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ABSTRACT 
Lead-acid batteries account for 60% of the world’s electrical energy storage batteries. About 50% of global lead 

consumption comes from recycled and reused materials. Currently, pyrometallurgical methods account for more than 90% 
of lead recovery technology; however, these processes are criticized due to sulfur dioxide emissions from the decompo-
sition of lead sulfate at elevated temperatures, in addition to particulate emissions. Lead recovery by recycling batteries by 
hydrometallurgical processes has been investigated as an alternative to pyrometallurgical processes. In the present work, 
a thermodynamic analysis of lead leaching with sodium citrate was performed. The thermodynamic analysis was based 
on the study of three stability diagrams constructed with Medusa® software. Leaching tests were carried out to get to 
know the system, corroborate the thermodynamic analysis performed, and study the behavior of the system. The results 
obtained show that it is possible to extract 100% lead with a leaching agent concentration of 0.25 M, a 1:1 solid-liquid 
ratio, and 25 ℃. 
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1. Introduction
Lead-acid batteries account for about 60% of batteries sold world-

wide. About 50% of lead consumption worldwide is derived from recy-
cled and reused materials. One of the advantages of lead recovery from 
industrial waste is lower energy consumption, as it uses only 35% to 40% 
of the energy that would be used to produce lead from mineral ores[1]. 

The most widely used method in the lead recycling industry uses 
pyrometallurgical processes, which represent more than 90% of the lead 
recovery technology. Although these methods are fast, they are also po-
tentially polluting, mainly due to the emission of sulfur dioxide when 
decomposing lead sulfate and the emission of particulate matter[2]. It di-
rectly influences the deterioration of the ozone layer and is critical in the 
generation of acid rain, causing problems for the environment and human 
health[1]. Due to the above, the idea of developing a technical alternative 
to mitigate these environmental impacts arises. 

In recent decades, in order to reduce secondary contamination from 
vapors and dust caused by the pyrometallurgical lead recovery process, 
lead recovery methods such as hydrometallurgical processes have been 
proposed[3]. However, these latter processes should be further investi-
gated because they present primary problems such as inefficient desul-
furization in an aqueous solution and low solubility of lead compounds 
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in organic solvents[2]. 
The design of a hydrometallurgical process for 

lead must take into account the appropriate condi-
tions for desulfurization, leaching and precipitation 
of lead and/or possible lead compounds, which is es-
sential for the efficiency of the process. Research on 
the subject has found several advantages compared 
to traditional processes, such as no emission of sulfur 
dioxide gas and lead particulate matter, as well as 
lower energy consumption and recovery of ultrafine 
lead[4]. 

In this paper, a thermodynamic analysis of the 
leaching agent sodium citrate (Na3C6H5O7-2H2O)[5,6] 
was developed for the extraction of lead obtained 
from recycled car batteries. The work was carried out 
through the use of mechanical techniques for the pro-
cessing of materials, in conjunction with chemical 
processes implemented in hydrometallurgy. These 
results, it is expected to contribute to knowledge for 
the use of the metal recycling industry in our country. 

2. Materials and methods 
Automotive batteries were collected, based on a 

commercial analysis, and were selected from 
the brands that are most commonly in the market. 
The sulfuric acid contained in the battery was neu-
tralized with sodium carbonate. Subsequently, the in-
ternal cells of the battery were extracted to dry them 
at room temperature. A total of 50 g were taken from 
each of the electrodes, 100 g in total as an initial sam-
ple. The sample was mechanically treated through a 
Braun Direct Driven Pulverizer UD32, with a speed 
of 400 rpm. It allowed a homogeneous size reduction. 
However, to achieve the desired particle size, the ma-
terial was macerated and then quartered, obtaining a 
particle size passing mesh N°200 (75 microns) with 
a sieve of the ASTM-E-11 series. A Varian Spectra 
AA 220FS atomic absorption spectrometer was used 
to determine the lead content in the different stages 
of the investigation. For the acid digestion of the in-
itial sample, prepare a 100 mL solution (aqua regia) 
to maintain a 1:3 ratio of nitric acid to hydrochloric 
acid (25 mL HNO3 and 75 mL HCL). In the solution, 
0.121 g of the initial sample already prepared and 
sieved was dissolved. The solution was stirred at a 
speed of 300 rpm at a temperature of 350 ℃ until the 

solution volume reduces 50 mL. The next step was 
the cooling of the solution only with agitation and 
then filtering under vacuum and gauging in a 100 mL 
flask with the addition of deionized water. The mor-
phological and chemical characterization of the 
working material was carried out with Phenom Pro 
X equipment of the Phenom-World brand, which in-
tegrates an energy dispersive spectroscopy (EDS) 
that allows identifying the elements and the chemical 
composition of the sample. To determine the pre-
dominant phases in the sample and the chemical 
composition of the solid lead-acid battery material, it 
use the D8 Advance X-ray diffraction equipment. 
The thermodynamic analysis was carried out using 
Medusa® software. According to the characteriza-
tion performed on the material, the following condi-
tions were set in the program[5], 0.04 M of lead (Pb2+), 
0.01 M of sulfate ion, 1 M concentration for the 
leaching agent, and room temperature (25 ℃). The 
choice of sodium citrate as a leaching agent is based 
on its low cost and low environmental impact. 

The leaching agent complexes lead sulfate 
(PbSO4) and lead oxide (PbO), in which lead is found 
as Pb2+. The other existing species such as lead diox-
ide (PbO2) and metallic lead Pb0 do not complex with 
the leaching agent, so it is necessary to first add a 
reducing agent which was hydrazine (N2H4)[7], which 
reduces the Pb4+ of PbO2 to Pb2+ and finally an oxi-
dizing agent, hydrogen peroxide (H2O2), which oxi-
dizes Pb0 to an oxidation state of Pb2+, in order to 
form complexes with sodium citrate. 

Finally, leaching tests were carried out to learn 
about the system, corroborate the thermodynamic 
analysis performed. The working conditions estab-
lished were as follows: solid-liquid ratio 1:1, 10:1 
and 30:1; concentration of the leaching agent: 0.25 
M, 0.5 M and 1 M; pH = 7; solution volume 0.1 L; 
temperature 25 °C; agitation 300 rpm; leaching time 
3 hours, reducing agent-oxidizing agent N2H4-H2O2. 

3. Analysis of results 
Based on the acid digestion performed and the 

result of the atomic absorption spectrophotometry, it 
was found that the lead content in the analyzed bat-
tery is 85.6%, therefore, the metal concentration in 1 
g of working sample is 0.04 M Pb (see calculations 
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in Annex 1). 
Scanning electron microscopy (SEM) analysis 

showed that the particle size of the working material 
is less than 75 μm, as observed in Figure 1, and that 
this material is composed of sulfates and lead ox-
ides, based on the elements found by EDS in the 
sample and observed in Figure 2. 

In the X-ray diffractogram (Figure 3) it was ob-
served that the predominant phase is lead sulfate 
(PbSO4) with a concentration of approximately 
50.9%, followed by lead dioxide (PbO2) with a 

concentration of approximately 36.4%. Metallic lead 
(Pb) is found at a concentration of 6.1%, and finally 
lead oxide (PbO) was determined at a concentration 
of 2.4%. 

To perform the thermodynamic analysis, three 
diagrams were constructed: pourbaix diagrams for 
the Pb citrate-S-H2O system, species fraction of the 
Pb-SO4-sodium citrate system, and solubility of lead 
and sulfate ion in the presence of sodium citrate, 
which is shown below. 

 
Figure 1. SEM image of the working sample.

 

Figure 2. EDS micrographic analysis of the working sample. 
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Figure 3. X-ray diffractogram of the sample. 

Figure 4 shows the Pourbaix diagram of the Pb-
Citrate-S-H2O system at 25 ℃, in which it is ob-
served that within the range of water stability and 
pH between 5 and 8.5 lead forms two kinds of solu-
ble complexes with citrate Pb(cit)− and pb(cit)24− . 
At pH values lower than 5, precipitation is 

determined first of a Pb-citrate complex, and then of 
sulfate PbSO4. At pH higher than 8.5, precipitation 
of hydroxide Pb(OH)2 is established. For the whole 
pH working range, PBS sulfide can be obtained 
from both soluble and insoluble species with the var-
iation of the electric potential. 

 
Figure 4. Pourbaix diagram for the Pb-citrate-S-H2O system in the presence of sodium citrate. Medusa® Software. 
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Figure 5 shows the species fraction diagram; 
and concerning the two complexes also found in the 
Pourbaix diagram, a relative presence for 4

2Pb(cit) −  
of 60% at pH 7.5 is determined, while for the Pb(cit)− 
species its presence is only 30% at pH 5.5. The other 
species that appear in the solution could be ob-
tained by adding hydrazine as a reducing agent and 
oxidizing with hydrogen peroxide. However, their 
presence in the system would be less than 30%. The 
solubility diagram in Figure 6 shows that Pb is 

soluble in citrate from acid pH up to pH 8, where its 
presence decreases. While the sulfate ion is soluble 
at basic pH up to pH 5, pH from which its solubility 
decreases. 

Based on the above diagrams for a leaching pH 
range between 5 and 8, it is theoretically possible to 
leach lead with sodium citrate in the presence of sul-
fur and obtain Pb(cit)− and pb(cit)24− at a tempera-
ture of 25 ℃.

  
Figure 5. Species fraction plot of the Pb2+ system in the presence of sodium citrate. Medusa® software. 

  
Figure 6. Pb2+ solubility diagram in sodium citrate. Medusa® software. 
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The following three graphs show the results of 
the sodium citrate leaching kinetic tests. Figure 7 
shows that for a low suspension with a 1:1 solid-liq-
uid ratio and a low concentration of leaching agent 
(0.25 M), 100% metal extractions are obtained in 138 
minutes of leaching. When the concentration of 
leaching agent increases, the extraction decreases to 
80%, which is still an industrially attractive value. 
The above results indicate that the ionic activity is 
higher at low concentrations compared to the charac-
teristics of a solution with high concentrations. If the 
consumption of sodium citrate dominates the hydro-
lytic reaction, the complex reaction can be weakened 
or slowed down. It would lead to an inhibitory effect 
on the behavior of the leaching agent[6,8]. 

 
Figure 7. Lead extraction kinetics for a constant mass of 0.1 g 
in 0.1 L and citrate concentration 0.25, 0.5 and 1 M. 

Figure 8 shows a decrease in metal extraction 
and a lower influence of the leaching agent concen-
tration in the hydrometallurgical process; the highest 
extraction (90%) was obtained for a 10:1 solid-liquid 
ratio at 0.25 and 0.5 M citrate; while for a 1 M citrate 
concentration, 85% was obtained. It is determined 
that for these solid concentrations the concentration 
of the leaching agent is not very relevant. Finally, 
Figure 9 shows the lowest metal extraction and no 
influence of the leaching agent concentration. All 
leachates with the highest 3:1 solid-liquid ratio 
were between 20 and 25% metal extraction, with less 
favorable conditions industrially. Low metal extrac-
tions at high suspended solids concentrations may 

again be due to an inhibitory effect on the behavior 
of the leaching agent; the controlling mechanism of 
the reaction may also play a role, it is possible that at 
low concentrations of leaching agent the process is 
controlled by mass transfer, however, at high concen-
trations, the mechanism is different[9]. 

 
Figure 8. Lead extraction kinetics for a constant mass of 1 g in 
0.1 L and citrate concentration 0.25, 0.5 and 1 M. 

 
Figure 9. Lead extraction kinetics for a constant mass of 3 g in 
0.1 L and citrate concentration 0.25, 0.5 and 1 M. 

4. Conclusions 
The stability diagrams analyzed show that it is 

thermodynamically possible to leach lead with so-
dium citrate to obtain Pb(cit)− and Pb(cit)2

4−, at 
pH between 5 and 8 and temperature of 25 ℃. Ki-
netic studies indicate recoveries of 100 and 90% for 
citrate concentrations of 0.25 and 0.5 M respectively, 
at 25 ℃ and a 1:1 solid-liquid ratio. A 
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hydrometallurgical process is technically possible as 
a real alternative for lead recycling from spent lead-
acid batteries, because with this process, there are no 
sulfur dioxide or particulate emissions to the envi-
ronment. 
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Appendix 1. Determination of lead 
concentration in the working sam-
ple. 

Acid digestion of the initial sample: The result 
of the digestion performed to determine the lead con-
tent in the sample was 85.6 ppm for 0.1 g of head 
sample in 0.1 L of solution: 

85.6 ppm ×
10 ml solution

1 ml sample
= 856 ppm total digestion 0.1 L 

856 mg/L × 0.1 L = 85.6 mg Pb 
Quality = 0.1 g = 100 mg 

%Pb =
mg digestion

mg sample
× 100%

=
85.6 mg Pb

100 mg sample
× 100%

= 85.6% Pb 

The result of the atomic absorption spectropho-
tometry shows that the lead (Pb) content of the ana-
lyzed battery is 85.6%. 

According to this result, the molar concentra-
tion of lead was determined: 

1 M Pb = 207.2 g/L Pb 

856 mg Pb ×
1 g Pb

1000 mg Pb
= 0.856 g Pb 

0.856 g Pb ×
1 mol Pb

207.2 𝑔𝑔 Pb
= 4.13 × 10−3 mol Pb 

Molar amount in 1 g sample

=
4.13 × 10−3 mol Pb

0.1 L
= 0.04 𝑀𝑀 Pb 

 

 


