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g r a p h i c a l a b s t r a c t
� The Pb(CH3COO)2$3H2O precursor
was prepared from the spent lead
battery pastes.

� Novel lead oxide products were pre-
pared from the precursor in N2 and
air.

� The assembled batteries show a good
cyclic stability in 80 charge/discharge
cycles.
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A novel green recycling process is investigated to prepare lead acetate trihydrate precursors and novel
ultrafine lead oxide from spent lead acid battery pastes. The route contains the following four processes. (1)
The spent leadpastes aredesulphurized by (NH4)2CO3. (2) The desulphurized pastes are converted into lead
acetate solution by leaching with acetic acid solution and H2O2; (3) The Pb(CH3COO)2$3H2O precursor is
crystallized and purified from the lead acetate solutionwith the addition of glacial acetic acid; (4) The novel
ultrafine lead oxide is prepared by the calcination of lead acetate trihydrate precursor in N2 or air at 320
e400

�
C. Both the lead acetate trihydrate and lead oxide products are characterized by TG-DTA, XRD, and

SEM techniques. The calcination products aremainly a-PbO, b-PbO, and a small amount of metallic Pb. The
particle size of the calcination products in air is significantly larger than that in N2. Cyclic voltammetry
measurements of the novel ultrafine lead oxide products show good reversibility and cycle stability. The
assembled batteries using the lead oxide products as cathode activematerials showagood cyclic stability in
80 charge/discharge cycles with the depth of discharge (DOD) of 100%.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Globally, lead-acid battery constitutes the largest volume among
secondary batteries arising from the advantages of low cost, good
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Fig. 1. Flow-sheet of the new hydrometallurgical process for recovery of lead pastes.
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stability, and high recovery ratio of over 97% of the spent batteries.
Lead acid batteries account for nearly 80 wt% of the total lead
consumption [1e3].While the recovery of spent lead-acid battery is
the most successful example among all commercial batteries
throughout the world, any contamination during discarding, re-
covery or recycling the spent lead-acid batteries has drawn serious
attention due to their toxicity to the environment [4e6]. A typical
spent lead acid battery mainly consists of four components: spent
electrolyte (11e30 wt %), lead alloy grid (24e30 wt %), lead pastes
(30e40 wt %), and polymeric materials (22e30 wt %) [7]. Among
these, lead paste is the most difficult to deal with because of the
presence of active lead compounds in relatively stable state. A
typical composition of a spent paste is lead sulphate (nearly 60%),
lead (IV) dioxide (nearly 28%), lead (II) oxide (nearly 9%), metallic
lead (nearly 3%) and a small but significant concentration of im-
purities such as iron, antimony, tin and barium [7,8]. Environ-
mentally sensitive recovery of spent lead-acid battery pastes has
attracted considerable interest from researchers [9e11].

The traditional pyrometallurgical route, which is the most
widely used in the recovery of secondary lead resource, can emit
large quantities of SO2 gas and lead dust, causing threat to the
environment [12e14]. Moreover, the pyrometallurgical process
requires a lot of energy for the decomposition of lead sulfate above
1000 �C, thus it will consume non-renewable resources of coal,
coke, oil or natural gas.

More recently increasing attention has been paid to the recovery
of spent lead-acid battery pastes through alternative hydrometal-
lurgical process. The most used hydrometallurgy method, which
consists of pretreatment, desulfurization, reduction and electro-
winning process, can avoid SO2 and lead dust emission problems
[15,16]. However, the energy efficiency of electro-winning process
is low, with a higher total energy consumption compared with
traditional pyrometallurgical route. The suggested leaching solu-
tions of H2SiF6 or HBF4 can lead to emission of fluorine in the
environment which is also unacceptable.

Given the disadvantages in the traditional pyrometallurgical
and electro-winning methods, several new hydrometallurgy ap-
proaches have been developed. Attempts have been tried to leach
the components (PbSO4, PbO2 and PbO) of spent lead pastes by
citric acid and sodium citrate as reported in our previous studies
[10,11,17]. In this leaching process, the lead citrate precursor is
separated from the leaching solution by simple crystallization. The
ultra-fine lead oxide powder can be obtained through calcination
of lead citrate at a temperatures less than 400 �C. In order to
improve the desulphurization efficiency of spent lead pastes, spent
lead pastes were firstly converted into the desulphurized pastes
with desulphurizing agents, then the desulphurized pastes were
leached with citric acid solution to generate lead citrate [18]. In
order to improve the speed of leaching reaction and decrease the
consumption of citric acid, a modified version using acetic acid
and sodium citrate leaching system was developed for the re-
covery of spent lead pastes [19]. However, in these previous re-
searches, the impurities in spent lead pastes can easily join and
contaminate the lead citrate precursor, leading sometimes to an
unacceptably high content of the impurities in the final leady
oxide. And then, the capacity retention ratio of the batteries
manufactured with the leady oxide as the active material of the
cathode decreases rapidly after 20e30 cycles. The impurities in
the leady oxides could lead to the deterioration of the cycle life
performance of the batteries [20]. Moreover, the leaching agents of
citric acid and sodium citrate are relative more expensive than
other organic or inorganic acids.

The objective of this work was to seek a more efficient method
to obtain high-performance leady oxide with lower content of
impurities by applying high-purity lead acetate trihydrate as a
precursor. Flow sheet of this process was schematically shown in
Fig. 1. The suggested method can be described as “paste to paste”
recycling. In this novel approach, the high-cost leaching reagents of
citric acid and sodium citrate were substituted by the cheaper
acetic acid. Furthermore, the impurities in spent pastes could be
effectively separated by the three filtering-separating procedures.
The morphology, mineral phases and electrochemical perfor-
mances of lead oxide products prepared in N2 or air were charac-
terized, and batteries were fabricated by the new lead oxide
products to examine the battery performance.

2. Experimental

2.1. Reactants and raw materials

The samples of spent lead acid battery pastes were provided by
Hubei Jinyang Metallurgical Co. Ltd., China, where typically spent
lead battery pastes are pyrometallurgically treated to recover lead
as a metal using a conventional smelting process. Lead pastes from
the spent lead-acid batteries were made available for this work
after a separation process using Engitec Technologies Company CX
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crushing and sorting system. The lead paste samples were washed
with distilled water until pH of the washed water was above 6.5.
Dried lead paste powders which passed through 120-mesh screens
were used as raw materials in this study. The chemical composi-
tions of lead and main metallic element in the used lead pastes are
shown in Table 1. The antimony in spent lead-acid battery grid may
enter into lead paste during the crushing process in the sorting
system. Since the crushing and sorting equipment is made of iron
and steel, Fe as an impurity can easily enter into the lead paste. For
chemical analysis, the lead paste samplewas digested by nitric acid,
and Inductively Coupled Plasma Atomic Emission Spectroscopy
(Optima4300DV, USA) was used to determine the contents of main
metallic elements in the paste.

An aqueous solution of ammonium carbonate ((NH4)2CO3, 99%
purity, Sinopharm Chemical Reagent Co., Ltd, China) was used as
the desulphurizing agent to react with PbSO4 in the lead pastes.
Aqueous solution of acetic acid (CH3COOH, 99% purity, Sinopharm
Chemical Reagent Co., Ltd, China) was used as the leaching agent to
react with lead in the desulphurized paste. Hydrogen peroxide
(H2O2, 30%W/V, Sinopharm Chemical Reagent Co., Ltd, China) was
used as a reducing agent in order to reduce lead (IV) dioxide into
lead (II) oxide in the lead pastes and render leachability of the PbO2
phase .
2.2. Desulphurization of spent lead paste

100.0 g of the separated lead paste sample was added into a
solution of (NH4)2CO3, and reacted at a constant stirring speed of
450 rpm for 4 h. According to our previous study [7], the optimum
dosage of (NH4)2CO3 is found to be 32.0 g with a molar ratio of
(NH4)2CO3 to PbSO4 in the lead pastes of 2:1, while the dosage of
the distilled water is 500.0 g at the mass ratio of water to the lead
Yieldefficiencyof PbðCH3COOÞ2$3H2Oproductð%Þ¼ Themassof PbðCH3COOÞ2$3H2OproductðgÞ
Stoichmetricmaximumyieldof PbðCH3COOÞ2$3H2Oproductðg �100%

� (2)
paste (L/S) of 5:1. After the desulphurization and the filtration
process, the solid cake was washed with distilled water and
collected. Nearly 93.2 g desulphurized lead pastes were obtained
for the next leaching step. The amount of un-converted S in the
desulphurized pastes was analyzed by using a High-frequency
Infrared Carbon & Sulfur Analyzer (HCS-140, Shanghai DeKai In-
strument Co., Ltd. China). The contents of PbSO4, PbO2, PbO and Pb
components in the original and the desulphurized lead paste were
determined by chemical analysis.

2.3. Leaching of the desulphurized lead paste with the acetic acid

The obtained 93.2 g desulphurized lead pastes were used in the
following leaching procedure with 3 mol L�1 acetic acid and 30%W/
V H2O2 at a stirring speed of 400 rpm. Various molar ratios (0.75,
1.0, 1.5, 2, 2.5, and 3) of acetic acid to total Pb in desulphurized lead
pastes, expressed as CH3COOH/Pb, were investigated. After leach-
ing for 6.0 h, almost all components in the solid desulphurized lead
Table 1
Chemical compositions of lead and other main metallic elements in the spent lead
pastes (wt. %).

Compositions Pb Cu As Zn Sb Fe Cd

Percentage (wt%) 76.600 0.008 0.040 0.003 0.240 0.100 0.002
pastes were reacted with the leaching solution containing acetic
acid and hydrogen peroxide. Only a small amount of un-reacted
solid components remained, which were filtered and separated
from the leaching solution. The leaching experiments were con-
ducted in triplicate, and the mean values were calculated. The
filtrate was collected for the next step in the overall procedure.

The leaching efficiency for lead in desulphurized lead paste was
calculated by Equation (1):

Leaching efficiency of lead ¼ ðV1 � C2 ðW1 � C1 � 100%Þ=Þ
(1)

In Equation (1), W1 (g) is the mass of the desulphurized lead
pastes; V1 (L) is the volume of filtrate solution, C1 (wt %) is the mass
percent of lead in the desulphurized lead pastes, C2 (g L�1) is the
lead concentration in the filtrate solution. The concentration of lead
in the digestion solution of desulphurized lead pastes and filtrate
solution was measured by AAS (novAA400, Analytik Jena AG).
2.4. Synthesis of Pb(CH3COO)2·3H2O from the filtrate after the
leaching process

The glacial acetic acid was then added to a 50 mL solution of the
collected filtrate to crystallize Pb(CH3COO)2$3H2O from the mother
liquor. Thus crystal could be filtered and separated from themother
liquor of the filtrate, since most of impurities comprising Fe, Sb, and
Cu, etc. were soluble and retained in the mother liquor. At different
molar ratios of glacial acetic acid to lead in the collected filtrate
(expressed as CH3COOH/Pbin the filtrate), the yield efficiency of
Pb(CH3COO)2$3H2O product and the pH of mother liquor were
determined. The yield efficiency of Pb(CH3COO)2$3H2O product
was calculated by Equation (2):
2.5. Thermal analyses of Pb(CH3COO)2·3H2O crystal precursor

The thermal analysis of crystal precursor was conducted by
thermogravimetric e differential thermal analysis (TG-DTA) using
Diamond (Platinum-Selmer equipment Co. Ltd., Shanghai), under
air or nitrogen gas at a heating rate of 5 �C min�1 from room
temperature to 500 �C.
2.6. Calcination of Pb(CH3COO)2·3H2O

Calcination temperature of Pb(CH3COO)2$3H2O crystal was
determined based on TG-DTA data. In N2, the lead acetate pre-
cursors were calcinated at 205 �C, 265 �C, 320 �C, 370 �C and 400 �C
for 1 h, at each temperature. In air, the lead acetate precursors were
calcinated at 205 �C, 260 �C, 295 �C, 350 �C and 400 �C for 1 h, at
each temperature.
2.7. Characterization of materials

Powder X-ray diffraction (XRD) data were collected from pow-
der samples of Pb(CH3COO)2,3H2O crystal product and the com-
bustion products using a X'Pert PRO XRD (Philips, PAN alytical B.V.,
Holland) with Cu Ka radiation and l ¼ 1.5418 Å at scanning rate of
0.28� per second for 2q in the range from 5� to 75�.



Fig. 2. Effect of molar ratio of CH3COOH/Pb on leaching efficiency of Pb from the
desulphurized pastes.
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Morphology studies were carried out with scanning electron
microscopy (ULTRA PLUS-43-13, Germany) operated at 10 kV after
coating the samples with gold. EDX spectra of the calcined products
from lead acetate precursors were collected on an ultra-thin win-
dow (UTW) X-ray detector equipped with SEM.

2.8. Electrochemical measurements and physicochemical properties
of lead oxide products

The cyclic voltammetry (CV) curves of lead oxide powder were
determined with a three-electrode system [20,21]. The working
electrode was a microelectrode filled with the tested lead oxide
powder.Thecounterelectrodewasadoubleplatinumelectrode,while
Hg/Hg2SO4/K2SO4 (sat.) was chosen as the reference electrode. The
electrolytewas sulphuric acid solution at concentration of 3.0mol L�1.
The CV tests were performed at room temperature (20 ± 2 �C) using
VMP-2device fromUSAat a scanning speedof10mVs�1 in apotential
range of 0 V toþ1.5 V (anodic range), while the last 7 CV curves were
collected from20 cycles. The basic physicochemical properties of lead
oxide powder product such as the degree of oxidation (oxidizability),
density, acid-absorption and water-absorption values were deter-
mined according to our previous literature [20].

2.9. Battery assembling and testing procedure

The method of battery assembling and testing are based on our
previous work reported in the literature [20]. In battery assembling,
the lead oxide powder products act as positive active material,
while negative plates were provided byWuhan Changguang Power
Sources. Co. Ltd. After the mixing and pasting, curing, and forma-
tion processes, each of the dried positive plates was coupled with
two commercial negative plates soaked in sulphur acid solution
(1.335 g cm�3) electrolyte so that batteries for testing under 2 V/
2 Ah could be made. The detailed parameters for the battery are
provided in the Supplementary File. Both the charging and the
discharging cycle tests were performed repeatedly at a constant
discharge current of 200 mA with a cut-off terminal voltage of
1.75 V (depth of discharge, DOD ¼ 100%).

3. Results and discussion

3.1. Desulphurization of lead pastes by (NH4)2CO3 solution

The chemical compositions of the original lead pastes and the
desulphurized lead pastes are listed in Table 2. As shown in Table 2,
nearly all of PbSO4 component in the original lead paste was con-
verted into PbCO3 in the desulphurized lead paste. The amounts of
other components such as PbO2, PbO and Pb in the desulphurized
lead paste remain more or less identical as in the original lead paste.

3.2. Leaching of desulphurized pastes by acetic acid solution and
hydrogen peroxide

The effects of molar ratio of CH3COOH/Pb on leaching efficiency
of lead from the desulphurized pastes are presented in Fig. 2.
Table 2
The comparison between chemical compositions of the original lead pastes and the
desulphurized lead pastes (wt. %).

Specimen PbCO3 PbSO4 PbO2 PbO Pb Others Total Pba

Original lead pastes 0.000 56.800 32.400 4.100 5.400 1.300 76.072
Desulphurized

lead pastes
53.700 0.003 34.700 4.400 5.800 1.400 81.573

a Total Pb is the mass ratio of total lead element to the mass of the lead paste.
Generally, leaching efficiency of lead in the desulphurized pastes
increased with the increase of molar ratio of CH3COOH/Pb. It in-
dicates that extraction efficiency of lead could reach up to over 95%
at each molar ratio of CH3COOH/Pb provided leaching time is long
enough. Even at the minimum molar ratio of CH3COOH/Pb of 0.75,
the leaching efficiency of lead could also increase up to nearly 97.6%
for a leaching duration of 360 min. Therefore, it shows that the
leaching efficiency of lead from the desulphurized lead paste is high
with the leaching system of acetic acid and hydrogen peroxide
solution. The solid residue in the desulphurized lead pastes after
the leaching process consisted of a small amount of un-converted
PbSO4 and other insoluble solid impurities.

The reactions of lead paste with acetic acid solution and H2O2
might be presented as indicated in the following Equations (3)e(7).

PbO (s) þ 2CH3COOH (aq) / Pb(CH3COO)2 (aq) þ H2O (3)

PbO2 (s) þ 2CH3COOH (aq) þ H2O2 (aq) / Pb(CH3COO)2
(aq) þ 2H2O þ O2[ (4)

PbCO3 (s)þ 2CH3COOH (aq)/ Pb(CH3COO)2 (aq)þH2Oþ CO2[(5)

Pb(CH3COO)2 (aq) þ PbO (s) þ H2O / Pb(CH3COO)2$Pb(OH)2
(aq) (6)

Pb(CH3COO)2 (aq) þ 2PbO (s) þ 2H2O / Pb(CH3COO)2$2 Pb(OH)2
(aq) (7)

With the addition of acetic acid solution and hydrogen peroxide,
a large number of gas bubbles are observed to emit in the stirring
vessel due to the generation of oxygen and carbon dioxide as shown
in Equations (4) and (5).

When the molar ratio of CH3COOH/Pb was 0.75, the concen-
tration of lead and pH of the solution after leaching for the different
extended durations are shown in Fig. 3. The concentration of lead
increased from 1.60 to 3.95 mol L�1 when the leaching time is
increased from 10 to 360 min. The pH value simultaneously
increased from 4.27 to 8.12, indicating that the acetic acid solution
was almost completely consumed and reacted with the desul-
phurized paste.

3.3. Crystallization of Pb(CH3COO)2·3H2O crystal

The XRD pattern of the crystal product is shown in Fig. 4 (a),
while photographic and SEM images are shown in Fig. 4(b) and (c).



Fig. 3. Effect of leaching time on concentration of Pb and pH in the leaching solution at
the molar ratio of CH3COOH/Pb of 0.75.

Fig. 5. Effect of molar ratio of CH3COOH/Pb in the filtrate on yield efficiency of
Pb(CH3COO)2$3H2O product and pH in the mother solution.
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The product was identified as Pb(CH3COO)2$3H2O (JCPDS No. 00-
014-0829). Thus, the reaction of glacial acetic acid and the lead
acetate filtrate solution may be expressed as the Equation (8).

Pb(CH3COO)2$2Pb(OH)2 (aq) þ 4CH3COOH (aq) þ 5H2O / 3
Pb(CH3COO)2$3H2O (s) (8)

The effects of CH3COOH/Pbin the filtrate on yield efficiency of
Pb(CH3COO)2$3H2O crystal and pH in the solution are shown in
Fig. 5. As shown in Fig. 5, themass of the Pb(CH3COO)2$3H2O crystal
product increased when CH3COOH/Pbin the filtrate increased. The
yield efficiency of Pb(CH3COO)2$3H2O crystal can reach up to nearly
85.0% at a molar ratio of CH3COOH/Pbin the filtrate of 1.4 and then
remained constant with any further increase of the molar ratio of
Fig. 4. The XRD pattern (a), Photograph (b) and SEM image (c) of the crystal product
Pb(CH3COO)2$3H2O.
CH3COOH/Pbin the filtrate. The pH of lead acetate solution decreased
from 7.6 to 2.8 with the molar ratio of CH3COOH/Pbin the filtrate

increased from 0.8 to 1.6. It indicated that nearly 85.0% of lead was
crystallized from the mother liquor with the formation of
Pb(CH3COO)2,3H2O.

3.4. Thermal analysis of the Pb(CH3COO)2·3H2O product

The TG-DTA curves of lead acetate trihydrate in air and N2 are
shown in Fig. 6. According to Fig. 6, the mass loss of lead acetate
Fig. 6. TGeDTA curves of lead acetate trihydrate precursor in N2 and air.



Fig. 7. The Photopraphs of products from lead acetate trihydrate precursor calcined in N2 at different temperatures: (a) Original sample, (b) 205 �C, (c) 265 �C, (d) 320 �C, (e) 370 �C,
and (f) 400 �C.
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trihydrate in air (42.0%) was more than that in N2 (37.5%). From the
DTA curve in N2, there are five endothermic peaks at the temper-
atures of 64.3, 205.8, 250.6, 294, and 357.1 �C. It is indicated that
lead acetate trihydrate undergoes a series of dehydrate and pyrol-
ysis reactions which all are endothermic reaction in N2.While there
are only three endothermic peaks at the temperature of 61.4, 204.9,
256.8 �C from the DTA curve in air; two exothermic peaks exist
around 293.6 �C and 348.7 �C, which are ascribed to vigorous
oxidation of C and organicmatter when the temperature rises in air.
The difference of thermal characteristics of lead acetate trihydrate
in N2 and in air is consistent with the XRD patterns of the calci-
nation products from lead acetate trihydrate in N2 and air. As
shown in Fig. 8, a significant amount of Pb(CH3COO)2 and C are
identified in the calcination products at 320 �C, which indicates
that no exothermic oxidation reaction generates in N2. However, as
shown in Fig. 11 , no C, only a little amount of Pb(CH3COO)2, is
identified in the calcination products at 295 and 350 �C, which
indicates that exothermic oxidation reaction of C and intermediate
Fig. 8. The XRD patterns of calcination products from lead acetate trihydrate precursor
in N2 at different temperatures for 1 h: 205 �C, 265 �C, 320 �C, 370 �C, and 400 �C.
organic matter generates at the higher temperatures of about
295 �C in air.

3.5. Calcination products from lead acetate trihydrate in N2

The photographs of lead oxide formed in N2 are shown in Fig. 7.
The original sample of lead acetate trihydrate precursor looks
transparent and is a colorless crystal product, as shown in Fig. 7(a).
The calcination products at 205 �C and 265 �C are white or grey
powders, as shown in Fig. 7(b)e(c). Furthermore, the color of the
calcination products turns into brown or dark when the calcination
temperatures increase up to 320e400 �C, as shown in Fig. 7(d)e(f).

The XRD patterns of calcination products at different tempera-
tures in N2 for 1 h are shown in Fig. 8. The calcination products at
205 �C were found to be Pb(CH3COO)2 (JCPDS No: 00-043-0743),
and 3Pb(CH3COO)2$PbO$H2O (JCPDS No: 00-018-1739). The calci-
nation products at 265 �C were Pb(CH3COO)2 $2PbO and
Pb(CH3COO)2$PbO. The calcination products at 320 �C were mainly
a-PbO, b-PbO, metallic Pb, carbon and some undecomposed
Pb(CH3COO)2. With increasing calcination temperature, it was
observed that the crystalline phases of the calcined products were
transformed into a-PbO, b-PbO and metallic Pb. The calcination
products at 370 �C and 400 �C were mainly a-PbO, b-PbO and
metallic Pb as shown in the XRD patterns. Besides, diffraction peak
intensity of a-PbO is stronger than that of b-PbO, indicating that the
amount of a-PbO is more than that of b-PbO. From above analyses,
the Pb(CH3COO)2$3H2O precursor could be completely converted
into PbO and Pb products at above 370 �C. The calcination reactions
might be followed by Equations 9 and 10 in N2 gas [22].

Pb(CH3COO)2 / PbO þ CH3COCH3 þ CO2 (9)

Pb(CH3COO)2 / Pb þ CH3COOH þ CO2 þ H2 þ C (10)

The SEM images of the calcination products at different tem-
peratures in N2 are shown in Fig. 9. As shown in Fig. 9(a) and (b), the
products show plate-like shape in the size of 10e20 mm at the
calcination temperatures of 205 �C and 265 �C. In Fig. 9(c), some
spherical particles of size range 200e400 nm appear at 320 �C. In
Fig. 9(d) and (e), the calcination products become uniform spherical
particles of 200e400 nm at 370 and 400 �C, and some larger
spherical particles show the tendency of agglomeration at the
higher calcination temperature of 400 �C. In general, the mor-
phologies of the products calcinated in N2 change from plate-like
shape into spherical shape when the temperature rises from
205 �C to 400 �C. The EDX spectra of the calcination product at
400 �C in N2 shows that the major phase is identified as lead oxide,
which is consistent with the XRD results in Fig. 8.

3.6. Calcination products from lead acetate trihydrate in air

The photographs of lead oxide products in air are shown in
Fig. 10. As shown in Fig. 10, the calcination products at 205 �C are



Fig. 9. The SEM images of calcination products from lead acetate trihydrate precursor in N2 gas at different temperatures for 1 h: (a) 205 �C, (b) 265 �C, (c) 320 �C, (d) 370 �C, and (e)
400 �C.
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Fig. 10. The photographs of products from lead acetate calcined in air at different temperatures for 1 h: (a) Original sample, (b) 205 �C, (c) 260 �C, (d) 295 �C, (e) 350 �C, and (f)
400 �C.
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white or grey powders, which is similar to the products calcinated
at 205 �C in N2. As shown in Fig. 10(c)e(f), the colors of the calci-
nation products turn into grey or yellow when the calcination
temperatures rise up to 260e400 �C, which is much different from
brown or dark color of the products calcinated at corresponding
temperatures in N2. The color difference of calcination products
mainly results from presence of C and intermediate organic matter
in the calcination products in N2. The color of lead oxide products
turns to brown or dark since an amount of C residues are kept in the
calcined products in N2. However, much less C residue is kept in the
calcined products in air since C is easily to oxide with air.

The XRD patterns of calcinationecombustion products at
different temperatures in air are shown in Fig. 11. Similar to that in
N2, the products were mainly Pb(CH3COO)2, 3Pb(CH3COO)2$P-
bO$H2O, and Pb(CH3COO)2$PbO at the calcination of 205 �C. The
calcination products at 260 �C were Pb(CH3COO)2$2PbO and
Pb(CH3COO)2$PbO. The calcinationecombustion products at 295 �C
were mainly a-PbO, b-PbO, metallic Pb, and a small amount of un-
Fig. 11. The XRD patterns of calcination products from lead acetate trihydrate pre-
cursor in air at different temperatures for 1 h: 205 �C, 260 �C, 295 �C, 350 �C, 400 �C.
combusted Pb(CH3COO)2. At higher temperature of 350 �C and
400 �C, the products were completely transformed into the phases
of a-PbO, b-PbO andmetallic Pb. The diffraction peak intensity of a-
PbO is equal to that of b-PbO, indicating that the amount of a-PbO is
approximately equal to that of b-PbO. Any existence of carbon as in
air, is removed by oxidation by Equations 11e14:

2C þ O2 / 2CO (11)

C þ O2 / CO2 (12)

PbO þ CO / Pb þ CO2 (13)

2PbO þ C / 2Pb þ CO2 (14)

Thus no carbon was identified in the calcined products in air.
The SEM images of the calcinationecombustion products at

different temperatures in air are shown in Fig. 12. Similar to that in
N2, the results show that the morphology is transformed from
plate-like shape to a ball-like shape with increasing temperature.
As shown in Fig. 12(a) and (b), the calcinationecombustion prod-
ucts shows plate-like shape in the size of 10e20 mm at 205 �C and
265 �C. In Fig. 12(c), the calcination products are mainly particles of
200e400 nm, with a few undecomposed substances at 295 �C. In
Fig. 12(d) and (e), two different kinds of spherical particles exist in
the lead products, where fewer agglomerated spherical particles of
5 mm are dispersed in lots of smaller spherical particles of
400e800 nm at 350 �C and 400 �C. The EDX spectra of the calci-
nationecombustion product at 400 �C shows that the major phase
of calcinationecombustion product is identified as lead oxide,
which is consistent with the XRD results in Fig. 11.

3.7. Physicochemical properties and electrochemical
characterization of lead oxide products

As shown from Table 3, the oxidizability of lead oxide products
prepared in different calcination atmosphere is much higher than
traditional ball-mill leady oxide products for which data was pro-
vided by Wuhan Changguang Power Sources. Co. Ltd. The oxidiz-
ability of lead oxide products prepared in N2 is higher than in
products in air with a small margin. As shown in Equations 11e14,
the reduction reaction of PbO with solid carbon or CO gas in air
atmosphere could result in the consumption of PbO, causing a
lower oxidizability of leady oxide product in air than that in N2.

The enhanced water absorption of lead oxide products may be
due to smaller-sized structure of prepared products compared with
traditional ball-mill leady oxide products since specific surface area
of prepared products is much larger than traditional ball-mill
products. The acid-absorption value is affected by the oxidiz-
ability of leady oxides and the particle size of leady oxides, because
higher oxidizability and smaller particle size of lead oxide products
result in higher acid-absorption value [20,23]. As shown in Table 3,
the acid-absorption value of lead oxide products prepared with N2



Fig. 12. The SEM images of calcination products from trihydrate precursor in air at different temperatures for 1 h: (a) 205 �C, (b) 260 �C, (c) 295 �C, (d) 350 �C, and (e) 400 �C.
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Table 3
The physicochemical characteristics of different lead oxide products.

Calcination atmosphere Calcination
temperature/�C

Apparent density/g cm�3 Degree of oxidation /% Water-absorption
value /ml kg�1

Acid-absorption
value /g kg�1

N2 370 1.70 99.1 347.6 532.8
N2 400 1.68 99.2 352.0 554.2
Air 350 1.52 95.8 312.2 476.3
Air 400 1.47 96.0 332.7 492.6
Traditional leady oxidea 1.93 83.2 110.0 381.3

a The traditional ball-mill leady oxide was provided by Wuhan Changguang Power Sources. Co. Ltd.
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is higher than that with air. As shown in Figs. 9 and 12, the particle
size of lead oxide products in N2 is much smaller than in air, and the
oxidizability of lead oxide products in N2 is the maximum, which
may contribute to the higher acid-absorption value of lead oxide
products in N2.

The last 7 CV curves in the CV tests of lead oxide prepared in N2
(a) and air (b) are shown in Fig. 13. As shown in Fig. 13, the CV
curves of the two kinds lead oxide product are similar, with four
clear peaks and relatively stable peaks positions, indicating that the
lead oxide product has good stability in electrochemical reactions.

The oxidization of PbO to a-PbO2 which is described in peak (i)
occurs at around þ1.02 V(vs reference electrode), while oxidization
of PbSO4 to b-PbO2 in peak (ii) occurs at aroundþ1.3 V(vs reference
electrode) [24,25]. Under the high potential, evolution of oxygen
from the aqueous system takes place around þ1.5 V (vs reference
electrode), with the reaction being, 2H2O / O2 þ 4Hþ þ 4e�. On
the reverse scanning from potential þ1.5 V, the reduction reaction
of a-PbO2 and b-PbO2 to PbSO4 occurs at about þ0.9 V in peak (iii).
The reduction peak (iii) in Fig. 13(b) is apparently larger than that of
Fig. 13(a), which indicates a better charge and discharge perfor-
mance of the lead oxide product prepared in air than that prepared
in N2. As shown in Fig. 14, the discharge capacity of two different
products improved as cycle count increased, while lead oxide
product prepared in air showed higher discharge capacity than that
in N2.

3.8. Battery performance

Fig. 15 shows the XRD patterns of plate samples made from lead
oxide products in N2 before and after the formation process. The
Fig. 13. The last 7 CV curves in all CV tests of the lead oxide specimens prepared in
different atmosphere: (a) N2 at 370 �C for 1 h, and (b) air at 350 �C for 1 h.
sample before the formation process mainly contains 4PbO$PbSO4

(4BS) and a-PbO. The ripe plates after the formation process mainly
comprise b-PbO2, PbSO4 and small amount of 3PbO$PbSO4$H2O
(3BS). After the formation process, the main phase of plates turns
into b-PbO2. Fig. 16 shows the SEM images of plates made from lead
oxide product prepared in N2 gas before and after the formation
process. As shown in Fig. 16(a), the plate before the formation
process looks like the typical microstructure of 4BS and PbSO4.
However, the microstructure of the ripe plate shows fine spherical
particles of b-PbO2 with a diameter of 10e50 nm shown in
Fig. 16(b).
Fig. 14. Discharge capacity in the CV curves of calcination products prepared in air and
N2.

Fig. 15. The XRD patterns of plates made from lead oxide product prepared in N2 at
375 �C: (a) before the formation process, and (b) after the formation process.



Fig. 16. The SEM images of the positive plate made from the lead oxide product prepared in N2 at 375 �C: (a) before the formation process, and (b) after the formation process.
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Cycle performance of batteries manufactured by lead oxide
products in N2 and air is shown in Fig. 17 (a) and (b), respectively.
The capacity retention ratios of the assembling batteries made from
the two kinds of lead oxide products show a good cyclic stability in
80 charge/discharge cycles with the depth of discharge (DOD) of
100%. The cycle performance of the assembled batteries in this
study is significantly better than our previous study using the novel
lead oxide recovered from the spent lead pastes with the acetic and
sodium citrate leaching process. It might be related to lower con-
centration of impurities in the novel ultrafine lead oxide products
with the lead acetate trihydrate precursor route than in the pre-
vious acetic and sodium citrate leaching route. Impurities in the
recovered leady oxides have potential influences on the perfor-
mance of the new lead-acid battery. In a further study we will
investigate the typical impurities in the novel ultrafine lead oxide
products, i.e., Fe, Sb, and Ba. The stable cycle performance may be
due to favorable properties of lead oxide products in this method
for the recovery of the spent lead-acid battery paste.

4. Conclusions

Pure Pb(CH3COO)2$3H2O crystal has been prepared from spent
lead acid battery pastes by desulphurization, leaching by acetic acid
solution and crystallization procedure by glacial acetic acid. The
Pb(CH3COO)2,3H2O crystal is found to be pure, and can be readily
separated from the mother liquor.
Fig. 17. The capacity retention ratio of the assembling batteries made from the lead
oxide products prepared in different atmosphere: (a) N2 at 370 �C for 1 h, and (b) air at
350 �C for 1 h.
The preparation of lead oxide product was carried out by
calcining Pb(CH3COO)2$3H2O crystal in N2 or in air. In N2, the major
phases of the calcination products at a temperature of above 320 �C
for 1 h were a-PbO, b-PbO, with a small amount of metallic Pb, and
the amount of a-PbO is larger than that of b-PbO. The product
morphology consisted of uniform spherical particles with a size
range of 200e400 nm at typical calcinations temperatures of 370 �C
and 400 �C. In air, at the calcination temperature of over 295 �C for
1 h themajor phases of the products were still a-PbO, b-PbO, with a
small amount of lead, and the amount of a-PbO is approximately
equal to that of b-PbO. Themorphology is converted from plate-like
shape to spherical shape with increasing temperature. At the
calcination temperature of 350 �C and 400 �C, few larger agglom-
erated spherical particles of 5 mm are dispersed in a matrix of
smaller spherical particles of 400e800 nm.

The basic physicochemical properties of lead oxide powder
product show higher degree of oxidation, acid-absorption and
water-absorption than traditional ball-mill leady oxide products,
with lower apparent density. The CV curves of novel ultrafine lead
oxide shows good reversible ability and cycle stability (above 20
cycles), and lead oxide product prepared in air exhibited higher
electrochemical properties than that prepared in N2.

The assembled batteries made from the two kinds of lead oxide
products prepared in both N2 and air show a good cyclic stability in
80 charge/discharge cycles at a depth of discharge (DOD) of 100%.
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