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In the search for suitable materials to be used as anode supports in the periodic current reversal
refining process this work covers the study of austenitic AISI 304 stainless steel. Experimental resulis
show that the resistance of this steel to the aggressive action of the refining electrolyte is good at the
working temperature of 60° C since no corrosion was detected after 24 h of electrolysis. The periodic
polarization of this material results in a progressive passivation which was observed by operating
under different initial surface conditions and by detecting remnant anodic currents which gradually
decreased with time. For time ratios lower than twenty, a build up of metallic copper deposit on the
steel part of the mixed anode occurred whatever the current density used.

1. Introduction

The use of anode supports in the direct elec-
trolytic refining of secondary copper, which
avoids the casting stages [1-4], has created
interesting possibilities in the field of copper
technology. One of these is the use of periodic
current reversal (PCR). This system allows the
use of high current densities, and its characteris-
tics have been reviewed elsewhere [5-9].

As a fundamental basis of this direct refining
system, the support material must fulfil the
following characteristics [10]:

i. It must be resistant to chemical attack by
the electrolyte used in the electrolytic refining.

ii. It must not be dissolved due to electro-
chemical polarization.

iii. It must be mechanically strong since the
load supported can be greater than 150kg of
copper.

iv. No damage should occur even after
prolonged used.

v. It must have no influence on the electrolytic
refining process.

The original studies [11] were carried out

using titanium as supporting material which
satisfies the characteristics mentioned above.
However, the high cost and the complex tech-
nology necessary for welding and cutting this
metal led to a search for a suitable material with
the same characteristics but without the incon-
veniences mentioned.

In this work the behaviour of the general
purpose austenitic AISI 304 stainless steel as
anode support is studied. The critical points to
be considered are:

(a) The resistance of the steel to the aggressive
action of the refining electrolyte at a working
temperature of 60°C.

(b) The influence of the periodic polarization
on the material behaviour.

(¢) The influence of the presence of the steel
on the process efficiency.

2. Experimental details
2.1. Materials and reagents

Experiments were carried out in a 2.5-litre
acrylic cell with an external jacket which allowed
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the working temperature of the solution to be
maintained at 60° C. The electrolyte used for this
study was 180gl~!' CuSO, - 5H,0 and 180gl™"
H,SO0,. The solution was prepared by dissolving
the analytical grade chemicals into distilled
water without further purification. The mixed
anode was simulated by short circuiting the two
component sheets, one made of copper and the
other of AISI 304 stainless steel, keeping the
electric contact out of the solution (Fig. 1). The
stainless steel used was a sheet with a com-
position of 18.35% Cr, 8.26% Ni, 0.128% Mo,
0.059% C, 1.43% Mn and 0.049% Si. A stain-
less steel slab (144cm? (16 x 9cm) and 2mm
thick) was used as the cathode. The copper and
stainless steel sheets of the mixed anode were of
area 30cm’? (1S x 2cm) and 3 and 0.5mm
thick, respectively. The distance between the
electrodes was Scm. A schematic view of the
electrolytic cell is shown in Fig. 1b.

(b) b

v 5 Y]

Fig. 1. Experimental setup. (a) Diagram of the external
circuit. (b) Schematic view of the electrode in the electrolytic
cell. 1, d.c. supply; 2, reversing; 3, digital ammeter; 4, rheo-
stat; 5, similar resistances of known value (< 1 Q); 6, mixed
anode (a, copper; b, stainless steel); 7, cathode (c); 8, acrylic
cell (2.5-litre).

2.2. Electrode pretreatment

Prior to the experiments, the sheets comprising
the mixed anode were mechanically polished
with 600 grit sandpaper, then thoroughly rinsed
with distilled water and washed with alcohol. In
addition to the cleaning treatments, the stainless
steel cathode was coated with a thin layer of
Vaseline in order to allow easy separation of
cathodic deposit at the end of the experiment.
Optionally the stainless steel anode was passi-
vated by immersion in a concentrated nitric acid
solution for 30 min, or depassivated by cathodic
treatment in a weak sulphuric acid solution for
30 min. The exposed areas of the electrodes were
defined using PVC tapes.

2.3. Variables and measurements

The system was studied by performing 24-h

&
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Table 1. Effects of the area and time ratio on the anodic efficiency working withi = 2 Adm™*

R @nom Qef Q%u QgS Qéu gS Ra Ra
(&) () (&) (&) (%) (%)
1/1 10 10.0 37.71 1.07 2.7 .16 81.9 81.8
10/1 10 10.2 38.01 0.63 2.91 0.89 82.1 81.8
1/1 15 14.7 58.48 1.00 2.67 1.38 87.3 87.5
10/1 15 14.9 58.34 0.61 2.95 1.01 87.4 87.5
1/1 20 19.3 76.56 1.48 2.55 1.50 90.1 90.5
10/1 20 19.8 78.79 1.33 2.83 1.21 90.4 90.5

electrolyses, with direct current (d.c.) and
with PCR. The experimental variables were as
follows:

(a) Area ratio of copper/stainless steel, R.
Ratios of 1/1 and 10/1 were used, with a total
anodic area of 20 cm®.

(b) Time ratio, ¢. With PCR, time ratios of 10,
15 and 20 were used between the direct and
reverse current pulses. The direct current times
were 100, 150 and 200 s, respectively.

(c) Current density, i. Current densities of 2,
3, 3.5 and 4 A dm~* were used with PCR; and 2
and 4 A dm~? with d.c.

For each experiment the change of the mixed
anode current and the steel potential with time
were continuously registered (/-¢ and E—¢
curves). The steel potential of the mixed anode
was measured using a Luggin capillary with a
copper wire inside as a reference electrode. This
was placed at a distance of 1-1.5mm from the
electrode surface, submerged in the electrolyte.
The current—time curves were determined by
means of a voltage recorder using a parallel
resistance of known value (Fig. 1). These curves

allowed the electric charges of the different
current pulses to be obtained by graphical inte-
gration.

The current—voltage curve of the AISI 304
stainless steel was determined in a 180gl™’
H, S0, solution at 60°C in order to verify the
passivation and corrosion zones of this alloy.
For this a saturated calomel reference electrode
was used. The running-time corrosion behaviour
of the anode steel was determined by weight loss
measurements, by optical microscopy inspection
and by chemical analysis of the electrolyte after
different accumulated times of electrolysis. Iron,
chromium and nickel in the solution were deter-
mined by atomic absorption.

3. Results and discussion
3.1. General analysis

Tables 1 and 2 show the electric charges of the
different current pulses of the processes carried
out on the surface of both the copper and the
steel. In these tables the foilowing terms and
symbols are used.

Table 2. Effect of the time ratio on the build up of metallic copper deposit on the steel part of the mixed anode

i @nom Qes Qtu Ss Qe Qss 5s — Qs

(4dm™?) (o) (€) ) () ©)

3 10 10.1 57.18 1.30 421 1.60 0.30

3.5 10 9.9 66.71 1.65 4.81 2.07 0.42

3 15 14.3 86.13 1.41 4.43 1.68 0.27 Oss > Q%
3.5 15 14.6 101.82 1.30 5.15 1.91 0.61 building up
4 15 14.1 115.68 1.80 6.02 2.29 0.49

3 20 19.7 116.19 1.85 4.19 1.79 —0.06

3.5 20 19.6 134.69 2.23 4.86 2.14 —0.09 } 0% < Q0%
4 20 20.1 156.78 2.68 5.54 2.39 —0.29
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Table 3. Electrolysis with the steel of the mixed anode under different initial surface conditions for R = 10/1,i = 4 Adm™?,

Qnom = 20

Stainless steel QGer u S Cu 5 Q& — Qs
surface conditions ) €) ) () )

Usual pretreatment 20.1 156.78 2.68 5.54 2.39 0.29
Passivated 19.3 155.78 2.42 5.80 2.41 0.01
Depassivated 19.5 155.35 2.90 5.73 2.39 0.51

Pure copper electrode 19.8 158.87 - 8.03 - -

(a) Qt,, Q%: charges consumed during the
anodic halfcycle, or direct current pulse, by
the copper and the steel respectively (C).

(b) O¢,, Oss: charges consumed during the cath-
odic halfcycle, or reverse current pulse, by
the copper and the steel respectively (C).

(c) gg: cffective time ratio, defined by

— Q?:u + QES
Qcu + Oss

(d) 9pom: nominal time ratio.

(e) R,: anodic efficiency (%). This corresponds
to the useful part of the current involved in

copper dissolution and can be calculated
from the following equation

g~ Qo t Os) — Qo+ O)
a ZQ
where
Q0 = Q4+ Qs+ Qa + O O
(f) R.: theoretical anodic efficiency, defined by

Qer (1)

)

S 1
Ro= @

These results lead us to the same conclusions
obtained in previous work with titanium [11]
and with austenitic AIST 316 stainless steel [12],
i.e. the anodic efficiencies depend on the time
ratio, g, but not on area ratio, R; metallic copper
deposits on the steel part of the mixed anode
were observed for time ratios lower than twenty
whatever the current density used. (This pheno-
menon was observed in any electrolysis as far as
0% > Qis, as seen in Table 2.)

If it is accepted that on the steel part of the
mixed anode there are no processes other than
the deposition and dissolution of copper, the
charge inequality Q% > Q%s shown in Table 2

for the time ratio ¢ = 20 cannot be justified
unless a corrosion or gradual passivation pheno-
menon is present on the steel. For this reason
and in order to verify the influence of the cor-
rosion resistance of the steel, experiments were
made with the steel initially in the passivated and
depassivated condition.

3.2. Steel corrosion

Table 3 shows the results for electrolysis with
R =10/1,i = 4Adm? and ¢,,, = 20. Here
the steel part of the mixed anode worked under
various initial surface conditions.

3.2.1. Potential-time curves (E—t). The cur-
rent—voltage curve of AISI 304 stainless steel in
a 180gl™' H,SO, solution at 60°C, (Fig.2)
shows a region of active corrosion between
—263mV and — 163 mV and a region of passi-
vation between — 13mV and 987 mV versus the
Cu/CuS0O, electrode. Therefore, in the range
from —225mV to 610mV (Fig. 3), that is, the
region of maximum usage of the steel, no
depassivation was detected and the steel should
not exhibit any corrosion damage during its
service life.

3.2.2. Current—~time curves (I-t). Fig. 4 shows
typical /-t curves for the AISI 304 stainless steel
with the usual pretreatment, passivated or
depassivated during a PCR clectrolysis under
the conditions R = 10/1, i = 4Adm? and
0,om = 20. The I-¢ curves obtained for the steel
with the usual pretreatment and with depassiva-
tion show an anodic charge greater than the
cathodic one. The steel did not reach depassiva-
tion potential during the PCR since this would
have been detected in the E—¢ curves already
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Fig. 2. Current—voltage curve of the AISI 304 stainless steel in a 180 g1~ solution of H,S0, at 60°C.

discussed. Moreover, if the steel is previously charge must be attributed to a progressive passi-
passivated, the charge inequality is no longer vation process of the steel in each halfcycle of
present (see Table 3, last column). The fact that  direct current. Thus it must be possible to detect
the anodic charge is bigger than the cathodic remnant anodic currents decreasing gradually
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ﬂ Fig. 3. E—t curve of the steel with
the usual pretreatment for R =
10/1, ¢ = 4Adm725 Qnom = 20.
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with time. This hypothesis was confirmed by
determining current—time curves after different
accumulated times of electrolysis (Fig. 5). More-
over, Fig. 5 shows pronounced differences bet-
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Fig. 4. I-¢ curves for the steel for R = 10/1,i = 4Adm™?,
Osom = 20. (a) Steel with the usual pretreatment. (b) Steel
passivated. (c) Steel depassivated.

ween the remnant anodic charges as related to
the initial surface conditions.

According to these results, the steel should not
exhibit any corrosion damage during the elec-
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Fig. 5. It curves of the steel with the usual pretreatment for R = 10/1, i = 4Adm ™, guom = 20. () After ~4h of
electrolysis. (b) After = 16h of electrolysis.
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Table 4. Steel corrosion with direct current for R = 1/1,
i=2Addm™

Table 5. Steel corrosion with direct current for R = 10/1,
i=2Adm™?

t Fe Ni Cr

() (ppm) (ppm) (ppm)
0 49 4.1 8.6

24 5.1 4.1 8.5

48 4.5 44 7.3

72 4.5 4.4 7.0

t Fe Ni Cr

Q)] {ppm) (ppm) (ppm)
0 49 4.1 8.6

24 4.0 3.9 7.4

48 4.4 4.1 8.3

72 4.1 4.4 7.1

trolysis. Indeed, if the charge differences of the
steel were attributed to a corrosion process,
assuming dissolution of iron as ferrous ions and
considering a value of Qi — Q% = 0.29C, a
weight loss of nearly 34mg would have been
produced by a 24-h electrolysis. In the course of
the present experiments no loss of weight was
detected when working with a sensitivity of
0.1 mg. This fact would confirm that on the steel
part of the mixed anode the anodic charges can
be attributed only to dissolution of the copper
deposit formed on the reverse halfcycle and to a
steel passivation process. On the other hand, for
operation with direct current, that is, under con-
tinuous anodic polarization, neither a weight
loss of steel was detected, nor did the iron,
chromium and nickel levels in the electrolyte
increase after different total times of electrolysis
(Tables 4 and 5). In all the experiments the steel
surface, observed before and after the electroly-
sis, did not show any change.

3.3. Process efficiency

Analysis of the influence of periodic polarization
of the steel showed that the only process occur-
ring on the steel when it had been previously
passivated was the deposition and dissolution of
copper. Therefore the lowest interference is
found when the steel is previously passivated.
This interference can be estimated in com-
parison with an electrolysis under the same con-
ditions but without the steel. The net anodic
charge with a pure copper electrode is Q%, —
Q¢, = 150.84 C and the net anodic charge with
a mixed anode is Qf, — Q%, = 14998 C, as
shown in Table 3. This gives a difference bet-
ween the two cases in the order of 0.6% for 24 h
of electrolysis.

The largest influence of the steel in the mixed
anode on efficiency is produced with the usual
pretreatment and with depassivation. In Table 3
this factor is seen to produce some differences
between the anodic and cathodic charge;
therefore 0% > Q% when the steel has not been
previously passivated. The addition anodic
charge (Q% — (%) is a charge not used to dis-
solve copper from the anode, and therefore
should lead to a lower process efficiency. How-
ever, the quantity of copper not dissolved in 24 h
of electrolysis can be calculated starting with the
value of Q% — Q4. This results in 39mg of
copper for the steel with the usual pretreatment
and 69 mg of copper when the steel is depassi-
vated. These differences, which decrease with
electrolyses longer than 24h, are considered
negligible.

For the industrial use of the AISI 304 stainless
steel, it is not necessary to make a test longer
than 24 h because the progressive passivation of
the steel will be greater. So the influence of the
stecl on the process will gradually decrease with
the time.

4. Conclusions

From the preceding work, we formulate the
following conclusions:

I. Austenitic AISI 304 stainless steel is snit-
able for use as anode supports since no cor-
rosion was detected at the working conditions
for electrolytic copper refining with PCR.

2. The periodic polarization of the steel does
not produce any disturbances to its electro-
chemical behaviour which could lead to cor-
rosion susceptibility.

3. The presence of the steel in the anodic
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system does not significantly affect the process
efficiency.
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