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Dendritic Cathode Growth during Copper 
Electrorefining in the Presence of Solid 
Particles 
Z. Mubarok, I. Filzwieser, P. Paschen 
 
Series of lab scale electrolysis tests have been done to investigate the effects of the presence of various 
kinds and amounts of solid particles in the electrolyte on the dendrite growth behaviour. Two types of 
barium sulphate (i.e. “Barytmehl N” and “Blanc Fixe”), silica and anode slimes were added into the 
electrolyte. Experimental results show that among three different types of mould coating materials, 
Barytmehl N exhibits the highest susceptibility in inducing dendrite growth and short circuiting in the 
cell, followed by Blanc Fixe and silica. Regardless the other parameters considered for selecting the 
mould coating materials, the use of silica is likely better than barium sulphate for minimizing the 
possibility of dendrite growth induced by the solids inclusions in the cathode. In the presence of 
suspended anode slimes, the size of particles has a decisive influence, beside its chemical composition. 
Impurity elements from the anode slimes most frequently detected at the roots of dendrites are Ag, Se, Te 
and Pb. Barium sulphate from the mould coating transferred into the anode slime was also found at the 
root of dendrites. Microstructure analysis results identified the formation of coarse grains prior to the 
growth of dendrites in the presence of all kinds of solids.         
Keywords: cathode, dendritic growth, buds,  solid particles, inclusions.  
 
Kathodische Dendritenbildung bei der Kupferraffinat ionselektrolyse in Gegenwart von 
Feststoffen  
Es wurden Serien von Versuchen durchgeführt zum Einfluss verschiedener Feststoffteilchen im 
Elektrolyten auf Bildung und Wachstum von Dendriten an der Kathode. Hierzu wurden zwei Sorten 
Bariumsulfat („Barytmehl N“ und Blanc fixe), Silika und Anodenschlamm dem Elektrolyten beigefügt. 
Von den drei verschiedenen Formenschlichtenmaterialien erwies sich Barytmehl N als dasjenige mit der 
höchsten Anfälligkeit der Verursachung von Dendritenwachstum und Kurzschlüssen, gefolgt von Blanc 
fixe und Silika. Ungeachtet anderer Auswahlkriterien für die Kokillenschlichte erscheint Silika besser 
geeignet als beide Bariumsulfate, ein Dendritenwachstum durch Feststoffeinschlüsse im katodischen 
Niederschlag zu minimieren. Bei Anodenschlämmen ist die Partikelgröße genauso entscheidend  wie die 
chemische Zusammensetzung. Verunreinigungselemente aus dem Anodenschlamm, die an der 
Dendritenwurzel eingelagert sind, sind Silber, Selen, Tellur und Blei. Auch Bariumsulfat konnte in 
Schliffbild und Analyse nachgewiesen werden. Mikrostrukturanalysen zeigten eine Grobkornbildung vor 
dem Beginn des Dendritenwachstums im Falle aller Sorten von Feststoffteilchen.
Schlüsselwörter: Kathode, Dendritenwachstum, Knospen, Feststoffpartikel, Einschlüsse 
 
1.   Introduction 

The solid particles inclusion in the cathodic deposition is believed to be one of the main causes of 
dendrites growth at the cathode during copper electrorefining [2,5]. When foreign particles are in contact 
with the growing crystal surface, they serve as “substrates” for two dimensional (2D) nucleation [4]. 
Consequently, the local growth rate of the surface will be enhanced and grain roughening starts. The 
generation of a new layer took place via 2D nucleation processes indicated by a formation of elongated 
crystals in the direction of the electric field. Dependent on their amount and size, the presence of the solid 
particles at the grain boundaries can cause surface instability of the growing layer and a growth 
disorientation of the crystals [4]. These mechanisms initiate the growth of dendrites. At low contents, the 
presence of solids may result only in a grain roughening without a significant growth of the dendrite.  
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Insoluble solid particles in the electrolyte of the copper electrorefining may originate from three main 
sources: from the anode, from the anode slime and from the material for surface mould coating (used in 
anode casting). The solid particles originating from the anode for instance are lead as PbSO4, PbO as well 
as Pb-As-Cu mixed oxides. The amount of these solids in the electrolyte is dependent on the content of 
the respective elements in the anode. Part of these solid particles from the anode are transported into the 
anode slime and others can go to the electrolyte. Beside the main part that is sinking down to the bottom 
of the cell, some of the anode slime particles are suspended in the electrolyte. Consequently the 
conditions which enhance the suspension of the particles, such as increased density or viscosity of the 
electrolyte, the evolution of gases at the anode and a high slimes fall indirectly increase the susceptibility 
of the dendrite growth at the cathode [5].  At certain conditions floating anode slime can also be formed 
near the surface level of the electrolyte [6].  

Generally, there are two kinds of materials widely used in world-wide copper refineries for surface mould 
coating: barium sulphate (BaSO4) with different brands and silica (SiO2). Barium sulphate is more often 
used due to its easy accessibility and low price per kg. Some other parameters considered for selecting 
mould coating materials are consumption rate, mould life expectancy, density of the material (lower 
density means easier material handling and more homogenous mixing), anode porosity and anode 
impregnation by the coating material. Basically, the use of surface mould coating is to maintain the 
mould, forming a protective layer against the liquid copper with a temperature above 1100 °C.  Part of 
these surface coating materials cling to the anode and during electrolysis they are partly transferred into 
anode slime and partly go into the electrolyte. Insoluble barium sulphate and silica in the electrolyte can 
be transported to the cathode by the electrolyte flow and can be entrapped in the cathodic deposition 
which results in the growth of buds and dendrites. Relatively little attention (indicated by the lack of 
published articles on this subject) has been given on the effect of these surface mould coating materials on 
the dendrite growth at the cathode due to inclusion of these materials in the cathodic deposition. 

In this study, cathode morphology and dendrite growth behaviours in the presence of various kinds and 
amounts of solid particles are discussed. Microstructure of the copper deposit and solid particles inclusion 
behaviour were analyzed by optical microscope, Raster Electron Microscopy (REM) and Energy 
Dispersive X-Ray (XRD). The tendency of different types of mould coating materials (i.e. Barytmehl N, 
Blanc Fixe and silica) in inducing dendrite growth was compared. The major constituents from two 

different anode slimes being entrapped in the cathodic deposition were clarified. 

 
2. Experimental set-up and parameters 

The experiments were conducted in a five litre beaker glass. One anode and one cathode were used. The 
anode was prepared from a pure electrolytic copper with a dimension of  13 x 10 cm² and the cathode was 
stainless steel plate with 16 x 13 cm². The polished cathode had an active surface immersed in the 
solution of  105.5 cm² (the back side was isolated with macrolon and the bottom-edge with wax). The 
distance anode-cathode was 2 cm. The temperature of the electrolyte was kept constant at 65 °C using an 
electric heater equipped with thermostat. A Marriot bottle filled with distilled water was installed to 
balance the evaporation loss of the solution during electrolysis. The use of the electrolytic copper as the 
anode provided always the same chemical and physical quality, thus the parameter affecting the dendrite 
growth is only the presence of solid particles in the electrolyte.  

Two brands of barium sulphate were supplied by Northdeutsche Affinerie, silica by Umicore. Two types 
of anode slimes were produced from the own experiments in the semi-technical scale done in our 
laboratory using two different industrial anodes. The collected anode slimes were dried without washing 
and balanced before being added into the electrolytes. Chemical compositions of the anodes and the 
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anode slimes are given in Table 1 and Table 2. In order to provide an even and uniform distribution of the 
solid particles in the electrolyte, the solid particles were charged into the solutions and stirred for 24 hours 
prior to starting of the experiments. Duration of the electrolysis was 24 or 48 hours. The decision of 
whether to run the electrolysis for 24 or 48 hours was based on the observation of the surface condition of 
the copper deposit. If dendrites had already significantly grown after 24 hours, the experiments were not 
continued until 48 hours. 

Electrolytes containing 175 g/l H2SO4, 45 g/l Cu2+, 10 g/l Ni2+ and 50 mg/l Cl-  were used, the ratio of 
gelatine/thiourea was 53/55 g/tCu. This additive dosage had been found from previous investigations to be 
one which resulted in a smooth deposit [1]. The additives solution was added continuously 24 hours prior 
to the starting of the electrolysis and during the electrolysis using a peristaltic pump. Electrolyte 

circulation was three bath exchanges per hour (~ 40 ml/minute). Test series were carried out under current 
densities of 350 A/m2. The details of the kinds and amount of solids being added into the electrolyte is 
given in Table 3.  

 
Anode /[ppm] Pb Bi As Sb Se Te Sn Ni Ag Au O Zn 

A 1200 100 900 500 400 110 - 3500 2000 60 2000 - 
B 65 216 2698 102 428 166 - 3100 304 - 1700 - 

Table 1: Chemical compositions of anode A and anode B for producing the anode slimes used in the experiments 
 

Anode slime / [%] Cu Pb Bi As Sb Se Te Sn Ni Ag Au H2O 
A 13.4 10.2 0.7 1.9 3.6 3.6 1.6 - 1.7 21.8 - 0.18 
B 32.5 1.9 1.2 4.2 0.66 7.6 2.8 - 3.0 5.2 - 0.08 

Table 2: Chemical compositions of anode slime A and anode slime B  

 
Investigation Kind of solids Amount 

1 No solids - 
2 No solids - 
3 BaSO4 Barytmehl N 1 mg/l 
4 BaSO4 Barytmehl N 10 mg/l 
5 BaSO4 Barytmehl N 100 mg/l 
6 BaSO4 Barytmehl N 1 g/l 
7 BaSO4 Blanc Fixe 1 mg/l 
8 BaSO4 Blanc Fixe 10 mg/l 
9 BaSO4 Blanc Fixe 100 mg/l 
10 BaSO4 Blanc Fixe 1 g/l 
11 SiO2 1 mg/l 
12 SiO2 10 mg/l 
13 SiO2 100 mg/l 
14 SiO2 1 g/l 
15 Anode slime A 1 mg/l 
16 Anode slime A 10 mg/l 
17 Anode slime A 100 mg/l 
18 Anode slime B 1 mg/l 
19 Anode slime B 10 mg/l 
20 Anode slime B 100 mg/l 

Table 3: Various kinds and amounts of solids being added in the electrolyte  
 

3. Results and Discussion 

Electrolysis tests without the presence of solid particles resulted in smooth deposits with no dendrites 
formation. This result guarantees that on the same conditions, dendrite growth in the following 
experiments with the presence of solid particles will not be affected by the other electrolysis parameters, 
for instance due to improper inhibition. Surface appearances of copper deposits from the experiments 
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with the presence of two different types of BaSO4 (Barytmehl N and Blanc Fixe) are presented in Figure 

1 and Figure 2. For both types, dendrites started to grow significantly at a BaSO4 content of ³  10 mg/l. At 
barium sulphate contents of 1 mg/l, insignificant dendrite growth occurred at the edge of the cathode due 
to a high local current density at this area. Increasing the content of BaSO4 resulted in the increase of the 
dendrite size and population, with the exception at 100 mg/l Type N, which has a lower dendrite 
population but bigger size than that at 10 mg/l (see Figure 1.c). In the presence of both BaSO4 types, 
shorts occurred at solid contents of 1 g/l, after 24 h. The dendrites from the experiments in the presence of 
Barytmehl N were thicker than those from the experiments with Blanc Fixe. Experiment with the 
presence of 100 mg/l Barytmehl N resulted in shorts after 40 h. With the same amount of Blanc Fixe in 
the electrolyte, no shorts occurred after 48 h of electrolysis. These results indicates that Barytmehl N has 
more susceptibility in inducing shorts than Blanc Fixe. 

 

    

(a) (b) (c) (d) 
Figure 1: Surface appearances of copper deposits from the experiments with the presence of various amounts of 

BaSO4 (Barytmehl N type): (a) 1 mg/l, (b) 10 mg/l, (c) 100 mg/l and (d) 1 g/l 

    
(a) (b) (c) (d) 

Figure 2: Surface appearances of copper deposits from the experiments with the presence of various amounts of 
BaSO4 (Blanc Fixe) type: (a) 1 mg/l, (b) 10 mg/l, (c) 100 mg/l and (d) 1 g/l 

Typical microstructures of dendrites (from the experiments with the presence of 100 mg/l Barytmehl N 
and Blanc Fixe) are presented respectively in Figure 3 and Figure 4. It can be seen that rough columnar 
crystals are formed prior to the growth of the dendrites. The formation of rough columnar crystals 
occurred due to an enhancement of two-dimensional nucleation by the presence of BaSO4 particles on the 
surface of the growing copper deposit. Consequently, a formation of a new layer did not take place via 
three-dimensional nucleation (generation of new nuclei). If these particles remain on the surface and are 
included in the copper deposit, it will promote surface instability. Dendrites start to grow as the growth 
orientation of the deposit changes into normal direction to the substrate. At low contents, the presence of 
solids may result in rough surface without dendrite formation. REM and EDX analyses of the dendrites 
detected the inclusion of BaSO4 at the copper matrix and at the grain boundaries, see Figure 5.  
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(a)                          (b) 

Figure 3: Microstructures of a dendrite from the experiment with the presence of  100 mg/l Barytmehl N:  
(a) the whole thickness,  (b) at the area near the stainless steel sheet showing a growth disorientation of the deposit 

 

 
Figure 4: Microstructures of dendrites from the experiment with the presence of  100 mg/l Blanc Fixe 

 

        

 

 
Figure 5: (a) REM analysis result at the root of the dendrite from the experiment with the presence of  

1 g/l Blanc Fixe,  (b) EDX analysis result at a location marked by spectrum 1 in (a) 
 

Surface appearances of copper deposits from the experiments with the presence of 1 to 1000 mg/l silica 
are presented in Figure 6. The presence of SiO2 in the electrolyte did not influence cathode morphology as 

significant as BaSO4. There grew only some smaller dendrites and no shorts occurred during 48 h 
electrolyses. This experimental result shows that silica has a lower susceptibility in inducing dendrite 
growth at the cathode than barium sulphate. Regardless the other parameters considered for selecting the 

grain 

boundary 

grain 

BaSO4 



 6 

mould coating materials, the use of silica is likely better than barium sulphate for minimizing the 
possibility of dendrite growth at the cathode due to the inclusions of these insoluble solids. Typical 
microstructure and EDX analysis results of a dendrite from the experiment with the presence of 100 mg/l 
SiO2 are presented in Figure 7. As in case of the microstructures of the dendrites from the experiments 
with the presence of BaSO4, a growth of coarse grains was identified prior to the growth of the dendrite. 
Entrapped SiO2 has finer size than BaSO4 and this seems to have a relation with the extent of the dendrite 
growth.  

 

    
(a) (b) (c) (d) 

Figure 6: Surface appearances of copper deposits from the experiments with the presence of various amounts of 
silica: (a) 1 mg/l, (b) 10 mg/l, (c) 100 mg/l and (d) 1 g/l 

 

                   
                      (a)      (b) 

Figure 7: (a) Microstructure of a dendrite from the experiment with the presence of 100 mg/l SiO2  

(b) REM analysis result showing SiO2 inclusion  

Electrolysis tests with the addition of two different anode slimes resulted in significant dendrites 
formation at solid concentrations of 10 – 100 mg/l.   REM and EDX analysis results of the dendrites from 
the experiment with the presence of 100 mg/l of anode slime A and anode slime B are presented in Figure 
8 and Figure 9. Impurity elements from the anode slime A, detected at the root of the dendrite, are Ag, Se, 
Te, Pb and O. Tiny bright particles were identified as Ag, ring-like particles as Se and Te and small round 
particles as Pb. The analysis results are in accordance with previous investigations [2,5]. It has been 
reported that the three main constituents from the anode slime detected at the root of the nodules from the 
industrial cathodes are silver powder (Ag), lead sulphate (PbSO4) and copper selenide (Cu2(Se,Te)) [5]. In 
addition to these three main constituents of anode slime, BaSO4 particles were also detected at the root of 
the dendrites as can be seen in Figure 10. Its morphology is similar to that detected at the root of the 
dendrites from the experiments with the addition of BaSO4. This result shows that barium sulphate from 

SiO2 
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the material of surface mould coating being transferred into the bulk anode slime has also a susceptibility 
to be entrapped in the cathodic deposition together with the other constituents. It is known that the 
refinery from where anode A was obtained uses BaSO4 for mould coating material in the anode casting. 

Impurity elements detected at the root of the dendrite in the presence of 100 mg/l anode slime B are Ag, 
Se, Te, O and S. The morphology of the entrapped particles is generally similar to that at dendrites from 
the experiment with the presence of anode slime A, with smaller size. It was reported that the size of the 
anode slime clusters being entrapped in the cathode is more decisive than the composition of the anode 
slime in determining the extent of the dendrite growth [5]. Experimental results show that after 24 h the 
dendrite from the experiment with the presence of 100 mg/l of anode slime B (with finer anode slime 
particles detected at the root of the dendrite) has a shorter length than the dendrite from the experiment 
with the presence of 100 mg/l of anode slime A. At the presence of 100 mg/l anode slime A, some 
dendrites reached 10 mm length after 24 h and only 5 mm length at the presence of anode slime B. 

       
Figure 8: (a) REM analysis result at the root of the dendrite from the experiment with the presence of 

100 mg/l anode slime A, (b) EDX analysis result at a location marked by spectrum 1 in (a) 

The differences of the solid inclusions at the roots of the dendrites from the experiments with the presence 
of the two types of the anode slimes are BaSO4 and Pb. BaSO4 was not detected at the root of the dendrite 
from the experiment with the presence of anode slime B, although the refinery from where the anode B 
originated uses also BaSO4 as mould coating. Comparing with anode slime A, anode slime B has a much 
lower content of Pb (see Table 1) and it is understandable that Pb was not detected at the dendrite samples 
from the experiments with the presence of anode slime B.  Special remark can be given to Ni and As. 
Both anodes have a relatively high Ni content, but the content of these elements in the anode slimes is 
low. It indicates that very low amounts of Ni combined with other elements to form compounds (e.g. Cu-
Sn-Ni oxide, NiO, (Cu,Ni)SO4.nH2O) which were transported to the anode slime. Furthermore, no nickel 
was detected at the roots of the dendrites at the presence of both anode slime types. A similar behaviour is 
likely exhibited by As. As can be seen in Table 1 and Table 2, although anode B has a significantly high 
content of As, the percentage of As in anode slime B is not the highest (lower than Ag and Se) and As 
was not detected at the root of the dendrite at the presence of anode slime B. Arsenic present in the anode 
slime is mainly in form of Cu-Sn-arsenate and Cu-Pb-As-Bi oxide [5]. 

 

Pb 
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Figure 9: (a) REM analysis result at the root of the dendrite from the experiment with the presence of 

100 mg/l anode slime B, (b) EDX analysis result at the area marked by spectrum 2 in (a) 

 

   
Figure 10: (a) REM analysis result at the root of the dendrite from the experiment with the presence of  

100 mg/l anode slime A, (b) EDX analysis results at the area marked by spectrum 2 in (a)  

 

3. Conclusion 
 
The cathode quality was getting worse by the increase of solid particles content in the electrolyte (with 
the exception of silica). Microstructure analysis results indicate that the presence of solid particles 
facilitates the formation of coarse grains which further induces the growth of dendrites. The morphology 
of the dendrites was related with the kind of particles being added. The dendrites from the experiments 
with the presence of barium sulphate Barytmehl N type were thicker than those from the experiments 
with the presence of Blanc Fixe. The presence of silica in the electrolyte did not influence cathodic 
deposition as significant as barium sulphate. No big dendrites grew and no shorts occurred during 48 h 
electrolyses. For minimizing the possibility of dendrite growth at the cathode induced by solids inclusions 
the use of silica seems to be better than barium sulphate. The major constituent of the anode slimes tend 
to be entrapped in cathodic deposition and induce the growth of dendrite are Ag, Pb, Se, Te and barium 
sulphate. The size of the particles being entrapped in the cathodic deposition has a decisive role on the 
extent dendrite growth.     
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