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The refining of lead by the Betts process
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Current extractive metallurgy techniques for lead refining by the Betts Electrorefining Process (BEP)
are reviewed. In the BEP, refined lead (> 99.99%) can be produced by the electrorefining of impure
lead anodes. The process relies on the selective dissolution of lead which leaves behind a strong and
adherent layer of solids (slimes) containing the noble impurities originally present in the anode. The
properties of this layer are closely linked to the physical metallurgy of the lead anode. Careful control
of microstructure and level of impurities in the lead anode is required, and an essential attribute of
the process is the use of the H,SiF,~PbSiF, electrolyte. This paper focuses mainly on the relationship
between the anodic process and its effects. The effect of impurities and electrolysis parameters on the
cathodic process are also reviewed. Descriptions of industrial operations of the BEP throughout the

world are tabulated.

1. Introduction

This paper deals mainly with the Betts electrorefining
process for lead, as described in the literature. In this
process lead bullion is purified by transferring most of
the lead from a soluble anode to a cathode through
a lead containing electrolyte while leaving behind
impurities in an adherent anode slime. The electro-
chemistry of this process involves the properties of
anode slimes and of entrained electrolyte. Thus, the
processes of anodic corrosion of lead and transport of
lead ions through the entrained electrolyte are essen-
tial to the understanding of the Betts process. In this
review, the physical metallurgy of lead anodes, which
affects the slimes adherence is also discussed.

2. The extractive metallurgy of lead

Lead is an ancient metal. It was used by the Romans
for components of their water distribution systems
because of its malleable and ductile properties [1]. The
ancients made lead of acceptable purity probably by
smelting lead ores under conditions that prevented
arsenic, antimony, and other hardening elements from
reducing to the metallic phase. This could be accom-
plished in most cases by producing high lead slags
such as those still produced in fire assaying. In those
days it was necessary to avoid excessive copper in the
ore, but arsenic, antimony, bismuth, nickel, iron, etc.
were reliably held in the slag by maintaining the high
oxidizing conditions of lead silicate based slags. Lead
recoveries were low — not better than 85% from the
highest grade hand picked galena ore. When high lead
recoveries were found to be obtainable by coke-based
blast furnace reduction, lead so produced was too

* To whom all correspondence should be addressed.

0021-891X/91 $03.00 + .12 © 1991 Chapman and Hall Ltd.

hard, usually because of its copper, antimony, and
arsenic content. The function of lead refining became
both a softening process and a method of recovering
silver and gold [2].

Nowadays the extraction process can be conveniently
portrayed in the two step flowsheet shown in Fig. 1.
The first step involves bullion production from the
sulphide concentrate and the second step the refining
of bullion to the final product.

The conventional route for bullion production
requires sintering of the concentrate to produce a lead
oxide containing product, which is then reduced in a
blast furnace with metallurgical coke to produce lead
bullion. The KIVCET and QSL processes represent
two relatively recent commercial developments [3]
that replace both the sintering-blast furnace combi-
nation with a single furnace that treats concentrates,
and reduce both the costs of lead smelting and the
environmental impact.

The KIVCET [4] process replaces the sintering/blast
furnace operations with a flash smelting step. In this
process, lead sulphide is oxidized to lead bullion and
sulphur dioxide in a stream of oxygen. In a second
step, the bullion and slag flow under a weir to an
electrically heated settling hearth where coke breeze or
coal is added to reduce the residual lead oxide in the
slag and produce a final bullion (for refining) as well
as a low-lead slag.

The QSL [5] process consists of a long, horizontal,
tubular, brick-lined converter in which lead concen-
trates are pelletized and injected near one end into a
bath containing lead bullion, lead oxide-containing
slag, and lead sulphide matte. Oxygen is blown into
the bath in the feed injection (and lead-bullion dis-
charge) zone where it ultimately oxidizes sulphide
sulphur to sulphur dioxide gas. Slag is tapped from the
far end of the reactor after passing through a zone
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Fig. 1. Flowsheet for lead extraction from sulphidic concentrates.

where reducing coal-air mixtures are injected through
tuyeres to lower its lead oxide content.

The refining of bullion is carried out by either a
pyrometallurgical route or a combined pyrometallur-
gical/electrometallurgical route. Comparisons between
these two routes show that the pyrometallurgical
route is usually used when ores with low bismuth
content are treated [7, 8]. The generalized pyrometal-
lurgical flowsheet is shown in Fig. 2. This process
consists of a series of steps which capitalize on a
complex series of phase relationships to extract all the
impurities contained in the lead bullion down to very
low levels. Reviews on the chemistry and technology
of these refining steps are available in the literature
(4, 6, 9-11].
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Fig. 2. A generalized flowsheet for the pyrometallurgical refining
of lead. Parentheses ( } indicate a major impurity component.
Brackets [ ] indicate a minor impurity component [6].

The combined pyrometallurgical/electrometallur-
gical route is shown in Fig. 3. Here, copper drossing
is performed to remove the bulk of the copper as a
combination of matte and arsenide-antimonide for
further treatment, thus allowing for the removal
of some arsenic and antimony. Arsenic and antimony
are sometimes reduced further as sodium arsenate-
antimonate dross by oxidizing in the presence of caustic
soda, because their levels in bullion must be controlled
to produce suitable anodes for successful electrorefin-
ing practice.

Electrorefining is carried out in either a fluosilicic,
fluoboric or sulphamic acid electrolyte and produces a
commercial lead cathode product and an anode with
an adhering slime [12]*. The purity of the produced
lead is usually higher than 99.99% [13]. The slimes,
representing only 2 to 4% of the anode weight, are
treated by a variety of processes to recover silver,
copper, antimony, gold, bismuth, and sometimes tin
and indium [14-21],

Processes that entirely avoid smelting (and its attend-
ant gas and dust treatment systems and associated
environmental risks), utilizing hydrometallurgical/
electrometallurgical flowsheets, have also been pro-
posed to replace the current technology [23]. These
include (a) the US Bureau of Mines ferric chloride
leach process {24] which recovers lead via the molten
salt electrolysis of PbCl,, (b) the Minemet Recherche
ferric chloride leach process [25] which recovers lead
from chloride leach solutions using aqueous electroly-
sis and (¢) the US Burcau of Mines process [26] for
leaching lead concentrates in waste fluosilicic acid
with an oxidant (hydrogen peroxide or lead peroxide)
followed by aqueous electrolysis from the fluosilicic
acid leach solution. All these processes have been
piloted, but none has been commercialized',

3. Plant practice in lead electrorefining

A detailed description of the Betts Electrorefining
Process (BEP) can be found in Betts” book [27] and
numerous patents [28-32]. The fundamentals of the
process described there remain applicable to all the
plants which currently electrorefine lead.

The BEP process is used in Canada [33-36], China
[22, 37, 38}, East Germany [39], Italy [40-42}, Japan
[43-51], Peru [52-54], Rumania [55, 56], Russia [57-59],
USA [60] and West Germany [61-63]. The average
annual production of lead by BEP is approximately
1 000 000 tons. Since the production of refined lead in
the non-socialist countries {for which good figures are
available) is close to 4 700 000 tons per year [64], it can
be assumed that up to about 20% of world lead pro-
duction is refined by the BEP. Two variations of the

* Nitric acid media is not suitable because, in the presence of free
acid, nitrate is reduced (to nitric oxide gas) at the cathode, prefer-
entially to plating of lead. At higher pH, where the nitrate ion is
much more inert to reduction, the electrical conductivity of the
electrolyte is much too low for an economic practice.

T Commercialization of any new lead processes faces a lack of need
for plant expansion in this industry and so must be justified on the
basis of conversion or replacement of existing capacity.
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Fig. 3. A generalized flowsheet for the pyrometallurgical/electrometallurgical refining of lead {22].

BEP, the sulphamic acid and the fluoboric acid pro-
cesses are operated in Italy [41] and in West Germany
[61] respectively. :

The Betts Electrorefining Process normally utilizes
a fluosilicic acid (H,SiF) electrolyte containing lead
fluosilicate to electrorefine impure lead anodes into
pure lead cathodes. The fluoborate and the sulphamate
processes are identical to the fluosilicate process
except for the substitution of the electrolyte. Fluoboric
acid has not been extensively used due to its relatively
high cost. HBF, is a stable acid with a good electrolytic
conductivity and a high solubility of the lead salt. It is
also used in lead plating baths [65-67], lead fluoborate-
fluoboric acid rechargeable batteries and in the recov-
ery of lead from spent batteries [68-72].

The sulphamic acid process has two main limi-
tations when compared to the fluosilicic acid process
[40, 58, 73]: firstly, sulphamic acid decomposes rapidly
at current densities larger than 100 A m™ resulting in
high reagent replacement cost; secondly, the free acid
is a crystalline solid of limited solubility, and limited
ionization in aqueous solution, leading to a low con-
ductivity of sulphamic acid solutions (at most, half
of the conductivity of equivalent fluosilicic acid sol-
utjons). This results in larger power costs in refining.
The significant advantage of the sulphamic acid pro-
cess is that it is the most efficient process for the
removal of tin from impure lead (Sn remains in the
slimes) [74-77]. Plants that use the fluosilicic process
remove Sn prior to electrolysis by using the Harris
process [78]. When anodes containing significant Sn
concentrations are refined by the Betts process, tin
dissolves with lead at the anode and co-deposits at the
cathode. The lead-tin alloy may be sold, or some post
treatment of the cathodes is necessary to remove the
tin [79].

The wide use of H,SiF, in lead clectrorefining is
due to its low cost. Fluosilicic acid is produced as
a by-product of the treatment of phosphate rock in

fertilizer manufacture [80]. Fluorides and silica con-
taining in phosphate rock form fluosilicate and are
separated from the fertilizer product. Fluosilicic acid
is also produced as a by-product during the dissol-
ution of apatite with sulphuric acid [54, 80]. During
the electrorefining operation, fluosilicic acid is con-
sumed by entrapment in the anode slimes and by
volatilization from the surface of the electrolyte. The
acid develops significant vapour pressures through
volatile decomposition products according to the
reaction,

H,SiF, —> 2HF(g) + SiF,(g)

SiF, and HF are both corrosive and toxic and are
removed from the tankhouse atmosphere by adequate
ventilation.

Table 1 shows some of the operating parameters of
various lead electrorefining plants. The wide variation
in electrolysis conditions seen in this table does not
seem to have a strong influence on the final quality of
the refined lead. For example, lead concentrations in
the electrolyte can be varied between 30 and 270 gl™'
without affecting seriously the refined lead quality.
The clectrolyte recirculation rates are also varied
widely, with no apparent correlation to other operat-
ing parameters. Extremely high electrolyte velocities
might improve mass transfer across electrode bound-
ary layers, but can also nullify the additive effects,
worsening the deposit quality and causing short cir-
cuits [81]. .

Table 1 also shows that the current densities
employed in the Betts process fall in the range of 120
to 230 Am~2 Higher current densities have been
achieved through the use of galvanodynamic techni-
ques such as current modulation and periodic current
reversal {(PCR). The current modulation technique
consists of decreasing the current density (for example,
from 220 to 160 Am™?) in small steps [33, 87]. Each
constant current density step is determined on the
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Table 1. Betts lead electroieﬁning in the world

Takehara, Japan [43]

Chigirishima Japan

Harima Japan [46]

Shenyang Smelter,

47} China [82]
Electrolyte
Pb (gi™h) 236-270 75 90-100 74
Total H,SiF, (g1™") 135 104124
Free H,SiF, (g1™") 52-61 110-115 38-58
Others: (mgl™!) 2-5 Bi, 0.5-2Cuy, 400 Sb, 800 Fe,
1-2 As, 130-200 Sb 110 As, 28 Zn,
290 Sn, 0.2 Ag
Additives Consumption:
Aloes (gton™")
Lignin sulphonate (gton™") 1000 300-450
Glue (gton™") 600-1100 200-300
Others (gton™') B-naphtol
Temperature (°C) 28-43 35-38 40-43 32-45
Circulation apparatus 1.8m* min~! x 20m Head Pressure tank with
centrifugal copper
pump
Recirculation rate (Imin™!) 30 40 30 18-25
Acid loss (kgton™") 1.6-2.7 2.3 4 1.5-1.7
Current
Cathode (Am™?) 120-140 147 185 154~172
Cell voltage (V) 0.5-0.6 0.47 0.55 0.46
Current (KW per Generator) 15000 A at 70V 10000 A at 200V 5000 A at 50V 13000 A 2800-3500
at 50V
Current efficiency (%) 95.6-98.7 93 93 96.30
Energy consumption (kWhton™') Pb: 175180
Electrolysis 154-157 143 120-130
Mechanical 17.8-20.7 30 30-40
Anodes .

Casting technique

Composition

Length, width, thickness (mm®)

Mode of suspension
Life, days

Scrap (%)

Anode spacing (mm)
Weight (kg)

Cathodes

Thickness (mm)
Weight (kg)
Life (days)

Anode slimes

Composition

Removed after 7 days
Percentage of anodes
Scrubbing technique

Tanks
Length, width, depth (cm®)

Number of anodes, cathodes

Casting-wheel, 18
moulds

0.98% Sb, 0.5% Bi,
0.02% Cu, 0.02% Sn,
0.01% As, 670zton!
Ag, 0.40zton™! Au
1150 x 1000 x 25-39
Cast lugs

8 (half cycle scrubbing)

380-440

0.6-1.0
10-20
45

36.9% Sb, 17.4% Bi,
12.1% Pb, 3.1% Cu,
0.1% Sn, 0.4% As,

8.9% Ag, 0.06% Au

4

24-36
Rotating brush

500 x 130 x 155

42, 43

Vertical casting
with water cooling
on top of the mould

1.25% Sb,
0.12% Bi, 0.06%
Cu, 650zton~! Ag,
0.07ozton™! Au
1200 x 800 x 24
Cast lugs
7

30
100
250

0.8
10

45% Sb, 4% Bi,
12% Pb, 3% Cu,
7-10% Ag,
3.220zton”' Ay,
30% H,0

7

2.9

300 x 100 x 150

28, 29

Casting wheel with water
cooling on top and
bottom of the mould, 15
mould

0.5% Sb, 0.13% Bi, 0.1%
Cu, 0.05% Sn, 0.05% As

970 x 740 x 35
Cast lugs
8
26.5
110
280

L3

1150 x 920 x 1450
(inner size)

Casting wheel

0.68% Sb, 0.073%
Cu, 0.044% Sn

920 x 620 x 23

Suspended lugs
5

20-25

95

140 + 3

12-15% Pb, 8-12%
Bi, 0.2-0.4% Te

2.5
1.1-14

320 x 75 x 120

32,33
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Table 1. Continued

Takehara, Japan [43]

Chigirishima Japan
1471

Harima Japan [46]

Shenyang Smelter,
Ching {82}

Construction materials

Pb Annual production(ton)
Pb Average content (%)

prefabricated concrete,

PVC lining

45000
99.999

vinyl chloride with
steel frame

68000
99.999

asphalt lined reinforced
concrete tank

27000
99.999

Reinforced concrete
with asphalt or
PVC lining

54450
99,99+

Cominco, Canada {83}

‘Albert Funk’, East
Germany [84]

Cerro del Pasco, Peru [85]

Kamioka, Japan

[6]

Electrolyte

Pb (gI™")

Total H,SiF (g™")

Free H,SiF, (g1™")
Others: (mgl1™")

Additives Consumption:
Aloes (gton™")

Lignin sulphonate (gton™'}

Glue (gton™!)

Others (gton™!)
Temperature (°C)
Circulation apparatus

Recirculation rate (Imin™')
Acid loss (kgton™")

Current

Cathode (Am™?)
Cell voltage (V)

Current (KW per Generator)

Current efficiency (%)

Energy consumption (kWhton™!) Ph:

Electrolysis
Mechanical

Anodes

Casting technique

Composition

Length, width, thickness (mm®)

Mode of suspension

Life, days

,Scrap (%)

Anode spacing (mm)
Weight (kg)

Cathodes

Starting sheet
Production technique

Thickness (mm)
Weight (kg)

Life (days)

75 (60-80)
141
90 (90-100)

8 Bi, 65 Sb, 4000 Si0O,,

1.6 Cu, 12 8Sn, 5 As,
17In, 70 T1

170 (Aloin)
250 (Calcium) -

40 (38-43)
Centrifugal pumps

27 (27-45)
2

230 (max)
0.3-0.5

6300 A (5day), S400A

(7 day) 1000 kW
90~95

168
50

Open mould casting
wheel

1.2-1.4% Sb, 0.4%
As, 0.15% Bi, 0.05%
Cu, 1000zton™' Ag

864 x 660 x 30

Lugs designed into
casting
5
25
100
206

Continuous drum
casting

1
6.3

Sor7

30-50
126
100

600

35
Storage tank with
epoxy lined pump
10
15 (32% pure)

185
0.45
150

92

195
90

Casting wheel,
12 mould

0.5% Sb, 0.3% Ag,
0.3% Bi, 0.1% Cu,
0.002% Sn

730 x 710 x 25
{immersed surface)
Suspended lugs

6
40
130
200

Mechanized pro-
duction with on line
casting or ribbon

I

60-70 (Final
weight)

3

75
120
60
600 HF, 5 Sb,
5 Bi, 0.5 Si0,, solids

500 (Calcium)
550

40
Centrifugal pumps

12
3

156
0.5-0.6
Mercury rectifier 1520
motor generator 360
90

143
35

Casting wheel

1.8% Sb, 0.15% As, 1.5%
Bi, 0.05% Cu, 0.01% Sn,
0.070zton™" Au,

140 0zton™! Ag

940 x 690 x 25

Suspended lugs
4
49

100
150

Continuous drum casting

0.6
80 Final weight

4

75
130
75
1 Bi, 150 Sb

180
600

35-45
Volte pump
18.5kW x 2
40

2

135
0.55
20000 A at 60V

96

165
130

Horizontal casting
with horizontal
mould

0.4% Ag, 0.3% Bi,
0.1% Cu, 0.6% As,
0.6% Sb

1140 x 990 x 20
Shoulder type
6

45
110

Direct method
machine

0.7
13

6



194

GONZALEZ-DOMINGUEZ ET AL.

Table 1. Continued

Cominco, Canada [83)

‘Albert Funk’, East
Germany [84]

Cerro del Pasco, Peru [85)

Kamioka, Japan

(6]

Anode slimes

Composition

Removed after ? days
Percentage of anodes
Scrubbing technique

Tanks
Length, width, depth (cm®)

Number of anodes, cathodes
Construction materials

Pb Annual production(ton)
Pb Average content (%)

40% Sb, 16% As,
13% Pb, 2.5% Cu,
2500 0zton"! Ag

Sor7

3

conveyed by monorail
between rubber
scrapers

268 x 82 x 112

24,25
Asphalt lined concrete
(old) polymer concrete
(new)

144000
99.99

15% Pb, 25% Sb,
15% Ag, 10% Bi,
5% Cu

6
1% (solids)
pneumatic stripping

230 x 80 x 120
(inner size)

16, 17
Rubberized steel
plates

15000
99.99

28% Sb, 10% As, 24% Bi,
10% Ag, 1.2% Cu, 0.07%
Se, 0.52% Te, 18% Pb,
38.4% H,0, 0.4% SiO,

4

4

Water sprays

455 x 95 x 130

40, 41
Glue lined concrete

72000
99.99

10% Pb, 15% Ag,
15% Bi, 1% Cu,
20% As, 20% Sb

6
1.4
Rotating brush

500 x 130 x 160

43, 44
Vinyl chloride resin
and concrete

30000
99.99

basis of an anode overpotential value which increases
as the slimes layer thickens and decreases when the
current density is reduced. The upper limit for the
anode overpotential is usually determined by bismuth
dissolution from the anode. Figure 4 shows the
current density program that can be applied to the
electrorefining circuit without reaching the critical
overpotential value for bismuth dissolution. The higher
average current density possible with current modu-
lation reflects in a shorter electrorefining cycle and
higher refinery production.

Periodic current reversal (PCR) in lead electro-
refining is widely employed in China [38]. PCR involves
frequent short reversals of the electrolysis current
direction [88]. This reduces the concentration polariz-
ation in the slimes layer and levels the cathodic deposit
by selectivity dissolving projections. High current
efficiencies, good cathode quality, low electrolyte
losses, low energy consumption and a decrease in the
number of short circuits has been reported through
the use of PCR [22]. A 16% increase in free acid was
found in the slimes layer due to PCR [22].

4. The anodic process
4.1. Introduction

The Betts process, as practiced by all refineries,
depends on the formation of an adherent, porous
anode slimes layer during electrolysis. The slimes layer
consists of undissolved impurities which are removed
mechanically from anode scrap after the anodes are
withdrawn.* If the slimes do not adhere to the anode
* During normal lead electrorefining practice some slimes do fall,

and are cleaned out of the cells at very infrequent intervals
(months).
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Fig. 4. Changes in the anodic overpotential value, #,, during lead
electrorefining: (a) conventional galvanostatic process (b) gal-
vanodynamic process in which the cell current is continuously
decreased during the refining cycle to fix the value of #, [87].
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Fig. 5. Lead anode microstructure. From an anode currently being used by Cominco Ltd. Chemical composition as described in Table 1.

Top view, air cooled side.

during electrolysis they will settle through the solution
and to some extent be mechanically entrained in the
cathode deposit. There is no indication in the litera-
ture of a lead refining process in which (as in copper
refining) slimes fall is encouraged. Further, the recov-
ery of slimes from the bottom of the cell (as in copper
refining) is perceived to be more costly. To form an
adherent slimes layer, certain elements (mainly As, Sb,
and Bi) must be controlled within a narrow compo-
sition range and/or ratio in the anode, and the anode
casting process must be designed to control the rate of
solidification to optimize the microstructure of the
cast bullion.

4.2. The physical metallurgy of the lead anodes

The lead anode microstructure that is desired for opti-
mum slimes structure during electrorefining is known
as the honeycomb structure, because it consists of
uniform size grains of lead surrounded by impurities
on the grain boundaries (Fig. 5). As the lead grains
dissolve they leave behind a skeleton of slimes which
resembles a honeycomb. Any non-uniformity of the
matrix will lead to non-adherence of the slimes layer,
and any precipitates present in this matrix material
will contribute to slimes detachment because of their
extra weight.

There are four elements present in the lead anodes
that seem to exert a strong influence on the anodic
process: As, Sb, Bi and Ag. The interaction of these
impurities with each other and with lead can be
deduced from the available binary and ternary phase
diagrams [89-93], which show that both intermetallic
compounds and eutectic structures may be present.
Three different slime forming systems have been ident-
ified and classified from studies on synthetic anodes
[94]:

(1) impurity phases of the solid solution type (SST):
the Pb-Bi system.

(ii) impurity phases of the precipitation type (PT):
the Pb-Sb system.

(iti) impurity phases of the eutectic type (ET): the
Pb-As and the Pb-Ag systems.

The strength of slimes adhesion to the anode was
quantified by Tanaka [94] through observations of
slimes fall and slimes morphology. Tanaka summar-
ized the results of these studies with the following
relationships:

(1) The greatest slimes adherence is obtained when
impurity phases of the SST type are present in the
anode in concentrations greater than 0.23% by wt. A
SST concentration lower than this critical value prod-
uced a slime that easily slides off the anode.

(2) The addition of a third element to the eutectic
systems increases significantly the slimes adherence.

(3) Water quenching of the anodes increase slimes
adhesion particularly in the PT and ET system cases.
However, the very small slimes particles formed
during quenching may also promote slimes detach-
ment and mechanical entrainment in the cathodes.

The increase of slimes adhesion by water quenching
relates directly to the lead anode solidification rate,
which influences the growth and distribution of
impurity-containing phases. Especially important are
the eutectic forming systems where it is known that the
solidification parameters (growth velocity, tempera-
ture gradient in the liquid and growth mechanism) and
system parameters (volume fraction and impurities
content) can lead to anomalous eutectic structures
[95]. Such structures have been reported to occur in
the following systems [95]:

Ag-Pb and Ag-Bi: broken lamellar structure
type

Pb-Bi: complex structure type

Pb-Sb: complex regular structure and irregular
structure type.

It must be emphasized that even though the physi-
cal metallurgy of the lead anodes is of great import-
ance to the Betts process, there remains a lack of
knowledge in this area.
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Fig. 6. Straight type horizontal lead anode casting system [44].

4.3. Industrial practice

As Table 1 shows, the range of anode impurities used
in lead refining varies from plant to plant. In every
refinery the anode composition is kept within narrow
limits to obtain an adherent slimes layer. The need for
production of anodes with homogeneous properties
has led to control methods for cooling rates and cast-
ing techniques. In addition to the use of a casting
wheel, straight horizontal [44-46] and vertical [47]
anode casting systems are employed.

Figure 6 shows the straight type horizontal lead
anode casting system currently used in Japan. Although
the vertical and horizontal casting processes were
originally developed to save space (over that occupied
by a casting wheel), they were carefully designed to
achieve uniform cooling rates during the casting of the
anodes. Such new techniques for anode casting as well
as for optimizing heat treatment have been patented
by Japanese companies [96], but no information was
found that would indicate the nature of changes in
microstructure resulting from these newer techniques.

4.4. Slimes electrochemical behaviour

The slimes layer formed in the BEP undergoes struc-
tural and chemical changes during its growth. As the
slimes layer thickens, the different phases and com-
pounds present react with the entrained electrolyte
creating secondary products. The E, -pH diagram for
the PbSiF,-H,SiF, system [101] indicates that both
lead fluoride and silica can precipitate at higher pH
values. This has been related to the effect of electroly-
sis parameters on secondary processes (such as these
precipitations) that take place within the slimes layer
during electrolysis [97-100]. The transport processes
within the slimes layer in the context of these second-
ary reactions has also been the subject of several
studies [102-108].

A simple physical model to study the role of the
slimes layer during anodic dissolution rate in electro-
refining systems was developed by Reznichenko et al.
[109]. In this model, the slimes layer was represented
by a silver gauze diaphragm (representing the noble
impurity) electrically connected to the anode (a highly
pure base metal) and placed at a (variable) distance
from the anode corresponding to the slimes — elec-
trolyte interface. The distance between the anode and
the gauze was varied to simulate the effect of an
increasing ohmic drop between the anode and the
slimes layer. During electrolysis, concentration gradi-
ents normally present in a slimes layer were replaced
by a simple concentration difference between the sol-
utions on the two sides of the gauze, and this was
related to a modified Nernst equation:

RT + \m F
0 0 ny 2
(El E) + A¢ + —-——anln [Me, ]) RT

(1

where: [Me,], n, = concentration and valence of
noble metal; [Me,], #, = concentration and valence
of base metal; A¢ = ohmic drop between the base
metal and the noble metal gauze; E® = rest potential
of the metal to be refined; Ef = rest potential of the
noble metal; ¥ = Faraday’s constant; R = gas con-
stant; and 7' = temperature.

Equation 1 shows that the larger the ohmic drop
the larger the equilibrium concentration of ions of
the noble metal and the larger its dissolution rate.
Although this model oversimplifies the different
phenomena taking place within a slimes layer, it pro-
vides an insight as to the effect of ohmic drop buildup
in the slimes layer and the dissolution rate of noble
impurities normally left in the slimes. Reznichenko
et al. [109] applied their model to the study of the
Cu-Ag system in which they found a logarithmic
relationship between the dissolution rate of noble
impurities and the ohmic drop potential.

In[Me?] =
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Fig. 7. Bismuth content of the cathodic deposit as a function of the
anodic polarization and the electrolysis time. [, = 170-356Am™>

Anode composition 8.4-11.2% Bi, remainder Pb [110].

Early research on the behaviour of BEP slimes has
focused on relating the anodic overpotential to the
cathode purity [110, 111}. Among the impurities most
closely followed in the cathodic deposit is bismuth
[112, 113]. Even though the BEP has a large selectivity
for the removal of bismuth, it has been found that
towards the end of the electrorefining cycle such
selectivity can be lost. Tt seems that the buildup of
concentration gradients and the precipitation of
secondary products within the slimes layer can initiate
steep increases or discontinuities in the anodic over-
potential at a certain slimes thickness. This would
produce a large increase in the rate of dissolution of
such impurities, and subsequently in the deposition of
impurities in the cathodic deposit. Figure 7 shows
how bismuth contamination in the cathode increases
with anodic overpotentials above a critical value
{about 200 mV). This has been recognized as a general
behaviour for bismuth in lead refining by the BEP
{33, 87, 110, 111]. On the other hand, the use of
periodic current reversal (PCR) [39, 98] has been
found to increase the minimum anodic overpotential
at which noble impurities start to dissolve.

Table 1 shows that the slimes layer weight is only 1
to 4% of the original anode weight; yet, they occupy
the whole of the original anode volume. This indicates
that the porosity of the slimes layer exceeds 92% and
may be as high as 98% (taking into account a density
for slimes phases of about half that of the bullion).
Concentration gradients in the electrolyte confined
within this highly porous layer and the slimes electro-
chemistry are closety linked.

Wenzel ef al. [97, 114, 115] measured the change in
composition of the electrolyte contained in the slimes
layer as a function of time and of slimes thickness.
Figure 8 shows the sampling method used by Wenzel,
utilizing sampling wells at different distances from the
anode surface. Small amounts of electrolyte were
withdrawn through these wells at carefully selected
times (to avoid perturbing appreciably the system).

ol

T X
- |

Bath level @
| o

S8 + -------

© o é

Fig. 8. Dimensions of the anodes used in Wenzel's experiments
showing the position and size of the electrolyte sampling wells [97].
All measurements in mm.

According to their results, using a range of anode
compositions (Bi from 0 to 1.74% and Sb from 0.45 to
3.01%), the more the amount of secondary solidified
material (SSM) present in the anode, the steeper the
pH and the Pb*? concentration gradient throughout
the slimes layer. Also they found that the thicker the
slimes layer the steeper the concentration gradients.
Figure 9 shows these changes in concentration for two
different anode compositions. Wenzel et al. proposed
that due to the pH increase several reactions may
occur: SiF; ? decomposition to SiF, and F~ (pH > 3);
precipitation of Sb,O; (pH > 4.9) and precipitation
of Pb,0O (pH > 7).

Table 2 shows the results of chemical and diffrac-
tion analysis, which seems to indicate the presence of
these secondary compounds within the slimes layer®.
From an analysis of the concentration of noble impur-
ities in the entrapped electrolyte, Wenzel er al. were
able to conclude that when the SSM exceeded 5%, as
determined from the Pb-Bi-Sb ternary diagram, per-
missible impurities in the anode were too high to
obtain an acceptable impurity level in the refined lead.

Wenzel’s X-ray diffraction analysis on the slimes pro-
ducts agree with the findings of Isawa er al. [116, 117],
who studied the slimes composition of synthetic and
industrial lead anodes and found the presence of the
following compounds;

Metallic Bi: in the Pb-Bi, Pb-Bi-As, Pb-Bi-Sb,
and Pb-Bi-As-Ag systems;

Metallic As: in the Pb—As, Pb-Bi-As, and Pb-Bi—
As-Ag systems;

Metallic Ag: in the Pb-Ag and Pb-Bi-As-Ag
systems.

* Note that since slimes oxidize rapidly in air, the analysis may
indicate oxide phases where metallic phases were present in the
in sity stimes.
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Table 2. Chemical composition and X-ray diffraction analysis of the lead anode slimes [97)

Sample Anode Slimes chemical analysis (% wt) X-ray

no. composition ) diffraction
{% wt) (rest Pb) Pb Sb Bi F Si analysis

| 0.46% Sb, 56.98 7.62 3.95 11.97 6.66 PbO, §b,0;,
0.24% Bi PbF,, Bi,O,

2 0.46% Sb, 58.02 9.40 4.28 14.09 3.33 PbO, Sb,0,,
0.24% Bi PbF,, Pb,Si0,,

Bi,0,

3 0.92% Sb, 56.57 6.81 5.55 11.27 6.65 PbO, Sb,0,,
0.24% Bi PbF,, Bi,0,

4 0.92% Sb, 53.77 9.37 9.20 12.22 4.19 PbO, Sb,0,,
0.24% Bi PbF,, Bi,O,

Also the presence of the Bi-Sb solid solution, of the
¢ and ¢ phases of the Ag-Sb system, and of water
soluble As and Sb (identified as As,0; and of Sb,0,)
were found in some of the above mentioned systems
and in the slimes obtained from industrial anodes
[116, 117}

One compound that has been difficult to charac-
terize is Ag;Sb [94], whose presence has been detected
in both synthetic and industrial lead anodes. The
morphology of this compound has been found to be a
function of the anode cooling rate and of the electroly-
sis conditions.

The electrolyte used in lead electrorefining contains
impurities whose concentration ranges from a few
ppm and several gl™', and have their origin in.the
anode from which they are dissolved (i.e. Cu*?, Sn*?)
or from the acid manufacturing process {i.e. phos-
phorous species). Their steady state concentrations in
the electrolyte depend on the electrolysis parameters
and slimes thickness. They can affect both the anodic
and cathodic processes through changes in fundamen-
tal electrochemical parameters such as the exchange
current density (7, ), the transfer coefficient («), and the
electrical double layer capacity (e.d.l.). Measurement
of these parameters usually involve transient electro-
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chemical techniques, such as polarization scans, cur-
rent interruptions, and AC impedance studies.

Miyashita et al. [118-123] have extensively studied
the influence of minor impurities and addition agents
in the electrolyte used in lead refining. These studies
focused on the determination of fundamental electro-
chemical parameters (i, e.d.l., and =) as a function of
Sn*?, Fe*?, Zn™? and glue, using a single current step
transient method [118]. He found that under an oxygen
atmosphere the presence of the above ionic species
increased the anodic overpotential value. Thus, they
may inhibit the dissolution of some noble species
including lead.

When noble impurities present in the lead anodes
transfer to the electrolyte they can be redeposited by
cementing on less noble elements. While such redepo-
sition is obscured during anodic dissolution, it can be
inferred from corrosion measurements in the absence
of a current. For example, the weight loss rate for a
lead sample in the presence of dissolved bismuth has
been observed in the HBF,-Pb(BF,), system [66].
Figure 10 shows how bismuth concentrations as low
as 2mM enhance the corrosion rate of lead.

During the dissolution of the lead anodes in the
BEP, bismuth and other noble impurities accumulate
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Fig. 9. Changes with electrolysis time of the relative concentrations of Pb*2 and H* within the slimes layer with respect to their bulk values.
Bulk electrolyte composition: [PbSiF] = 0.4M, [H,SiFs] = 1M, T = 35°C, I = 200am™? stationary electrodes. Vertical axis: Pb*? and
H* concentration ratio between the electrolyte sampled within the slimes layer and the bulk electrolyte. (a) Anode with 0.46% Sb and 0.24%
Bi (=~ 1.73% SSM), (b) anode with 0.92% Sb and 0.24% Bi (~=3.80% SSM) [97, 115]. Note: no extrapolation of the inner electrolyte

concentrations at zero slimes thickness done here.
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Fig. 10. Lead specific weight loss (corrosion) as a function of the
immersion time in a 2M Pb (BF,), — I M HBF, solution in the
presence of (+) 0, (@) 2, (¥) 5, and (a) 10mM 1~ of Bi*? [66].

in the proximity of the slimes-bulk electrolyte inter-
face as well as in the bulk electrolyte [39, 124]. Since
these noble impurities will deposit on the cathode at
their limiting mass transfer rate, the permitted elec-
trolyte concentration is related to cathode purity
specifications (25mgl~" of bismuth will typically lead
to 10 ppm bismuth in the cathode, [124]). They can be
removed by one of two methods:

(a) Continuous cementation {125, 126] through a
column filled with lead particles (Fig. 11).

(b) Electrodeposition in a separate electrolysis circuit
[124]. The purified electrolyte is then sent to the main
electrolyte stream. This method is being used in Japan
[43].

The majority of plants that electrorefine lead do not
purify their electrolyte, but rather, operate under con-
ditions where the dissolution of noble impurities from
the anode is limited to tolerable levels.
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5. The cathodic process
5.1. Additives control and electrochemistry

In the absence of additives, lead deposits with a very
small overpotential, and tends to form rough, porous.
deposits or dendrites that result in short circuits. To
obtain deposits that are flat, smooth, and free from
projections, special reagents are added fo the elec-
trolyte. These ‘addition agents’ increase the cathodic
overpotential (actually called ‘inhibition’), and change
the kinetic parameters (i,, «, and e.d.l.) under compar-
able electrolysis conditions {120~123].

Polarization measurements have been used for con-
trolling and monitoring the concentration of additives
in lead electrorefining circuits [81, 127-129], as well as
for screening of additives in the electrolytic refining of
copper and for testing of impurity levels in the elec-
trowinning of zinc [130-134]. A polarization techni-
que for determining lignin sulphonate in lead plating
baths has also been described [135]. Long term studies
and years of industrial practice, especially by Cominco
researchers [81, 129] have lead to a sufficient under-
standing of the levelling mechanisms of lignin sul-
phonate and aloes, to permit the use of polarization
measurements for controlling the concentration of
these species in the industrial electrolyte for lead refin-
ing. This additives control is achieved by keeping the
cathode polarization voltage (c.p.v.) within preset
limits, and adjustments are made by either new
additions or by regeneration (in the case of aloes) with
a thiosulphate salt [128]. The level of additives present
at a given time is directly related to the c.p.v.

5.2. Starting sheet technology
The cathode starting sheets used in the BEP are
usually cast on a rotary drum casting machine. The

stiffness of these sheets is increased by adding approxi-
mately 15 ppm antimony to the melt and by impress-
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Fig. 11, Continuous purification of electrolyte via purification columm [125, 126].
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ing wrinkles on the cathodes right after they are
produced [79]. Procedures to avoid dross incorpor-
ation in the lead catbodes have also been developed
[136]. In this section of the electrorefining process high
levels of automation have been achieved [137].

5.3. Cell electrolysis parameter optimization

The overall electrorefining process has been studied
using statistical correlations of some of the variables
measurable in an operating plant {39, 54, 98]. To opti-
mize the electrolysis parameters when the BEP is run
at high current densities (>200Am™?), factorial
design of experiments at three levels for four variables
has been used by Lange et a/. [98]. They varied PbSiF,
and H,SiF, concentrations, temperature, and current
density, at constant values of addition agent (glue),
anode composition, cell geometry, and electrolyte
recirculation. The influence of these parameters on the
average anodic and cathodic polarization, on the cell
voltage, and on the specific energy consumption was
obtained by employing regression analysis correlations.
In addition, changes in these parameters were corre-
lated with the cathode quality and appearance as well
as with the consumption of glue. The optimum elec-
trolysis parameters found for a current density increase
(from 200 to 300 A m~?) were a Pb™? concentration of
60gl™! (down from 80gl™"), a glue addition maxi-
mum of 1500 gton™" of lead (up from 1250g1™"), a
free H,SiF; content of 120gl™' (no change) and an
electrolyte temperature of 35 to 40°C. Under these
electrolysis conditions, Lange er al. found that anti-
mony and bismuth slimes layers could be subjected
to anodic polarizations as high as 280 mV without
serious impairment of the cathode quality.
Optimization of the BEP through half cycle anode
slimes scrubbing and cathodes exchange was also
investigated by Lange er afl. [98]. Not only did the
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Fig. 12. Influence of the cycle length and current reversal ratio
on the anodic overpotential value during PCR [39): (8) Tiprwara/
Tbackwa:d = 11.5, Tcyde = 10s; (b} Tforward/ Tbnckward =19, Tcyc‘:e =
20s.

specific energy consumption decrease by the imple-
mentation of this procedure, but highly pure cathodes
were assured by avoiding anodic overpotentials in
excess of the preset limits for impurities dissolution.
On the other hand, the exchange of cathodes and the
half cycle scrubbing of the anodes incorporates labour
increases making implementation difficult. The use of
this technique is necessary when anodes containing
high impurity levels (> 5%) are to be treated. For
example, in Russia [57], lead anodes containing as
much as 15% bismuth are scrubbed every 48 h during
the 6 day long anode cycle. In addition to this, cathodes
are exchanged daily to avoid short circuits and to
obtain a deposit of acceptable purity [57].

Lange er al. also studied the use of PCR in the BEP.
Figure 12 shows the anodic overpotential dependance
on the PCR parameters. Thiet [39] found that the use
of PCR decreased the anodic overpotential values.
The reduction in the anodic overpotential values did
not reflect in lower PCR energy consumption prob-
ably because it was offset by unproductive energy
consumption during the reverse current phase of the
cycle. Thiet also showed that the quality of the PCR
cathode deposits was very high [39].

5.4. Bipolar refining of lead

Among other alternatives to optimize the lead electro-
refining process, the use of a bipolar configuration

‘looks most promising. In this configuration only the

terminal electrodes are connected to the source of
current. Between these electrodes a large number of
bipolar electrodes can be incorporated. One side of
these electrodes will corrode anodically, while pure
lead will deposit on the other side. The impurities will
be left behind as a slimes layer on the anodic side. The
advantages of operating the BEP in a bipolar mode
include PCR, c.p.v., optimum lead and free acid con-
tents, and the use of jumbo electrodes (~4m? poss-
ible because there are no bus-bar connections)*. The
process has been operated in a pilot plant where it
proved to be superior to the parallel process [141]. The
rationale for the current use of the parallel system is
that a high economic investment is required for the
substitution and implementation of the bipolar pro-
cess. If new plants to electrorefine lead are to be
constructed in the future, very likely they will be
assembled on the bipolar configuration.

6. Conclusions

1, The Betts process for lead electrorefining is success-
ful because it retains most noble impurities in adherent
anode slimes while depositing rather pure (> 99.99%)
lead cathodes. The anode slimes account for only 1 to
4% of the weight of dissolved lead, and so represent
an enrichment of a factor of 25 to 100 in the noble

* In the Bipolar mode by-pass currents are reduced by increasing
the area of the electrodes so that the ratio of bypass to electrode area
in the cell decreases.
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impurities {particularly precious metals) present in
lead bullion.

2. The anode slimes are adherent and usually thick
(> lem). X-ray diffraction on these slimes identify
mainly oxides and lead fluoride, but these results may
have been compromised by accidental oxidation of
samples. The actual (in sir) slimes are more likely
electrically conducting filaments of noble metals and
intermetallic compounds, sometimes supplemented by
precipitated PbF, and SiO, (both of which have been
detected in anode slimes precipitates).

3. 1t is well known that anode polarization must be
Hmited to less than 200mV to avoid Bismuth dis-
solution and transfer to the cathodic deposit. This
together with the reported X-ray diffraction data pro-
vides evidence that in situ slimes contain metallic
bismuth.

4. Electrolyte extracted from within slimes layers show
that it is markedly enriched in lead fluosilicate and
somewhat depleted in fluosilicic acid. The change in the
inner slimes electrolyie concentration is more abrupt
towards the slimes-anode interface and accounts for
the hydrolysis of SiF;? ions:

3Pb*? + SiF;? + 3H,0 —s 3PbF, + H,Si0, + 4H*

5. Variations of the Betts lead refining process that
have been incorporated include periodic current rever-
sal (PCR) and bipolar refining.

6. Fundamental electrochemical studies have evaluated
the effects of additives such as lignin sulphonates,
glue, and aloes extracts as levelling agents in cathode
deposition. The presence of these additives in the
electrolyte for lead refining may affect both the cath-
odic and the anodic overvoltages.
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