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ELECTROLYTIC ME THOD FOR RECOVERY OF LE AD FROM SCRAP BATT ERIES 

Scole .. Up Siudy Using 20. Liter Multielectrode Cell 

By A. Y. Lee,l E. R. Cole, Jr.,2 and D. L. Paulson 3 

ABSTRACT 

Prior work at the Bureau of Mines r esulted i n the suc cessful develop '
ment of a bench- scale , combination e l ectroref i ning- elect rowinning method 
for recycling the lead f r om scrap batteries using waste fluosilicic acid 
(H2SiF 6 ) as elect rolyte . This paper describes larger scale experiments. 

Anodes cast from scrap battery lead were electrorefined in a 20-L mul
tielectrode cell for 3 to 7 days . The anodes , containi ng 2 to 2. 5 pct 
antimony, were ideal for obtaining f irm and adherent slime blankets . 
Ca t hode deposits , as s aying 99 . 99 pct Pb, were obt ained, with current 
efficiencies near 99 pct . 

Sludge leaching was done in 100- L tanks f ollowed by fi ltering in 61 cm 
square vacuum pan filtersu 

Lead of greater than 99 . 99-pct purity was recovered f rom the filtrate 
by electrowinning in a 20-L multielectrode cell using i nsoluble Pb02-Ti 
(lead dioxide- coated t i tanium) anodes and pure lead ca thodes. The fluo 
silicic acid electrolyte depleted in lead was repeatedly recycled to 
leach more sludge, and there was no problem with impur i ty buildup . 

The amount of Pb02 formed on the anodes during electrowinning was less 
than 1 pct of the total lead deposited on the cathodes , as long as the 
phosphorus concentration in the electrolyte was greater than 1.3 giL. 

Emissions of lead in air were les s than 10 ~g/m3, wel l be l ow the pro
posed OSHA limit of 50 ~g/m3 . 

'Chemical engineer. 
2supervisory metallurgist. 
3Research director. 
Rolla Resealch Center, Bur eau of Mines, Rol la, MO. 
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INTRODUCTION 

Th e Bureau of Mines has investigated an 
electrolytic recycling process to recover 
lead f rom scrap bat teries as part of the 
effort to improve secondary recovery of 
metals , minerals , and other values from 
waste products. This process, eliminat
ing sulfur dioxide (S02 ) generation and 
minimizing particulate lead emissions, is 
an acceptable alternative to the pyro
metallurgical proces s es currently used by 
the secoudary lead industry . The lead 
recovered by electrolysis is free of 
antimony and suitable for producing 
maintenance-free batteries . 

In previous bench-scale stud~es (1 - 3)4 
lead was recovered from grids and lugs-by 
electrorefining and f :com battery sludge 
by leaching- electrowinning . The process, 
based on the bench-scale data, has been 
considered to have economic potential 
(~) . 

In commercial practice, scrap batteries 
are f irst drained, then crushed in a 

hammer mill and separated into four frac
tions: plastic, rubber, large pieces of 
metallic lead, and a fine sludge. Plas
tics are recycled, and rubber is buried. 
In this work the large metallic fraction 
of the crushed batteries is melted and 
cast as anodes for electrorefining in 
lead fluosilicate electrolyte. The 
sludge is leached with ammonium carbonate 
[(NH4)2C03] and ammonium bisulfite 
(NH4HS03 ) to convert the lead sulfate 
(PbS0 4 ) and lead dioxide (Pb0 2 ) into lead 
carbonate (PbC03 ), which is acid soluble. 
Leaching the carbonate sludge with fluo
silicic acid or spent electrolyte pro
duces an electrolyte from which lead is 
electrowon. 

The objective of this investigation was 
to identify possible problems in the 
scale-up. Specific areas of concern were 
impurity buildup in the electrolyte, gen
eration of wastes, lead levels in the 
workplace, and worker health hazards. 
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MATERIALS, EQUIPMENT, AND PROCEDURES 

BATTERY SCRAP 

All of the lead metal and battery 
sludge use'd in this investigation was 
obtained from a large domestic secondary 
smelte r in three different lots. Lot 1 
contained shredded battery grids, termi
nals , and plastic-rubber materials. Lot 
2 contained mostly finer shredded battery 
grids o mixed with some sludge and 
plastic-rubber materials. The lead grid 

4Underlined numbers in parentheses re
fer to items in the list of referenc es a t 
the end of this report . 

samples were cleaned and sorted to remove 
the nonmetallic waste and melted to pour 
into lead pigs for later use in making 
anodes for electrorefining (~). About 90 
kg of lead-antimony metal was recovered 
from lot 1 and 180 kg from lot 2. 

Lot 3, a sludge sample, weighed about 
520 kg and contained 84.4 pct sludge pow
der and 15.6 pct H20. Partial analyses 
of the battery sludge and lead pigs 
are given in table 1. The sludge con
tained mainly PbS04 , Pb0 2 , and fine lead 
metal. 



TABLE 1. - Composition of battery sludge and lead pigs, perce nt 

Materials Pb Sb 

Sludge •••••••••••••••• 59.2 0.35 
Pb pigs from lot 1 •••• 97.9 2.08 
Pb pigs from lot 2 Q ••• 97.2 2.40 
ND Not determined. 

ELECTRODES 

For electrorefining, impure anodes were 
prepared by melting the lead pigs at 425 0 

to 450 0 C and pouring into a carbon 
or steel mold. A ZnC1 2 -NaCl flux was 
used as a cover on the molten bath to 
prevent oxidation and loss of antimony to 
the dross. Each anode weighed about 
7 kg, was 2.3 cm thick by 10 cm wide by 
24 cm high, and had a 2- by 18-cm in
tegrally cast bus bar, making aT-shape 
(fig. 1). 

Sn As Cu S04 H2O Zn 

0.05 <0.03 <0.006 15.61 15 . 6 ND. 
<.06 .07 .06 ND ND <0.01 

.07 .19 .04 ND ND <. 01 

For electrowinning , i ns oluble Pb0 2 -Ti 
anodes, developed and patented by the 
Bureau (5), were used . The Pb02 -Ti an
odes were approximately the same width 
and height as the lead anodes but only 
about 1/2 cm thick . Also the Pb0 2 - Ti 
anodes had evenly spaced holes throughout 
the surface to aid adherence of the Pb0 2 
coating (fig. 2). 

Cathodes, which measured 12.5 em wide 
by 28 cm long, were cut from 0.16-cm 
thick corroding-grade lead sheet. 

FIGURE 1.. Electrodes used in electrorefining. Impure lead anode before electrorefining (left), 

anode after electrorefining (center), and pure lead cathode deposit (right). 
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FIGURE 2. ~ Electrodes used in electrowinning. Pb0 2 -Ti anode before efectrowinning (left), 

anode after electrowinning (center)~ and pure lead cathode deposit (right). 

SLUDGE LEACHING UNIT 

Ammonium carbonate, lead powder (200 
mesh), ammonium bisulfite (47-pct solu
tion by weight), and defoaming agent 
(Dow-Corning DB" '1l0A)5 werE: purchased 
from commercial sources. A sample of 
filter aids (Diatomite, FW··-20) was ob
tained from an industrial company" A 
large quantity of waste H2SiF 6 was 
supplied by a fertilizer company in 
three batches (A-I. A-2, and A-3); batch 
volumes ranged from 380 to 570 L. 

SReference to specific 
not imply endorsement by 
Mines. 

produc ts does 
the Bureau of 

Technical"'grade H2 SiF 6 was also purchased 
for some tests . Partial analyses of the 
H2SiF6 solutions are given in table 2. 

TABLE 2. - Composition of H2SiF 6 
solutions 

Major constituents, 
H2 SiF 6 P S04 

Waste A- I •. •• • • . 312.0 6.18 2.09 
Waste A-2 • • ••••• 269.0 .67 1.3 
Waste A-3 • •• •.. 0 304.8 .53 1.3 
Technical gr a de . 393 . 6 . 57 . 82 

giL 

The large-scale unit used for leaching 
consiste d of t wo IOO-L cylindrical re'
actors (fig . 3) , two polyp~opylene vacuum 
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FIGURE 3. - Leach reactors. 

pan filters (fig. 4), and a 160-L glass
lined steel tank used to collect the fil-
trate. The reactors were polypropylene 
reinforced with a f i berglas s cas i ng a nd 
with an opening at the conical bottom, to 
connect the reactors and pan filters with 
a 7.6-cm valve and pipe. The reactors , 
each sitting on a stand, were placed on a 
1-m-high wooden platform. The two pan 
filters were arranged side by side next 
to the platform so that the discharge 
from the reactor could feed the pan fil 
t ers by gravi tat i on. 

Both the steel tank 
were installed under 

anG 
the 

vacuum pump 
platform and 

connected to the pan filters with poly
vinyl chloride (PVC) pipes. Each reactor 
was equipped with a mechanical sti r rer 
and a t hermosta t ically controlled im
mersion heater (2-kW) in a ~56-cm-long 
alumina casing. The steel tank, reac
tors , and filters were all acid resist
ant. Nylon filter cloths sewed to fit 
the pan (61 cm wide by 61 cm long by 
20 cm deep) and filter papers (S&S No. 
595) of size ~1 m2 were used to line the 
filter pans . A heavy-duty drum pump, 
also aci d r e s i s t ant, was employed to 
t ransfe r l i quid to the reactors . 
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FIGURE 4. - Pan fi Iters. 

SLUDGE LEACHING 

Sludge was leached in a two-step batch 
process, as outlined in figure 5. In a 
typical leach, in the first step, one 
reactor was filled with distilled water, 
10 kg (NH4)2C03 was added, the stirrer 
was turned on, and then 25 kg wet sludge, 
shredded to 1/2-in lumps, was added. 
Finally, 3.75 L NH4HS03 solution and an 
additional 30 L H20 were added to in
crease the volume of the mixture to about 
85 L to cover the immersion heater to a 
safe level. The thermostatic controller 
was set at 55° C: and the mixture was 
allowed to digest for 1 h at temperature 
prior to filtering; 0.4 kg (0.5 pct of 
bulk) filter aids was added to the 

mixture and coated the filter paper 
with a thin layer, which ensured rapid 
filtering. The cake was thoroughly 
washed with distilled H20 to remove any 
(NH4)2S04. The filtering process usually 
lasted about 1 h, including washing. 

The filtrate, about 90 L in vol
ume, containing (NH4)2S04 and excess 
(NH4)2C03' was recycled until the concen
tration of S04- was too high to be 
effective. 

The filter cake, containing mainly 
PbC0 3 , was divided into two equal parts, 
and each was placed in a reactor and 
blended with 10 L H20 to make a uniform 
slurry. The necessary amount of waste 



Scrap batteries 

J C"""ll 
Neut CeHZSOr4 _____ S_e p_cLr_t_iC" ____ --,! Rubber 1 Recycle 

1 
~~ 

Metall ic Pb 

1 
M e lt ing 

1 
cOTng 

Pb-Sb 
anodes 

Refined Pb 
(99.99 pet) 

(NH 4)2C0 3 
NH 4HS03 

H20 

Sludge 

solution 

Residue 

Pb metol--------' 

PbSiF6 
HzSi Fe Spent 

electrolyte 

Electrowon Pb 
(99 .99+ pet) 

FIGURE 5. - Flow diagram for electrolytic re

cycling of scrap batteries. 

H2 SiF 6 and/or spent electrolyte was added 
to each reactor to convert the PbC0 3 into 
PbSiF 6 • Carbon dioxide foam formed imme
diately as the waste acid was added and 
was controlled by sprinkling 1 L defoam
ing agent into each reactor. The slurry 
was allowed to react with H2 SiF 6 at 45a C 
for 15 to 30 min before filtering. 
Again, 0.4 kg filter aids were used to 
coat the filter paper prior to filtering. 
The resulting leachates, normally con
taining 100 g/L lead as PbSiF 6 and 90 g/L 
free H2 SiF 6 , with minor amounts of P, Sb, 
As, Sn and Cu, were suitable for use as 
electrolyte for electrowinning. 

The first 10 leaching experiments were 
made using lead powder (200 mesh) to re
duce Pb0 2 during the second-stage acid 
leach. Later, it was found that NH4HS0 3 , 
when added to the first-stage carbonation 
leach, would successfully reduce Pb0 2 • 

Because of this change in procedure, a 
series of bench-scale tests was made to 
optimize parameters. 
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ELECTROLYTE 

Electrolyte for electrorefining, in 
volumes of 25 L, was prepared initially 
from industrial-grade PbO (litharge) pow
der, technical- grade H2 SiF 6 , and addi 
tives. Later, waste H2 SiF 6 and PbO were 
used for most of the electrorefining 
runs. 

Animal glue and calcium lignin sulf on" 
ate (1) were the additives used as level· 
ing agents and grain refiners for both 
electrorefining and electrowinning exper
iments. Aloes extract (0.5 g/L) was also 
used in several experiments to compare 
its performance to that of glue. The 
starting electrolyte contained 50 to 70 
g/L Pb, 90 to 110 g/L free H2SiF 6 , 4 . 0 
g/L calcium lignin sulfonate, and 0.05 
g/L glue. 

Electrorefining in the 20-L cell was 
conducted prior to sludge leaching; thus 
the sludge leachate was not available fo r 
electro refining. 

Electrolytes for electrowinning Tv-ere 
obtained from leaching sludge. Spent 
electrolyte, usually low in lead and high 
in H2SiF 6 , was recycled repeatedly . 
Phosphorus levels in the electrowinning 
electrolyte \v-ere maintained at 1 to 2 g/L 
using 85 pct H3P04 • 

ELECTROREFINING UNIT 

The unit used for eJectrorefining is 
shown in figure 6. The molded poly
ethylene cell, 36 cm long by 25 cm wide 
by 25 cm deep, was used to electrorefine 
four 2 . 5-cm-thick impure anodes wi th 
three cathodes. The electrodes rested vn 
two copper bus bars and were spaced with 
3 cm between the surface of each anode 
and cathode. The cell was heated by a 
thermostatically controlled circulating 
water bath to maintain the electrolyte 
temperature between 30° and 40° Co 

A constant current of about 20 A kept 
t he cu r rent density at 170 t o 180 A/m2 • 

The voltage varied from 0.3 to 1.0 V with 
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FIGURE 6. - Electrorefining unit. A, Anode wash tank; B, electrolyte storage tanks; C, auxiliary 

cell for monitoring polarization voltage; D, constant -temperature water bath; E, 20-L multielectrode 

cell. 

variations in electrolyte 
and as the slime blanket 
thickness. 

temperature 
increased in 

Electrolyte was circulated between 
electrodes by adding it to a trough along 
one side of the cell and drawing i t out 
from the bottom of the cell at the other 
side. Electrolyte flowed into the cell 
through the evenly cut no t ches made on 

the trough wall to ensure equal distribu
tion in the cell. 

ELECTROWINNING UNIT 

The electrowinning unit (fig. 7) con
sis ted of a 20-L cellon a stand next 
to a 200-L cylindrical tank for storing 
electrolyte . The tank was equipped with 
a stirrer, an alumina-sheathed immersion 
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FIGURE 7. - Electrowinning unit. A, 20-L multielectrode cell; B, electrodes after a 5-day test; 

C, 200-L e I ectrol yte tan k. 

heater (2-kW), and an acid-resistant 
pump. During electrolysis, electrolyte 
was pumped continuously into the cell 
bottom through a 2.5-cm PVC pipe from the 
tank and was allowed to overflow back 
into the tank through a 5-cm-diam opening 
on the upper side of the cell. The cell 
held three cathodes and four Pb0 2-Ti 
anodes. 

The parameters used for both electrore
fining and electrowinning were similar to 
those used in the bench-scale studies 
(!) . 

The control system included a 40-V, 50 .. 
A dc power supply, a chart recorder, an 
ampere-hour meter, and a digital ther
mostatic controller for the immersion 
heater. 

RESULTS AND DISCUSSION 

METAL RECOVERY 

Anode and Slime Blanket 

The lead metal obtained from scrap bat
teries contained 2 to 2.5 pct antimony . 

Anodes cast from this metal usually pro
duced firm and adherent slime blankets. 
Electrorefining {-!as an ideal method for 
eJ.imin3.ting Sb, As, Cu, and Sn from the 
lead (3) " The results of electrorefining 
in the-20- L cell for 4 to 7 days using 
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anodes cast under various conditions in
dicate that the firmness of the slime 
blankets was closely related to the anode 
grain size. As shown in figure 8!, a 
large-grain structure resulted when 
anodes were cast in a heated (300 0 e) 
graphite mold, which was cooled slowly. 
The resulting slime blanket was coarse 
and loosely attached, which caused it to 
fall into the cell solution at the least 
disturbance. Figure 8e shows the fine
grain structure of an anode cast into an 
unheated steel mold (20 0 e). The lead 
melt solidified into numerous layers 
because of the rapid cooling. The re
sUlting slime blankets were very firm but 
detached from the anode as their thick
ness increased with time. A firm and 
adherent slime blanket was obtained -on 
anodes cast into a steel mold heated to 
2500 e, which was air-cooled to give a 
grain structure of approximately 1.30-cm 
diam (fig. 8B). The quality of the slime 
blanket was-further improved by melting 
the lead metal at 4800 e (1) and holding 
the melt at temperature for 2 h before 
pouring. 

As in bench-scale electrorefining stud
ies, too much phosphorus in the electro
lyte caused poor anode dissolution and 
the formation of extra-thick slime blan
kets, which in turn increased the cell 
voltage and energy consumption. Figure 9 
shows that the half-cell voltage in
creased from 0.36 to 0.59 V at a phos
phorus content of 0.j5 gIL, and from 0.34 
to 1.4 V at a phosphorus content of 0.5 
gIL at the end of 4.5 days of electro
refining in the 20-L cell. 

Table 3 shows that the amount of slimes 
generated doubled as the phosphorus con
tent in the electrolyte increased from 
~0.5 to ~1.0 gIL, the percentage of an
timony in the slimes decreased, while 
lead content increased regardless of the 
percentage of antimony present in the 
anodes. Therefore, it was necessary to 
eliminate phosphorus as much as possible 
from the electrolyte before using it for 
lead electro refining. 

• , .,~ ..... • • • • 
/ . " •• /0 .. .. '" . • • • • • • •• ~-./ . 0 • o. 

• .. , o • 

I • .0 : .. 
o i- I 

•• 10 I • :t 
.,; 

• . 0 
) I loo " •• • 

- .1 I . ..... : ,../ ~ I ' . :.1 . • ,. , '" • • .. ~ I. • .6. • I .' • , • · , 
• • · .' .:! .' , , , . • • , . 

'/. • . 
/' ". • 

FIGURE 8. - PboSb anodes at 100 X. A, Heated 

graphite mold, 300 0
(; B, heated steel mold, 250 0

(; 

C. un heated stee I mo I d, 20 0 C. 

'" 
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TABLE 3. - Effect of phosphorus in electrolyte on formation 
of anode slimes 

Phosphorus in Slime to Pb Major elements Sb in 
Run electrolyte, deposit, 1 in slime, pct cast anode, 

giL wt pct Sb Pb pct 
1 ••• 0.29 3.03 73.3 11.1 2 . 0 
2 ••• .49 3.65 61.6 13.6 2.4 
3 ••• .67 4.65 56.9 13.7 2.4 
4 2 •• .93 7.50 54.2 25.4 3.0 
52 •• 1.3'4 8.38 46.7 28.4 3.75 , Welght pe~cent of anode sllmes to Pb deposit on cathode. 
2Bench'-scale results. 

Electrolyte made ( from PbO and 
technical-grade H2 SiF6 cont ained about 
0.35 giL phosphorus, which was suitable 
for electrorefining. When phosphorus
containing waste H2 SiF6 (table 2) was 
used to dissolve PbO, it was critical to 
use the stoichiometric amount of acid, so 
that most of the phosphate compounds were 
eliminated as a precipitate in the less 
acidic solution (!). The PbSiF 6 solution 
then obtained was rich in lead and low in 
H2SiF 6 and was adjusted' to the proper 
concentration of free acid by adding 
technical-grade H2 SiF6 " 
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FIGURE 9. - Effec t of phosphorus content in elec

trolyte on ce ll voltage with t i me. 

The precipitate formed when PbO reacted 
wi th waste H2SiF6 contained mainly 
Pb 5 (CI,F)(P04 )3 and PbS04 • The lead in 
the lead phosphate compound was recovered 
by leaching with concentrated H2SiF6 , 
and the remaining PbS0 4 was then 
mixed with the battery sludge to recover 
the lead by the carbonation leaching 
process. 

At the end of each experiment, the 
electrolyte had less lead and more free 
H2 SiF6 because the increase in slime 
blanket thicl~ness reduced the rate of 
anode dissolution. Used electrolyte, 
even contaminated with anode slimes, was 
filtered and adjusted to the proper 
concentration of lead, free H2SiF 6 , 
and additives and .was used suc
cessfully in subsequent electrorefining 
experiments. 

The lead concentration varying from 50 
to 80 giL had no Significant effect on 
the process. As the free H2SiF 6 level 
increased from 75 to 115 giL, energy 
consumption decreased from 0.13 to 0.09 
kW·h/kg of lead refined, while the cur
rent efficiency increased from 97.5 to 
99.0 pct. Electrolyte containing high 
free H2 SiF6 (~120 giL) exhibited lower 
cell voltage, hence lower energy consump
tion, even when the phosphorus content 
was 0.6 giL; however, the resulting cath
ode deposits, assaying 99.77 pct lead, 
were brittle and rough. 

The antimony-rich slimes can be sold to 
smelters for producing Pb-Sb alloy in a 
blast furnace. 



12 

TABLE 4. - Partial analyses of final electrolyte and lead cathode deposits 
for selected runs 

Run Electrolyte, gIL Analyses of refined Pb, pct 
Run time, Pb Free P Pb Sb As Cu Sn P 

days H2 SiF 6 

18 ••••••• 6 80.4 99.4 0.29 198.9 1.09 (0.005 (0.001 (0.005 (0.001 
19 ••••••• 4 71.3 88.1 .29 199.97 .028 (.001 .001 (.001 (.001 
20 ••••••• 4 71.3 95.3 .29 99.99 .007 (.001 .0005 .0015 (.001 
21 •••..•• 5 70.6 75.6 .49 99.95 .05 (.QOl .001 (.001 .001 
22 ••••••• 4 62.6 1l0.7 .35 99.99 .007 (.001 .002 (.001 .001 
23 ••••••• 4 58.3 105.8 .67 99.98 .. 004 (.001 .001 (.001 . 006 
24 ••••••• 7 69.0 118.9 .57 99.83 .16 (.001 .01 (.001 (.001 

-1 Electrolyte was contaminated by slimes at the end of run. 

TABLE 5. - Results of electrorefining 

Run Temp, Average voltage, Energy consumed, Current 
Run time, °c V 

days Cell Total 
18 •••• 6 37 0.38 0.85 
19 •••• 4 37 .36 .77 
20 •••• 4 37 .42 .84 

21 •••• 5 37 .50 .83 

22 •••• 4 37 .31 .70 

23 •••• 4 40 .32 • 745 

24 •••• 7 40 .40 .82 

Cathodes 

Electrorefined lead deposits assaying 
99.99 pct Pb (table 4) were obtained in 
the 4-day runs, at a current density of 
170 A/m2 , and a temperature of 35° to 
40° C, using electrolyte containing 60 to 
80 gIL Pb, 90 to ~115 gIL free H2SiF6 • 
and less than 0.35 gIL P, along with 4 
gIL calcium lignin sulfonate, and 0.04 
gIL glue as additives. 

The purity of the lead deposits was 
reduced to less than 99.9 pct when the 
phosphorus content was greater than 0.5 
gIL or in runs longer than 4 days, espe
cially when the electrolyte was contam
inated by antimony from the slimes. 
Then the lead deposits contained 0.03 to 
1.1 pct Sb, depending on the degree of 
slime contamination. Longer electrore
fining time also resulted in higher 
energy consumption and 
efficiency (table 5). 

lower current 

kW'h/kg 
Cell Total 
0.10 0.22 

.095 .206 

. ll .22 

.13 .22 

.08 .19 

.084 .195 

.150 .21 

efficiency, Remarks 
pct 

97.5 P = 0.29 gIL. 
97.85 P = 0.29 gIL. 
97.75 Low H2SiF6 • 

P = 0.29 gIL. 
97.5 Low H2SiF6 , 

P = 0.49 gIL. 
98.3 High H2 SiF 6 , 

P = 0.35 gIL • 
98.9 High H2SiF 6 , 

P = 0.67 gIL. 
98.5 High H2 SiF 6 , 

P = 0.57 gIL. 

SLUDGE RECOVERY 

Leaching 

Fourteen sludge leaching experiments 
were completed. Lead metal was recovered 
from the PbSiF6 solution by electro
winning. Each leaching operation pro
duced about 200 L of leachate, containing 
sufficient amounts of lead and free 
H2SiF6 to support a 3- to 7-day continu
ous electrowinning test in the 20-L cell. 

The wet sludge from scrap batteries 
consisted of 40 pct PbS04 , 28 pct Pb0 2 , 2 
pct metallic Pb, and 15.6 pct H20 as 
received. Initially, sludge was leached 
with (NH4)2C03 solution to convert PbS04 
into PbC03 , which is soluble in H2SiF6 • 

After solid-liquid separation. the resi
due containing PbC03 and the unreacted 
Pb02 was leached with H2 SiF6 and lead 
powder (200 mesh). The lead powder was 



added to reduce the Pb02 to acid soluble 
PbO, as in reaction A. 

Pb02 + Pb + 2PbO. (A) 

Later the procedure was modified to use 
NH4HS0 3 in place of the lead powder. The 
NH4HS0 3 ~'laS added during the first leach 
along with the (NH4)2C03' and the Pb02 
was converted to PbS04 and then to PbC0 3 • 
Additional (NH4)2C03 was added to handle 
the PbS04 from the Pb02 and NH4HS0 3 reac
tion. The residue from the first leach 
now consisted mainly of PbC0 3 , which was 
solubilized by H2SiF6 in the second 
leach. The two-·s tep leaching proce
dure can be described by the following 
reactions: 

Step 1: 

Step 2: 

PbS04 + (NH4 )2C0 3 + PbC03~ 

+ (NH4 )2 S04· (B) 

The cost of using NH4HS0 3 for Pb0 2 reduc
tion was approximately one-third that of 
using lead powder. 
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The best leaching parameters for maxi 
mum lead recovery from bench-scale tests 
were found to be (1) a mole ratio, in 
the sludge, of 1~2 Pb:(NH4)2C03 and 1:1 
Pb02 :NH4HS0 3 , (2) a digestion tempera
ture and time of 55 0 C for 60 min for 
carbonation and of 45 0 C for 30 min for 
the acid leach, and (3) 250 to 400 g 
sludge per liter of water. 

The first large-scale acid leach was 
conducted with waste H2SiF 6 (A-I) only. 
In subsequent leach tests, recycled spent 
electrolyte was used with the waste 
H2SiF 6 as makeup. Waste A-2 was used for 
runs 2 through 12; A-3 was used beginning 
with run A-13. If required, phosphoric 
acid was added. In the beginning, be
cause the spent electrolyte contained 
organic additives which formed very 
stable CO2 foam when used to acid leach 
PbC0 3 , it was necessary to add the waste 
H2SiF 6 first to reduce the problem of 
foaming. Later, foaming was controlled 
by spraying with defoaming agent (DB-
110A, Dow-Corning). 

Both the waste H2SiF6 and the spent 
electrolyte contained some phosphate com
pounds. After the acid leach, the final 
sludge residue contained an insoluble 
lead phosphate compound PbS (Cl,F)(P0 4)3 
(pyromorphite) and PbS04 , and was very 
difficult to filter. The residue also 
contained minor amounts of Sb, As, and Sn 
and comprised about 25 wt pct of the wet 

TABLE 6. - Analyses of final sludge residue after H2 SiF 6 leach 

Wt of Wt of Free Composition of residue, pct 
Run sludge, residue" H2 SiF 6 1 Pb P Sb As Sn Cu S04 Si Ca 

kg kg giL 
1 • ••• • • 33.3 4.35 125.2 58.0 1.40 0.26 0.08 <0.10 <Ov01 28.67 NA NA 
2 •••••• 33.3 5.3 86.4 44.9 NA .32 <.03 <.05 .03 210.02 NA NA 
6 •••••• 33.3 8.05 83.5 41.5 1. 91 .25 .32 <.10 <.01 .80 1l.0 NA 
10 ••••• 22.2 5.18 78.2 29.7 .51 .40 .09 .24 NA .60 NA NA 
11 ••••• 20 4.37 111.0 25.6 .29 .29 .05 <.1 <.01 NA NA 0.36 
12 •.•.. 25 4.39 [ 102.0 27.9 .61 .25 .10 .19 NA NA 13.7 NA 

14 •• " .. 25 5.37 
350.6 

[1 38 • 2 2.33 .31 .12 .17 NA 24.13 NA NA 482.6 
NA Not analyzed. 
lConcentration of f r e e H2 Si F6 in leachates . 
2The high values of S04 in residues 1. 2. and 14 were due to poor washing of the 

PbC0 3 filter cake . 
31st-batch acid leachate . 
42d-batch acid leachate. 
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sludge. (See table 6.) Adding 0.5 pct 
(bulk weight of the slurry) of filter aid 
to the slurry prior to filtering and 
coating the filter paper in the pan with 
a 0.3-cm-thick layer of filter aid de
creased the filtering time from 6 h or 
more to about 1 h. 

The percentage of the lead recovered 
was determined from the amount of lead in 
the PbSiF6 leachate and in the final 
sludge residue. Similar to the results 
Qf bench-scale leaching, the lead recov
ery from large-scale leaching ranged from 
88 to 95 pct. 

The analyses of the final leachates are 
shown in table 7. Since PbSiF 6 is very 
soluble in H2 SiF6 , the concentration of 
lead ranged from 80 to 140 giL and the 
free H2SiF6 ranged from 50 to 125 giL in 
the sludge leachates; all ranges were 
proportional to the amount of the input. 
The concentration of phosphorus depended 
not only on the amount of input but more 

so on the concentration of free acid in 
the leachates. The amount of phosphorus 
recovered from the waste acid and spent 
electrolyte after sludge leaching de
creased from ~90 to 40 pct as the concen
tration of the free H2SiF 6 decreased from 
over 100 to 70 giL. To obtain PbSiF 6 
electrolyte with high lead and low free 
H2SiF6 concentration and also to recover 
phosphorus efficiently, a two-stage acid 
leach procedure was employed for leaching 
runs 7, 11, and 140 As the reaction 
of the first acid leach was completed, 
the agitation was stopped, allowing 
the sludge residue to settle for about 
30 min. Then the PbSiF 6 solution was 
siphoned out for filtering. More spent 
electrolyte, which was high in free 
H2SiF6 , was added to dissolve additional 
amounts of lead phosphate compounds from 
the residue. As indicated in table 7, 
the second batch of leachates contained 
higher concentrations of phosphorus and 
free H2SiF6 than the first batches. 

TABLE 7. - Analyses of leachates 

Volume, Composition of leachates, giL Pb 
Run L Pb Free P Sb As Sn Cu recovery, 

H2SiF6 pct 

1 •••••••••••••••• 200 95.8 125.2 2.3 0.40 0.072 0.026 0.004 88.5 
2 •••••••••••••••• 180 129.5 86.4 .76 .44 .080 .030 (.001 91 
3 •••••••••••••••• 208 117.9 92.9 1.01 .47 .072 .034 .001 90.5 
4 •••••••••••••••• 159 150.4 100.8 1.51 .65 .089 .040 .008 88.0 
5 •••••••••••••••• 228.5 125.1 83.7 .87 .70 .07 .03 .002 91.3 
6 •••••••••••••••• 228 122.2 83.5 .79 .72 .05 .023 .001 89.3 

7 •••••••••••••••• [ 1208 112.7 91.7 1.86 .81 .044 .026 .002 ] 92.0 245 64.0 107.0 1.86 .81 .048 .026 .002 
8 •••••••••••••••• 220 106.7 94.3 1.01 .68 .030 .030 (.001 91.5 
9 •••••••••••••••• 186 104 75.4 .77 .50 .035 ND .001 89.2 
10 ••••••••••••••• 207 113.5 78.2 1.04 .68 .038 .042 (.001 91.6 

11 ••••••••••••••• [ 1220 82.9 109.2 1.04 .69 .044 .032 .003 J 95.0 240 71.3 113.3 1.13 .69 .044 .032 .006 
12 •••••••••••••.• 231.5 89.7 102.2 .80 .57 .046 .041 .004 94.5 
13 ••••••••••••••• 201 108.6 96.0 .80 .58 .037 .046 .004 ND 

14 •••••••..••.••• if 
196 138.8 50.6 .28 .58 .023 .011 .005 

11 91.8 288 106.3 82.6 .63 .65 .040 .299 .004 
ND Not detected. lIst-batch acid leach. 22d-batch acid leach. 



Lead sulfate was found in the residue 
when (1) fresh waste H2SiF6 containing 
H2 S04 was used to acid-leach the PbC03 
sludge, (2) the conversion of PbS04 to 
PbC03 was not complete, or (3) the PbC03 
sludge filter cake was not thoroughly 
washed to remove all of the (NH4)2S04 
residue. 

Lead phosphate compound was formed and 
remained in the sludge residue when us
ing recycled spent electrolyte containing 
PO~- to acid- leach the PbC03 sludge at 
lower H2SiF6 levels. Lead and phosphorus 
in the sludge residues can be recovered 
by releaching with (NH4)2C03 and then 
with more concentrated H2 SiF6 • 

Ammonium sulfate solution is the by
product of the first step leach. The 
dilute (NH4)2S04 solution from run 11 was 
recycled to leach the next batch of bat
tery sludge with additional (NH4)2C03. 
The recycling of (NH4)2S04 solution 
continued until run 14, as listed in 

TABLE 8. - Analyses of (NH4)2S04 
solution s 

Volume, Analysis of (NH4 )S04 
Run L leachates, giL 

NH4 S04 CO~ Pb As 
5 I •• 170 14.6 34.8 NA 0.006 0.004 
8 1 •• 170 13.8 33.7 NA .003 .004 
10 1 • 87 15.4 38.7 NA .003 .004 
112. 100 22.6 43.5 NA .013 .007 
122. 99 35.5 81.7 14.3 .012 .011 
13 •• 92 53.3 114.0 2.0 .020 .019 
143 • 93 84.5 224.0 61.0 .056 .012 

NA Not analyzed. 
lIn runs 5-10 only PbS04 in the sludge 

was converted to (NH4)2S04 because Pb 
powder was used to reduce Pb0 2 • 

2In runs 11-12 both PbS04 and Pb0 2 
were converted to (NH4)2S04 because 
HN4HS03 was used to reduce Pb0 2 • 

3In run 14, 14.7 kg of (NH4)2C03 was 
added to the recycled (NH4)2S04 solu
tion as compared to only 7.5 kg added 
previously. 
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table 8. The (NH4 )2 S04 solutions in-
creased in concentration from 43.5 giL 
S02-4 for the first leach to 124 giL SOl-
for the third. The lead and arsenic 
content in the solutions also increased 
from 3 to 56 ppm and 4 to 19 ppm, 
respectively. 

Electrowinning 

Seventeen electrowinning experiments 
~.,ere performed in the 20-L cell, the 
operating data are given i n table 9. 

The lead metal deposits ~ecovered from 
all the sludge leachales were assayed and 
found to contain 99.995 to 99.999 pct Pb 
with trace amounts of Sb, As, Cu, Sn, and 
P (table 10). Among the impurities, cop
per was the only element in the electro
lyte that codeposited with lead on the 
cathodes, as indicated by the <0.001 giL 
Cu in all depleted electrolytes. 

The cathode deposits, during electro
winning tests, usually were smooth for 
the first 3 days, then became rough or 
granular as the electrolyte decreased in 
lead content below 25 giL and increased 
in free H2SiF6 content above ~125 giL. 
The current density was 170 A/m2 , and the 
electrolyte temperature was 30° C. The 
morphology of the lead cathode deposits 
was also adversely affected by increasing 
the current density to 300 A/m2 • 

A 4-day bench-scale test was made to 
see if it would be possible to maintain a 
fairly constant lead concentration in the 
electrolyte with time. The test was con
ducted in a 1-L cell at room temperature 
(20° to 25° C) and 200 A/m2 current den
sity. The lead concentration in the 
electrolyte was maintained at 140 to 150 
giL during the 4-day run by periodically 
adding a very concentrated stock solu
tion. The composition of the stock solu
tion and the cell electrolyte during the 
run are given in table 11. 
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TABLE 9. - Operating data for lead electrowinning 

Composition of electrolyte, giL --
Run l Free C .D .. ,;, 

Pb H2SiF 6 P As Cu Sb Sn A/m3 

lB • • 69 . 2 9L4 1.8 0.045 0. 003 0. 287 0. 026 IJ 170 1A •• 30. 7 117 , 8 108 NA NA NA NA 

2B •• 109.8 106.1 2.37 .067 <. 001 . 370 NA 
} 170 

2A •• 40.8 152 2.8 NA NA NA NA 

3B •• 96.1 99.4 1.76 .055 . 001 . 500 . 034 
} 170 

3A •• 23.2 148.6 1. 65 NA NA NA NA 

4B •• 100.1 77.2 1.26 . 061 . 003 . 450 . 030 
} 170 

4A •• 32.7 126.8 .81 .07 <.001 .43 .03 

5B •• 110 75 2.16 .063 .002 . 72 .03 
} 170 

SA •• 23.3 134 2.16 .063 <.001 . 72 .03 

6B •• 108.3 86.7 2.58 .041 <.001 .667 .017 
} 170 

6A •• 53.0 121.7 1.. 86 , 041 <. 001 .667 . 018 

7B •• 54.4 118.8 2.17 ,,041 <.001 .667 .018 
} 170 

7A •• 33.7 130.8 NA .044 <.001 .714 .017 

8B •• 105.7 90.0 1.30 .037 .002 .682 .032 220 
8A •• 61.3 117.8 1.51 0036 <.001 . 636 .032 250 

9B •• 61.3 117.8 1.51 .036 <. 001 .636 . 032 
} 300 

9A •• 43.9 130.8 1.54 .036 <.001 .682 . 032 

lOB. 103.2 93 . 8 1. 41 .037 <.001 . 640 . 033 
} 300 

lOA. 51.2 129.4 1. 39 .035 <.001 .640 . 033 

llB. 111!.8 95.5 1.53 . 061 .003 .600 . 036 
] 277 

1IA. 65.06 152.2 1.61 .061 . 001 .680 .036 

12B. 99.5 83.4 .76 .037 .001 . 480 .057 J 300 12A. 44.8 119 . 5 .84 .036 <. 001 . 520 . 078 

13B. 106.9 91.9 1.22 .051 <.001 .708 . 050 
] 300 

13A. 52./~ 128.2 1.19 .050 <.001 .708 .050 

14B. 87.8 101.0 1.32 .050 .003 .621 .032 J 200 14A. 36.7 136.6 1.40 . 048 <.001 .708 .050 

15B. 50.1 135.1 1.66 .038 <.001 .706 0031 
] 172 

15A. 38.1 145.1 1.67 NA NA NA NA 

17B. 103.3 98.6 1. 37 .038 .004 .676 .038 It 187 17A. 68.8 119.3 1.33 NA NA NA NA 
NA Not analyzed. ND Not determined . 
IB = before electrowinning; A = after electrowinning. 
2C.D. = current density. 
3C.E. = current efficiency. 

Run 
Temp, time, 

°C h 

30 93 

30 168 

30 172 

30 140 

30 172 

30 121 . 7 

30 48 

] 29 76 

36 23 .5 

36. 5 72 

36 73 

45 72 

35.8 48 

[ 25 
40 ] 30.5 

40 28 

30 72 

4Weight pct of Pb02 formed on anodes to lead deposits on cathodes. 
5Aloes were used in place of glue as additive. 
6The cell was shorted near the end of test. 

C.E., 3 
pct 

95.4 

95.6 

95 . 6 

96.5 

96.5 

97 . 06 

97.3 

97.8 

98 . 05 

98 . 6 

98.3 

98.3 

693.0 

96 . 6 

96 

97 

Energy Pb0 2 to 
con- Pb de-

sumed, posit,4 
kW oh/kg wt pct 

0.69 ND 

.677 ND 

. 706 1. 56 

.74 1.63 

5.78 .85 

. 73 .83 

.73 .63 

.74 .83 

.82 .65 

0. 735 0. 93 

.74 .90 

.757 2.0 

.81 1.21 

.723 ND 

.7013 .78 

.708 .96 
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TABLE 10. ,- Electrowon lead cathodes 

Analyses, pct Run Cathode 
Run 1 Pb As Cu Sb Sn P time, wt, kg Remarks 

h 
1 •••••• 99.995 0.0009 0.0024 <0.0001 0.0001 0.001 93 8.076 Very good. 
2 •••••• 99.997 .0009 .0007 .0008 <.0001 <.001 168 15.093 Rough. 
3 •••••• 99.997 .0002 .001 .0004 <.0001 <.001 172 15.304 Do. 
4 •••••• 99.997 .0006 .0015 .0001 <.0001 <.001 140 14.354 Smooth. 
s ...... 99.998 .0001 .0004 .0001 <.0001 <.001 172 18.229 Do. 
6 •••••• 99.998 <.0001 .0005 .0002 .0001 <.001 12L7 11.270 Excellent. 
7 •••••• 99.996 <.0001 .0005 .0003 .0001 <.001 48 4.528 Rough. 
8 •••••• 99.998 <.0001 . 0005 . 0004 . 0001 <. 001 76 9.741 Good. 
9 •••••• 99.9978 <.0001 .0005 .0005 .0001 <.001 23.5 3.694 Very rough. 
10 ••••• 99.999 .0001 .0003 .0004 .0001 <.001 72 11.164 Rough. 
11 ••••• 99.997 <.0001 .0020 .0006 <.0001 <.001 73 10.478 Good. 
12 •••.. 99.997 <.0001 .0010 .0005 .0001 <.001 72 11. 252 Very rough. 
14 ••••• 99.997 .0010 .003 .0003 .0004 .001 30.5 3.252 Do. 
15 • •••• 99.996 .0005 .0015 .0005 .0002 <.001 28 2.670 Rough • 
17 ••••• 99.996 • 0004 .0032 .0005 .0003 <.001 72 7.015 Smooth. 
I In runs 13 and 16, the cell was shorted near the end of test. 

TABLE 11. - Composition of electrolyte 
with time 

Composition, IL 
Electrolyte (E) Pb Free P 

H2 SiF6 
Stock solution •••• 193.6 64.6 0.35' 
Eo--initial ••••••• 149.6 80.4 1.50 
E 1--1 day ••••••••• 149.2 89.0 1.07 
Ez--2 days •••••••• 146.3 92.9 1.28 
E3--3 days •••••••• 141. 5 100.3 1.03 
E4--4 days •••••••• 144.2 109.2 1.27 

The starting electrolyte contained 3 
giL calcium lignin sulfonate and 0.05 giL 
glue. Small amounts of glue and H3po4 
were added daily. The resulting cathode 
deposit was excellent in appearance. The 
current efficiency was 98.5 pct, and the 
total energy consumption was 0.735 kW'hl 
kg of electrowon Pb, which was very rea
sonable for this low cell temperature 
(20 0 to 25 0 C). 

In another 20-L test, the use of 0.5 
giL aloes in place of 0.05 giL glue as 
additive improved the morphology of the 
deposits but also increased the cell 
voltage and energy consumption. 

The cathode current efficiencies in · 
creased slightly with increasing cur
rent density and flow rate of the 

electrolyte and ranged from 95 to 98.6 
pct, similar to the results of bench
scale tests. 

Energy consumption in the ?O-l. cell 
using 4.5-cm electrode spacing was 0.7 to 
0.8 kW'h/kg of electrowon lead, slightly 
higher than the 0.66 to 0.7 kW'h/kg for 
the bench-scale tests using a 3.5-cm 
spacing. 

In an attempt to decrease energy con
sumption, several electrowinning tests 
were conducted with the electrode spacing 
reduced from 4.5 to 3 cm. The reduced 
spacing resulted in uneven lead deposits 
on the three cathodes and increased the 
risk of shorting; the effect on energy 
consumption was insignificant. 

As shown in figure 10, two types 
of PbOz-Ti anodes were used in the 
electrowinning tests. The anodes with 
the smaller holes (0.9 cm in diam) spaced 
1 cm apart were very stable and still in 
perfect condition after repeated use in 
eight consecutive tests. The anodes with 
the larger holes (1.3 cm in diam) spaced 
1.3 cm apart tended to develop cracks in 
the PbOz coating after repeated use. 

A thin layer of PbO z was formed on the 
anodes during each run. The newly formed 
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FIGURE 10. - Two types of Pb0 2-Ti anodes. 

Pb0 2 layer was firmly attached to the 
anodes, did not pollute the cell solu
tion, and was easy to clean after each 
test. The amount of Pb0 2 formed was lim
ited to less than 1 pct of the total 
weight of the cathode deposits, as long 
as the phosphorus level in the electro
lyte was maintained at greater than 1.2 
giL (table 10). The Pb0 2 collected from 
the anodes was leached with the battery 
sludge to recover lead as PbSiF 6 in the 
leachates. 

The chemical analysis of the Pb0 2 layer 
(bulk) and the Auger electron spec
troscopy analysis of the surface of the 
Pb0 2 formed on the anodes during electro
winning are given in table 12. 

The bulk Pb02 layer contained 2.78 pct 
P, compared with 10.6 pct P on the Pb0 2 
surface. The mechanism by which phos
phorus inhibits excessive Pb0 2 formation 
during lead electrowinning has not been 
determined. 

LEAD MONITORING 

The results of lead monitoring during 
anode casting, sludge leaching (with and 
without Pb powder), and electrowinning 
are listed in table 13. 

Filters from the personal monitors were 
pinned to the lapels of the employees, as 
close to their breathing zones as pos
sible. The reactor monitors were sus
pended 1 m above and directly over the 
melting pot, leaching tank, and electrol
ysis cell. For lead melting, the lead 

fume was drawn to a baghouse by a cone
shaped duct placed 2/3 m above the pot. 
The room monitors were approximately 5 to 
7 m from the work area. Airborne lead 
was considerably less when NH4HS0 3 was 
used to reduce Pb0 2 instead of minus 200-
mesh lead powder. 

Following 10 sludge leaching opera
tions, the blood lead tests of employees 
1 and 2 were normal at 17 and 15 ~g/100 
mL, respectively. 

TABLE 12. - Analyses of Pb0 2 layer formed on anodes 

Pb0 2 sample I Method of analysis Unit Pb0 2 layer 

Pb ° P As F 
W IP . •••••••••• Chemical ••.•.•..••• wt pct •••• 72.5 17.2 2.78 0.32 0.10 
W IP • •••••••••• Auger •••••••••••••• at. pct ••• 29 43 26.5 .05 1.0 . 

wt pct •••• 78.9 9 10.6 .5 .25 
W /0 P ••••••••• Auger ••.•.••••••.•• at. pct ••• 60 35 0 4.0 1.0 

wt pct •••• 93.4 4.2 0 2.25 .14 
NA Not analyzed. 

IW/P = Pb0 2 formed on anodes in electrolyte with phosphorus of 2.0 giL. 
= Pb0 2 formed in electrolyte without phosphorus. 

Sb 
0.07 

NA 
NA 
NA 
NA 

w/o P 
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TABLE 13. - Results of monitoring for airborne lead 

Pb, ~g/m3 of ai r 1 

Sludge leaching 
Monitor Anode Pb02 reduction Electrowinning 

casting Carbonation With Pb With 
powder NH4 HS03 

Employee 1 •••••••• <5 10.8 L328 6.7 NM 
Employee 2 •••••••• 5 6.1 30 8.3 NM 
Reactor ••••••••••• <S 6.3 11 7.S <2 
Room •••••••••••••• <S 1.9 1.3 1.7 <1 
NM Not monitored. 
'The proposed industry standard is SO ~g/m3. 
2Employee wore a dust mask when handling the 2004mesh Pb powder. 

ECONOMIC EVALUATION 

Based on the data from bench-scale 
tests, a preliminary economic evaluation 
(4) of the process was performed by the 
Process Evaluation Staff of the Bureau of 
Mines. 

lead recovered was 3S.2 cents (16.0 cents 
per lb), excluding the cost of scrap 
batteries. 

The evaluation was based on a plant 
designed to process 10,000 batteries per 
day and recover about 100 tpd of lead. 
This scale is equivalent to the capacity 
of a large secondary smelter. The plant 
is divided into five sections as shown by 
the flowsheet in figure 11: feed prepa
ration, anode casting, leaching, elec
trolysis, and ammonia recovery. The 
evaluation was based on the flowsheet, 
except that lead powder was used in 
sludge leaching to reduce Pb02 during the 
acid leach, which was more costly than 
using NH4 HS03 • 

The capital cost was a "study estimate" 
used by Weaver and Bauman (6). Since the 
treatment of slag and anode slimes was 
not complete, the accuracy of the cost 
estimate may not be within the assumed 
±30 pct. Capital cost was $21 million, 
and the operating cost per kilogram of 

Rubber and plastic casino 

NH3 

recover y 

tower 

Scrap batteries 

Reaidue Pb Pb Slime. Slag 

FIGURE 11. - Proposed plant design and pro
cess to recover 100 tpd of lead. 
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CONCLUSIONS 

High-purity lead was recovered 
scrap batteries by electrorefining 
metal and by leaching·'·electrowinning 
from sludge. 

from 
lead 
lead 

This recycling process minimizes en
vironmental and health impacts, as shown 
by the results of lead-in-air and lead
in-blood monitoring. The working envi
ronment may be further improved when the 
leaching process is automated and oper
ated in a closed system to avoid the 
escape of NH3 gas and recover CO 2 for 
recycling as (NH4)2C03. 

In the leaching process, 
to reduce Pb0 2 in place of 
lead powder was more cost 
resulted in lower emissions. 

using NH4HS03 
the 200-mesh 

effective and 

Similar to the bench-scale results, the 
current efficiencies were 97 to 99 pct 
for both electrorefining and electro
winning under a wide range of parameters. 
The total lead recovery for this process 
was approximately 92 pct. 

Maximum energy consumption, based on 
the cell voltage, waS 90 and 800 kW·h per 
metric ton of lead electrorefined and 
electrowon, respectively. Care must be 
taken to reduce the electrical trans
mission loss from the power supply to the 
cell, which could be as high as 110 kW·h 
per metric ton of lead deposit in this 
electrolysis system. 

The byproduct of the sludge leaching is 
ammonium sulfate solution, which can be 
used as fertilizer or recycled to recover 
NH40H. 

The spent electrolyte was repeatedly 
recycled to leach more sludge without any 
impurity buildup. 

Because of the discovery that small 
amounts of phosphorus in the electrolyte 
will prevent Pb0 2 formation at anodes, 
lead electrowinning could become a viable 
commercial process. 
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