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ABSTRACT 

Lead recovcry from non-metallic portion of the 
active material of exhausted lcad-acid batteries, also 
called sludge was invcstigatcd using the 
clectrohydrometallurgical process. Among thirteen 
aqucous solutions studicd, only the following three were 
used in the electrowi11ning processes: tctrat1uorboric 
acid (200 g/L), glycerol (92 g/L) + sodium hydroxide 
(120 g/L) and sodium a11d potassium tartarate (150 g!L) 
+ sodium hydroxide (150 g/L). The tetraí1uorboric acid 
showed an attractive pcrformance as leaching 
clectrolytc, due to its low cost and reasonable stre11ght 
of lcaching. By leaching the desulfated sludgc with this 
acidic clcctrolytc, compact, adherent and high-purity 
(99.989'!',) lead deposits were produccd in the 
elcctrowinni11g proccss. 

INTRODUCTION 

The annual production of automotive batteries 
in Brazil is approximately 15 million u11its, from which 
ca. 150,000 tonnes of lead can be rccovercd. With the 
new Brazilian government regulations 1 for collection 
a11d recycling of discarded hatteries, most of the 
produccrs of lcad-acid batteries established the goal of 
increasing the usage of lead from recycled batteries to 
almost 1 00%. N owadays, the recovery of lead from 
exhaustcd batterics is carried out by the 
pyrometallurgical route, which causes c11viro11mental 
problems like the emissio11 into ú1e atmosphere of 
considerahlc amounts of dust containing lead 
particulates a11d sulfur oxides2

. An alternative route is 
the elcctrohydrometallurgical o11c, as it might meet the 
environmcntal requiremcnts3 and also reduce operati11g 
costs. Co11sequcntly, a numher of pilot pla11ts hased 011 
this route have heen proposed and i11vestigated4

• 
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The electrohydrometallurgical route comprises 
a preliminary stage i11 which the exhausted lead-acid 
batteries are crushed, followed by a separatio11 i11to 
sulfuric acid a11d the plastic, metallic a11d 11011-metallic 
portio11s. The plastic portion is submitted to 
reprocessing, the metallic portio11 is cast into anodes for 
electrorefi11i11g, while the no11-metallic portio11, also 
called battery sludge, consists of disti11ct lead 
compou11ds, basically metallic lead, lead dioxide 
(Pb02), lead sulfate (PbS04 ) and also lead oxide (PbO). 
Small amounts of glass, sy11thetic fibers, carbo11, rubber, 
paper, separators a11d granular silica may also be 
present. Due to the low solubility of lead sulfate i11 
acidic media, the battery sludge is treated with 
ammo11ium (or sodium) carbo11ate or sodium hydroxide 
solutio11s to tra11sform the lead sulfate i11to lead 
carbonate or hydroxide (desulfuration process)5

'
6

• After 
the sludge desulfuratio11, the remaining residue is 
leached using a suitable electrolyte to solubilize the lead 
compounds; lead is the11 recovered from solutio11 by 
electrowi1111i11g usi11g i11soluble a11odes. The major 
problem associated with lead electrowi1111i11g i11 acidic 
media is that lead is deposited i11 the de11dritic form 011 
the cathode simu!ta11eously with the parasitic formatio11 
of Pb02 011 the a11ode3

• A11 alkaline electrolyte has also 
been proposed for lead electrowin11i11g, givi11g a 
stable electrolysis process7

•
8

• 

Most of the works reported i11 papers and 
pate11ts co11cerni11g the recovery of lead from lead-acid 
batteries start from a sludge with metallic lead a11d 
antimo11y co11tents of 13%9

• This is very importa11t 
because duri11g the acidic leachi11g these metais react 
spo11ta11eously with dioxide lead also present in the 
sludge, reducing most of the Pb4

+ io11s to Pb2
+. The 

sludges used by Brazilia11 battery compa11ies co11tai11 
less than 5% of metallic lead10

• Thus, the 
electrohydrometallurgical processes described i11 the 
literature are not totally appropriate for the Brazilia11 
case. ln ilie prese11t experimental work, carried out at 
laboratory scale, the mai11 objective was to develop a 
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suitable and competitive process for lead recovery from 
sludge obtained from Brazilian lead-acid batteries. 
Leaching and electrowinning processes using aqueous 
alkaline and acidic electrolytes were investigated. 

EXPERIMENTAL 

Sludge origin and treatment 

The investigations were carried out with 
samples of an industrial sludge provided by Plajax 
Indústria e Comércio de Plásticos Ltda. (Bauru, SP, 
Brazil). The lead oxide (PbO), lead dioxide (Pb02), lead 
sulfate (PbS04) and metallic lead (Pb) contents in the 
sludge were determined by EDT A titrations. 
Mineralogical characterization was carried out using a 
Siemens D5000 X-ray diffractometer. 

The sludge was tirstly treated with sodium 
hydroxide (NaOH) in arder to convert all the lead 
sulfate (PbS04) to lead hydroxide [Pb(OH)2]. For this 
desulfuration process, a mixture of sludge, sodium 
hydroxide and water in the mass ratio 100:18:75 was 
vigorously stirred during 1 h using a magnetic stirrer. 

Solubility tests 

Samples (near 1 g) of original sludge, as well 
as pure PbO, Pb02, PbS04 and Pb analytical grade were 
submitted to qualitative solubility tests in 1 O mL of the 
following aqueous electrolytes: 1 - concentrated sulfuric 
acid; 2 - tetrafluorboric acid (200 g/L); 3 -
metanosulfonic acid ( 400 g/L); 4 - saturated oxalic acid; 
5 - citric acid (384 g/L); 6 - glycerol (184 g!L); 7 -
sodium hydroxide (120 g!L); 8 - glycerol (92 g/L) + 
sodium hydroxide (120 g!L) g; 9 - ascorbic acid (10 
g/L); 10 - glycerol (92 g/L) + sodium hydroxide (120 
g/L) + ascorbic acid (10 g/L); 11 - glycerol (92 g/L) + 
ascorbic acid (10 g/L); 12 - acetic acid (360 g/L); 13 -
sodium and potassium tartarate (150 g!L) + sodium 
hydroxide (150 g!L). 

Leaching tests 

From the solubility tests, only the aqueous 
electrolytes 2, 1 O and 13 were used in the leaching tests. 
Thus, mixtures of the original or desulfated sludges with 
the mentioned electrolytes were prepared in the ratio 
200 g of sludge per litter of electrolyte and stirred for 
different times. The content of Pb2

+ ions in the resultant 
solutions was determined by EDTA titration. 

Electrowinnig tests 
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Firstly, the electrowinning tests were carried 
out using aqueous electrolytes obtained by dissolving 
analytical grade PbO in electrolytes 2, 10 and 13 (100 
g/L). 

The electrowinning tests were carried out under 
magnetic stirring in a glass cell of about 600 mL 
equipped with three electrodes: a strip from an AISI-304 
stainless-steel foi! (Acesita) as cathode (15 cm2) and 
two graphite bars as anodes (80 cm2), for the acidic 
electrolyte, and three strips from the sarne stainless-steel 
foil, one being the cathode (10 cm2) and two others the 
anodes (20 cm2), for the alkaline electrolytes. 
Phosphoric (1 g/L) and boric (10 g/L) acids were used 
as additive only in the acidic electrolyte. Animal gelatin 
(2 g!L) was also used as additive in both acidic and 
alkaline electrolytes. Different current densities (200, 
250, 300, 350, 400, 450 and 500 A/m2) were used for a 
time necessary to consume approximately 60% of the 
initial Pb2

+ concentration in the electrolytic bath (200 
mL of acidic or alkaline electrolyte in which the Pb2

+ 

concentration was 100 g!L). Current was applied using a 
Dawer PS3003D DC Power Supply and monitored with 
a Dawer DM-1010 multimeter. The cell voltage was 
monitored with a Minipa ET-20002 multimeter. 

From the electrowinning tests, only the 
tetrafluorboric acid was chosen for leaching samples of 
desulfated sludge. The recovery of lead from the 
resultant acidic solution was carried out using the sarne 
experimental conditions above described. ln arder to 
evaluate the purity of the electrowinned lead, possible 
minor elements were analyzed using a Varian 
Spectrophotometer (SpectrAA 10 Plus). The quality of 
the lead deposit was evaluated using an Olympus 
Inverted Metallurgical Microscope (model PME). 

RESULTS AND DISCUSSION 

According to Plajax Indústria: e Comércio de 
Plásticos Ltda., after crushing and washing operations 
the solid components of lead-acid batteries are: grids 
(28%), polypropylene (8%), sludge (48%) and other 
residues such as PVC separators, rubbers, ebonite, 
fibers, organic additives etc. (16 % ). The battery grids 
contain more than 90% of metallic lead and are readily 
remelted. The battery sludge, however, is more complex 
and is known to contain PbS04 in addition to a number 
of other lead compounds. X-ray diffraction analysis of 
the battery sludge showed the presence of PbS04, PbO 
(litharge), PbO.PbS04, a-Pb02 and metallic Pb, which 
is in agreement with the literature6

• 
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The washing operation of the battery sludge led 
to a solution of pH 6 indicating the absence of sulfuric 
acid. The contents of the lead compounds in the original 
and desulfated sludges, determincd by EDTA titrations, 
are summarized in Table 1. ln both original and 
desul fated sludges a heterogeneous and pulverized 
residue was found; it consists probably of 
polypropylene, sílica, PVC etc. As shown in Table 1, 
the battery sludge comprises major amounts of PbS04 

and Pb02 togethcr with minor amounts of PbO and 
mctallic Pb . Therefore, near 70% of the original sludge 
can be recovered as pure Pb The PbS04 content in the 
desulfated sludge was negligible, demonstrating the 
efficiency of the desulfuration process used. The high 
Pb02 content in both original and desulfated sludge 
represents the major problem for the leaching process. 
White PhO and Pb(OH)2 are readily dissolved hy most 
of tl1e leaching electrolytes, Ph02 requires the reduction 
of Pb4

+ to Ph2
+ prior to the leaching process. 

Table 1 - Chemical composition of a typical sludge. 

Sludge composition I % 
Compound Original Desulfated 

PhS04 50 < 0.1 

Ph(OHh - 52 

Pb02 28 35 

PbO 9 -

Mctallic Pb 4 8 

Ali the observations of the solubility studies of 
the original sludge in different aqueous electrolytes are 
summarized in Tahle 2. The following decreasing order 
of strenght of leaching was found: 2 =R= 10 = 11 > 9 = 
12 = 13 = 7 >> I = 3 = 5. The sludge sample was 
cotnpktely lcached i n the ascorbic acid solution (9), but 
aftcr 24 h the formation of undesirable solid residue was 
obscrved. The sludge and PbO samples were not 
Ieached in thc saturated oxalic acid ( 4) and the glycerol 
(6) solutions. For most of the electrolytes used, a solid 
residue, probably of Pb02, was observed at the end of 
thc solubility tests. This occurred dueto the low content 
of metallic lcad in the sludgc, which does not favor the 
reduction of Pb4

+ to Pb2
+ during thc solubility studies . 

From t11c obtaincd results of the solubility tests, 
thc following aqueous electrolytes were selected for the 
quantitative leaching tests of t11e original and desulfated 
sludges: (i) sodium and potassium tartarate (150 g/L) + 
sodium hydroxide ( 150 g/L), (ii) glycerol (92 g/L) + 
sodium hydroxide ( 120 g/L) and (iii) tetrat1uorboric 
acid (200 g/L). The strenght of lcaching was evaluated 
determining Lhe Pb2

+ concentration and the weight of 
solid residue aftcr the leaching tests (see Figures 1, 2 

and 3). For the original sludge, electrolyte (i) presented 
the best strenght of leaching followed by electrolyte 
(iii). However, a large amount of solid residue was 
observed when electrolyte (iii) was used, due to the 
presence of the insoluble lead sulfate in the sludge. 
When solution (ii) was used, the amount of solid residue 
(white color) was increased as the leaching time 
increased. A possible saponitication reaction may 
probably explain the formation of such residue. For 
the desulfated sludge the electrolytes (i) and (iii) 
presented similar strenght of leaching. 

Table 2 - Solubility tesL~ for original sludge and lead 
compounds. 

687 

solution time s1udge Pb PbO Pb02 PbS04 

1 lh i i s i i 

ld p i s i i 

2 lh p i s i i 

ld p i s i i 

3 lh i i s i i 

lei i i s i 
. i 

4 lh i i i i i 

ld i i i i i 

5 lh i i s i i 

lei i i s s i 

6 lh i i i i i 

ld i i i i i 

7 lh i i i i s 

ld i i i i s 

8 lh p i s i s 

ld s i s p s 

9 lh p i s s i 

lei p i s s i 

10 lh s i s s s 
ld s i s s s 

11 lh p i s s i 

ld p i s s i 

12 lh i i s i s 

ld p i s i s 

13 lh i i s i s 
ld p i s i s 

s: soluble; p: parttally soluble; 1: 1nsoluble; h: hour and 
d: day. 

The results obtained for the electrowinning of 
lead from electrolytes prepared by dissolving analytical 
grade PbO in the above three electrolytes [(i), (ii) and 
(iii)] are summarized in Table 3. Cathodic current 
efticiency (CCE), specific energy consumption (SEC), 
cell potential and the quality of the lead deposiL~ were 
estimated and compared among the different 
electrolytes used. 
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Although the lead deposits had been compact 
for the three electrolytes used, high values of cathodic 
current efficiency (99%) were obtained only for 
tartarate and tetrafluorboric acid. Despite of lower 
specitic energy consumption obtained for the tartarate 
electrolyte, only the tetratluorboric acid one was 
chosen for the electrowinning tests at different current 
densities due to its low cost. The obtained results in 
these experiments are presented in Table 4. As the 
current density increased, the specitic energy 
consumption and the cell potential increased while the 
cathodic current efficiency was practically constant. On 
the other hand, the quality of the deposits was strongly 
affected by the current density; good lead deposits were 
obtained only for current densities values lower than 
350 A/m2

. Coincidentally, the graphite anodes are less 
deterioratcd for this sarne current density range. 
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Figute 1 - Pb2
+ concentrati on and weight of solid 

residue for the leaching tests of (O) original and (.) 
desulfated sludges using sodium and potassium tartarate 
(!50 g!L) + sodium hydroxide ( 150 g!L) . 
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Figure 2 - Pb2
+ concentration and weight of solid 
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desulfated sludges using glycerol (92 g!L) + sodium 
hydroxide (120 g!L). 
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desulfated sludges using tetratluorboric acid (200 g!L). 

Table 3 - Cathodic current efticiency (CCE), specific 
energy consumption (SEC), cell potential (E) and the 
quality of lead deposits for different electrolytes. 
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CCE SEC EI V Quality 
Electrolyte % Wh/kg clepusit 

(i) 99(a) 390 1.48 - 1.55 c 
(ii) 90(a) 430 1.43 - 1.70 c 
(iii) 99(o) 590 2.25 - 2.30 c 

(i) sodium and potassium tartarate ( !50 g!L) + sodium 
hydroxide (150 g!L), (ii) glycerol (92 g/L) + sodium 
hydroxide ( 120 g/L) and (iii) tetrat1uorboric acid (200 
g/L); C•) i = 200 A/m2

; (b) i= 250 A/m2
; C: compact and 

adherent deposit. 

Table 4 - Cathodic current efficicncy (CCE), specific 
energy consumption (SEC), cell potential (E) and the 
quality of lead deposits for different current densities . 

i CCE SEC E/V Quality 

A/m2 % w h /kg deposit 

250 99 590 2.25-2.30 c 
300 99 610 2.30 -2.50 c 
350 99 600 2.30 -2.40 c 
400 99 625 2.30-2.45 C+D 

450 99 622 2.30 - 2.45 C+D 

500 99 650 2.50 - 2.70 D 

C: compact and adherent deposit; D: dendrite deposit; C 
+ D: compact in the center and dendritc in the corners. 

Taking into account ali the obtained results 
with the previous electrowinning tests and also the 
lower cost of the tetrat1uorboric acid, the recovery of 
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lead from samples of desulfated sludge was carried out 
using only tllis acid. For these experiments, the leaching 
time used was always 1 h. The electrowinning tests 
were performed at a constant current density of 250 
A/ir?. 

From various experiments, the values of 
cathodic current efficiency (CCE), specific energy 
consumption (SEC), cell potential (E) were very similar 
to those presentcd in the Table 4, for the sarne current 
density. Compact and adherent lead deposits were 
obtained in ali cases. Moreover, a high-purity lead 
(99.989%) was produced witl1 the 
electrohidrometallurgical proccss used, as shown by 
chemical analysis rclating to possiblc trace element (see 
Table 5). 

Tablc 5 - Composition (weight percent) of t11e metallic 
lead recovered from sludge oflead-acid battcries. 

Ph Sh Sn Se As 

99.989 0.001 0.002 <0.001 0.001 

Zn Ni Fe Bi Cu 

<0.001 <0.001 0.001 0.002 0.002 

CONCLUSIONS 

Unlikely the case for otl1er countries, Brazilian 
sludge obtained from exhausted lead-acid batteries 
contains a Jow content of metallic lead. Due to this fact, 
none of the leaching electrolytes investigated here 
totally dissolved such sludge. Lead dioxide was the 
majority component in the solid residues of the leaching 
tests. 

Tetratluorboric acid showed an attractive 
performance as leaching electrolyte, due to its low cost 
and reasonable strenght of leaching. When the 
desulfatcd sludge was lcached with this acidic 
elcctrolytc, compact, adherent and high-purity 
(99.98Sl%) Jead deposits werc produced in the 
clectrowinning tests. Therefore, the 
electrohydrometallurgical process used presented a 
suitablc and compctitive pcrformance for lead recovery 
from sludge of exhausted lead-acid battcries. 
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