
kinematic viscosity, particularly model ηc., for electrolytes in both Cu- 
EW cells and make-up tanks. Consequently, the improvements to accu-
racy provided by these models mean that they can be used as tools for 
optimizing the electrolysis processes in industrial tankhouses and in 
other operations that use concentrations within the ranges investigated 
in this work. 
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Kalliomäki, T., Aji, A.T., Rintala, L., Aromaa, J., Lundström, M., 2017. Models for 
viscosity and density of copper electrorefining electrolytes. Physicochem. Probl. 
Miner. Process. 53 (2), 1023–1037. 
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