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ABSTRACT 

S~dzimir, J. and Gumowska, W., 1990. Influence of electrolysis variables on the passivation time 
of copper anodes in copper electrorefining. Hydrometallurgy, 24:203 217. 

In the present work it is assumed that passivation of copper anodes is due, in sulphate solutions, 
to the precipitation of a copper sulphate layer on the surface. An equation describing dependence 
of the passivation time on the current density has been established under some simplifying 
assumptions. 

The influence of the current density, solution composition, temperature and the solution flow 
rate on the passivation time has been investigated. 

Experimental data are consistent, to a large extent, with the semi-empirical equation for pas- 
sivation time suggested by the authors. 

INTRODUCTION 

A sudden rise of the anode potential (passivation) is occasionally observed 
during the process of copper electro-refining. This produces several deterio- 
rating effects including an increase in cell voltage and an increase in energy 
consumption. Another consequence is the rise of the silver concentration in 
the electrolyte which is followed by a parallel rise of silver content in the cath- 
odic copper [1,2]. Passivation has also been suggested to be a contributor to 
slime formation and thus to an increase of As and Sb content in the cathodic 
deposit and to the formation of excrescences on its surface [3-5]. 

Passivation is widely attributed to a decrease of the anode active area in- 
duced by the precipitation of copper sulphate [6-10]. It is also widely accepted 
that Ag, Pb and Ni, present as impurities in the anode copper, foster this pro- 
cess [1,11-17]. 

The susceptibility of the anode copper to passivation is often expressed by a 
"passivation time" t,. This is a period of time after which, at constant applied 
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current density, a sudden increase of the anode potential occurs. In general, 
the smaller the current density, the longer the passivation time. The nature of 
the curves showing this dependence suggests that below a certain current den- 
sity which depends on the electrolysis conditions, passivation does not occur. 
This threshold value will be called a "permissible current density ipr" in the 
following text. Note that it differs from the critical current density icp deter- 
mined by the so-called galvano- or potentio-static experiments (Fig. la, b). 

In the truly static experiments, after each change of the independent vari- 
able, one should wait until the other reaches its constant value. This sometimes 
takes several hours. In practice however, independent variables are commonly 
changed in pre-programmed steps in arbitrarily chosen time intervals, usually 
of short duration. As a result the values of the dependent variables do not 
correspond to their true steady-state values. The experiment performed in this 
way is in fact quasistatic and thus the values of icp determined are in conse- 
quence greater than values of ipr. Departures from the steady state are even 
larger in the dynamic experiments (Fig. lc). 

Another factor which is an obstacle in the application of so determined i,.p 
values in the discussion of copper anodes behaviour, in the process of electro- 
refining, is the formation of the slime layer on the anode. This layer is princi- 
pally composed of lead sulphate, cemented silver and fine grain copper powder. 
It grows as the anode dissolves and thus diminishes the active part of the anode 
surface. The transport of copper ions from the anode into the bulk of the so- 
lution is hindered by this layer. In effect it fosters precipitation of copper sul- 
phate on the anode. The amount of slime is proportional to the mass of anod- 
ically dissolved copper and the latter is determined by the charge passed. As a 
result the formation of slime layer depends on the way in which experiments 
are performed. 

The paper presented is a summary of some previous investigations on the 
influence of the temperature and copper concentration on the passivation time 
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Fig. 1. Passivation of anodes. Experiments performed: a. potentiostatistically; b. galvanostatically; 
c. potentio- or galvano-dynamically. 
ic~) -- critical passivation current, ip = passivation current, e(.p = critical potential of passivation. 
Critical values i*p and e*p determined in the dynamic experiments depend on the rates of change 
de/dt or di/dt of the independent variables. 
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[ 18-20 ]. In addition it contains data concerning the influence of sulphate ion 
concentration and the rate of electrolyte flow, on tp. All these data have been 
used in this paper to verify a semi-empirical equation which the authors have 
established on the basis of an assumed model of the process. 

EQUATIONS DESCRIBING DEPENDENCE OF THE PASSIVATION TIME ON THE 
CURRENT DENSITY 

The dependence of the passivation time on the anodic current density is 
sometimes described by the empirical Eq. 1 [13,14,21 ]. 

log t,=al + bilog iA (1) 

An at tempt to modify this equation, in such way that  it expresses the fact 
that  below a certain value of iA passivation does not occur, leads to the revised 
Eq. 2. 

log tp=a2 +b21og(iA --ipr) (2) 

Statistical analysis of experimental results indicates that  Eq. 2 describes the 
investigated dependence better than Eq. 1 [20]. However, both equations are 
empirical and as such lack fundamental justification. 

An at tempt has been made to obtain an equation which describes the depen- 
dence of tp on iA on the basis of the suggested mechanism of the process [ 18- 
20 ]. It has been assumed that  passivation occurs when the copper ion concen- 
tration in the vicinity of the anode surface attains the value corresponding to 
the saturation point of the copper sulphate. The simplest case, i.e. anodic dis- 
solution of pure copper, is discussed. The assumed scheme is presented in Fig. 
2. 

In this figure Ji, the rate of anodic dissolution, is proportional to the current 
density; J u  is the flux of the copper ion transport  from the anode to the bulk 
of solution. When J~>Ju then C*, the concentration of copper ions in the 
vicinity of the anode surface, rises gradually to the saturation value C~. 

Several simplifying assumptions, presented below (a-d), are necessary to 
obtain Eq. 3 below. 

(a) Existence of a diffusion layer g of constant thickness is postulated. Tak- 
ing into account the geometry of the cell and of the electrolyte flow, which 
imitate the conditions of the refining process, the concept of the diffusion layer 
has no precise physical meaning. The symbol ~ in the equations presented 
should be treated as a coefficient which, as in the case of the diffusion layer, 
decreases with the diminishing viscosity of the solution and also with the rise 
of its flow rate. 

(b) It is assumed that  the transport  of copper ions in the vicinity of the 
anode surface is determined solely by diffusion. Migration is neglected on ac- 
count of the high sulphuric acid concentration in the refining electrolyte. 
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Fig. 2. Hypothet ical  dis t r ibut ion of copper ions in the  vicinity of the  anode surface. 
Cs = concentrat ion of copper ions in saturated solutions, Co = concentra t ion of copper ions in the 
bulk of the solution (practically cons tan t  throughout  the electrolysis), C* = concentra t ion of cop- 
per ions at  the anode surface at  the t ime t and respectively C* + dC* at  the t ime t + dt, ~=  diffusion 
layer, J =  flux of the copper ions. 
Boundary conditions: t = O, C* = Co; t ~  tp, C* --~ Cs. 

{C) A linear drop of copper ion concentration is assumed in the diffusion 
layer, as well as independence of the coefficient D on concentration. 

(d) It is assumed that the whole surface of the anode is equally accessible to 
the passivation process. 

(e) The constant value of J1 is due to the fact that the experiments are 
performed galvanostatically. 

Copper ion concentration in the bulk of the solution Co has been kept con- 
stant during the experiments (soluble anode). 

Equation 3 is obtained after taking all these assumptions into account. 

DzF ( c " - C s ) I + I = e x p ( - ~  t" ~A (3) 

This equation includes the idea of the permissible current: 

DzF 
lim i A = ~ - ( C s - C o )  = i p r  (4) 

tp ~ 

Pomosov and collaborators have obtained a similar equation in a different way 
[4,21]. 

Combination of the Eqs. 3 and 4 leads to Eq. 3a 

= - 2.30252tp = b3tp (3a) 

These equations can be verified in several ways. 
(a) It follows from Eq. 3a that, at constant temperature, concentration of 



INFLUENCE OF ELECTROLYSIS ON PASSIVATION TIME OF COPPER ANODES 207 

reagents, flow rate of the solution, i.e. when ipr is constant, the passivation time 
should be a linear function of log (1 - i,r/iA ). 

(b) Equation 4 indicates that ipr should be a linear function of copper con- 
centration in the electrolyte Co, when all other variables are kept constant. 

(c) The concentration of copper C~, in solutions saturated with CuS04, de- 
pends on the total concentration of the sulphate ions ~Cs04 (introduced into 
the solution with CuS04 and with H2S04), and on temperature. At constant 
temperature is C~ = I~ ~ Cs04, where I is the solubility product of CuS04. Taking 
this last fact into account one can transform Eq. 4 into Eq. 4a. 

2 C s o  4 Co) (4a) 

This implies that when Co, temperature and other variables are kept constant, 
ipr should be a linear function of the reciprocal value of YCso4. 

(d) The determination of C~ and ipr values at different temperatures pre- 
sents the possibility of verifying Eq. 4. An obstacle is that both D and 5 depend 
on temperature, D rises and 3 decreases as temperature is increased. 

Assuming that the thickness of the diffusion layer ~ is proportional to the 
viscosity of the solution, and taking into consideration the dependences of 
viscosity and diffusion coefficient on temperature: ~/= ~/0 exp ( a /T) ;  D = Do 
e x p ( - f l / T ) ,  one can transform Eq. 4 in the form (4b). 

ipr b4 
log C~ -Co -- a4 T (4b) 

(e) The coefficient ~ representing the thickness of the "diffusion layer" 
should decrease with the rise of the flow rate of the electrolyte. Hence it follows 
from Eq. 4 that ipr should rise when the flow rate increases. 

E X P E R I M E N T A L  

Experimental conditions were chosen to mimic the industrial process of cop- 
per electrorefining. 

Two series of experiments were performed at constant temperature. The 
first series was done with solutions of constant sulphate ion concentration 
~Cso4 ca. 2.43 M and of different concentrations of copper ions 0.16-0.94 M; 
i.e. ca. 10-60 g Cu l-1. The second was done in solutions of constant copper 
concentration 0.63 M i.e. ca. 40 g Cu l-  1 and of different sulphate ion concen- 
trations ca. 0.85-2.43 M. 

All chemicals used were of analytical grade. The anode (30 × 30× 10 mm) 
was cast from electrolyte copper. It was situated in the middle of the cell be- 
tween two cathodes (60 × 60 mm) which were 90 mm apart. 

The cell contained 11 of solution circulating at a rate of 13.51 h -  1. One series 
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was performed at 6.8 1 h -  1. The flow rate of the electrolyte was greater than in 
industrial processes. Electrolyte was pumped from the bottom of the cell and 
delivered to the surface at the opposite corner. 

The rotating disc method, which usually allows quantitative description of 
the transport  rate, was unfortunately useless in the experiments performed. 
The roughness factor of the anode surface, at current  densities of several 
hundreds of A m -~, rises rapidly with the time of electrolysis. It makes a dis- 
cussion of the process in terms of the rotating disc theory impossible. 

The current  density, calculated with respect to the geometric area of the 
anode, was kept constant within + 4 A m-2. The potential difference between 
the electrodes was measured and registered continuously. Passivation was an- 
nounced by a sudden rise of this parameter. 

RESULTS AND DISCUSSION 

Some examples of the experimental results are presented in Figs. 3 and 4. 
Each point in these figures represents an average of between 2 and 6 experi- 
ments. Results of all experiments were used to calculate the data which are 
collected in Table I. 

The curves in Figs. 3 and 4 seem to indicate that  below a certain value of the 
anodic current  density, which depends on concentration, temperature etc., 
passivation does not occur. 

Attempts were made to verify, on the basis of experimental data, the depen- 
dence of tp on iA indicated by Eq. 3a. To do this the values of ipr for each series 
of experiments needed to be known. Determination of these values from the 
curves shown in Figs. 3 and 4 was inaccurate. To overcome this obstacle a 
statistical method was applied. Different, arbitrarily chosen, ipr values were 
introduced into Eq. 3a. It was found that  for each series of experiments a char- 
acteristic ipr value existed which corresponded to the maximum value of the 
correlation coefficient. The results of these calculations, for a series of exper- 
iments performed in solutions of different concentrations of copper ions, are 
presented in Fig. 5. The derived ipr values, for all series of experiments, are 
shown in Table I. 

The high values of the correlation coefficients seem to confirm the existence 
of the dependence of log (1 - / , r / iA  ) on tp, predicted by Eq. 3a. 

The linear dependence of ipr on copper concentration in the solution C,, 
presented in Fig. 6, is also in agreement with Eq. 4. 

Figure 7 shows the dependence of ipr on the reciprocal values of the total 
concentration of sulphate ions. Linearity, which follows from Eq. 4a, is fulfilled 
when the concentration of H2SO4 in the electrolyte is higher than 0.2 M. It 
may be that  the sudden decrease of ip~, observed in the solutions of low acid 
concentrations, occurs as the result of the coprecipitation of hydroxysalts, or 
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Fig. 3. Dependence  of  the  pass iva t ion  t ime of  the  copper  anodes  on the  cur ren t  densi ty,  in solut ions 
of  d i f ferent  copper  ion or  su lphate  ion concen t ra t ions .  
Curves 1 3; XCso, =2 .43  M and  concen t ra t ions  of  copper  respect ively 0.94, 0.63 or 0.16 M (ca. 
60, 40 or 10 g Cu l -  1 ). 
Curves 2 and  4: Co = 0.63 M (ca. 40 g Cu I 1 ), concen t ra t ion  of  sulphate  ions ~ Cso4 = 2.43 or 1.23 
M. Tempera ture :  30°C,  solut ion flow rate: 13.5 1 h '. 
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Fig. 4. Dependence  of t he  pass iva t ion  t ime of  the  copper  anodes  on the  cur ren t  densi ty.  Resul ts  of 
expe r imen t s  pe r fo rmed  at  d i f ferent  flow rates of  the  electrolyte.  
(',, = 0.63 M (ca. 40 g Cu 1-1 ); • Cso4 = 2.43 M (ca. 175 g H2SO 41 1 ); t empera ture :  30 ~ C. 
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Fig. 5. Dependence of the correlation coefficients of Eq. 3a on the assumed values of the permis- 
sible current densities. Results of the experiments, which have been performed in solutions of 
constant copper concentration Co = 0.63 M and of different sulphate ion concentrations, have been 
used in these calculations. Temperature: 30°C; flow rate of the electrolyte: 13.5 1 h -1. 
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Fig. 6. Dependence of the permissible current density on the copper concentration in the electrolyte. 
Cso, = 2.43 M; temperature: 30 ° C; flow rate of the electrolyte: 13.5 1 h-1. 

ip,= (508.5 _ 18.1 ) - {457.7 __ 31.8)Co A m -2. 

e v e n  o f  o x i d e  f o r m a t i o n ,  a t  t h e  a n o d e .  T h i s  w o u l d  m e a n  a c h a n g e  in  t h e  p a s -  
s i v a t i o n  m e c h a n i s m .  

T o  v e r i f y  Eq .  4b,  t h e  c o n c e n t r a t i o n s  Cs, o f  t h e  s o l u t i o n s  s a t u r a t e d  a t  d i f f e r -  
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Fig. 7. Dependence of the permissible current density on the reciprocal value of the sulphate ions 
concentrations (circles) and on the sulphuric acid concentration (triangles). 
Co=0.63 M; temperature; 30°C; flow rate of the electrolyte: 13.5 1 h -1. 
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Fig. 8. Solutions of CuSO4 and H2SO4, of constant sulphate ion concentration ~Cso, = ca. 2.4 M, 
saturated with CuSO4. Dependence of the copper concentration, and of the density and viscosity 
of solutions, on the temperature. 
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Fig. 9. Verification of Eq. 4a. 
C,, = 0.52 mol Cu kg-1 (ca. 0.63 M), ~ Cso4 = 2.02 mol kg- l  (ca. 2.4 M; ca. 175 g H2S041-1). 
1 ip~ 1674 _+ 143 
OgC _~Co - (8.10_+0.46) T when [C] i n M  

1797+ 134 when = (8.60+0.43) T [C] i n m o l k g  -1. 

ent temperatures with CuSO4, needed to be known. Unfortunately the data in 
the literature are practically useless for this purpose. They describe either the 
solubility of CuSO4 in water or the solubility in sulphuric acid solutions of 
different concentrations. In both cases the condition of a constant concentra- 
tion of sulphate ions, which is essential for our passivation experiments, is not 
fulfilled. 

To determine the required values of Cs an excess of dehydrated CuS04 was 
introduced into sulphuric acid solutions of different concentrations. The sys- 
tem was stirred, at constant temperature, until a constant concentration of 
copper ions in the solution was reached. Plotted the copper concentrations, 
obtained in this way, against the concentrations of sulphate ions, it was pos- 
sible to interpolate Cs values which corresponded to the value of ~Cso4 = ca. 
2.4 M. The Cs values obtained and the values of the solution densities ds are 
plotted against temperature in Fig. 8. 

Figure 9 which presents the dependence of log ipr/C~ --Co on the reciprocal 
value of the absolute temperature seems to confirm validity of eq. 4b. 

Another factor which speaks for the validity of Eq. 4, and hence of the as- 
sumptions underlying it, is the fact that  C~ values determined analytically ( 1.095 
M at 30°C ) coincide with values obtained by extrapolation of the line in Fig. 
6 to ipr-- 0 ( 1.111 + 0.012 M). 

Experiments have proved also that  the time of passivation, and the permis- 
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sible current density, increase with the rise of the electrolyte flow rate. It is one 
of the premises ensuing from the Eq. 3 where the coefficient 3, which repre- 
sents thickness of the "diffusion layer" should be a diminishing function of the 
electrolyte flow rate. This coefficient depends also on the geometry of the cell, 
on the pattern of the electrolyte flow etc. Therefore the authors consider that  
at tempts to describe quantitatively the influence of the electrolyte flow rate 
on the passivation are purposeless in the experimental work done. 

C O N C L U S I O N S  

The semi-empirical Eq. 3, which describes the dependence of the passivation 
time on the current density has been derived on the basis of an assumed mech- 
anism of anode passivation in the process of copper electrorefining. The exis- 
tence of a permissible current density, and its physical meaning, follow from 
this equation. 

Transformation of the Eq. 3 into Eqs. 4, 4a and 4b confirmed the expected 
influence of copper ion concentration, sulphate ion concentration, tempera- 
ture and solution flow rate, on the passivation time and on the value of the 
permissible current density. 

The following facts seem to confirm validity of the derived equations and at 
the same time speak for the suggested model of the process and for acceptabil- 
ity of the simplifying assumptions: 

(a) High values of the correlation coefficients prove the existence of the 
linear dependence of the passivation time on l o g ( 1 -  ipr/iA ) predicted by Eq. 
3. 

(b) It has been found that  in agreement with Eq. 4 the permissible current 
density, determined in solutions of constant sulphate ion concentration, is a 
linear function of the copper ion concentration (Fig. 6). 

(c) The concentration of copper determined analytically in solutions satu- 
rated with CuSO4 at constant ECso4, is in good agreement with that  obtained 
by the extrapolation of the linear dependence of the permissible current den- 
sity on the concentration of copper ions, to ipr = 0 (see Eq. 4 and Fig. 6). 

(d) Results of experiments in solutions of different sulphate ion concentra- 
tion prove that  dependence of ip~ on the reciprocal value of sulphate ion con- 
centration is fulfilled over a wide range of ~ Cso4 (see Fig. 7 ). 

(e) Experiments performed at different temperatures confirm the linear de- 
pendence of log [ipr/(Cs-Co) ] on the reciprocal value of the absolute temper- 
ature (see Fig. 9). 

(f) Both the passivation time and ipr decrease when the solution flow rate 
decreases. This is in agreement with Eq. 3. 

However there are also some unexplained facts which do not fit the sug- 
gested model of the process. These include: 

(a) Statistical analysis of the experimental results reveals the existence of 
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a coefficient "a" (Table I, Eq. 3b) which is not anticipated by the Eq. 3a. 
Interpretation of this term seems to indicate the existence of another threshold 
value of the current density imx which causes instantaneous passivation. 

(b) The linear dependence of ipr on the reciprocal value of the sulphate ion 
concentration 32 Cso4, following from Eq. 4a, breaks down when the concentra- 
tion of sulphuric acid is low (see Fig. 7). This is probably the result of the 
change of mechanism of passivation, possibly coprecipitation of hydroxysalts 
together with CuSO4 or alternatively the formation of oxides in the anodic 
process. 

(c) It is distressing that there is no evident dependence of the coefficients 
"a" and "b" (Eq. 3a and 3b) on the electrolysis variables. 

LIST OF SYMBOLS 

C() 
Cs 
C* 
ECso  
D 
6 
~cp 
ia 
/ep 
imx 
ip 

I 
J, 
J .  
t, 
T 

concentration of copper in the bulk of the solution 
concentration of copper in the saturated solutions 
concentration of copper ions in the vicinity of the anode surface 
total concentration of the sulphate ions 
diffusion coefficient 
thickness of the diffusion layer 
critical potential of passivation 
anodic current density 
critical current density 
current density which causes instantaneous passivation 
density of the passivation current 
permissible current density (passivation occurs at current densities 
higher than/pr) 
solubility product of CuSO4 
the rate of anodic dissolution 
the flux of copper ion transport from the anode to the bulk of solution 
passivation time 
absolute temperature 
dynamic viscosity of the solution 
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