Applied Chemical Engineering (2025) Volume 8 Issue 2
doi: 10.59429/ace.v8i2.5620

ISSN: 2578-2010 (O)

RESEARCH ARTICLE

The morphology and characterization of nanostructured a-PbO
prepared from spent lead acid battery negative plate

Samiha Redaoui”, Achour Dakhouche

Laboratory of inorganic materials, Departement of chemistry, Faculty of science, University of M ’sila, University pole,
Road Bourdj Bou Arreiridj, Msila 28000-Algeria
*Corresponding author: Samiha Redaoui, samiha.redaoui@univ-msila.dz

ABSTRACT

The increase in global energy consumption is paralleled by an increase in the waste generated from it, especially
those related to used batteries which constitute a source of contamination of the environment and a great attaint for the
human health. Therefore, it has become more necessary to work on recycling batteries to revalue their active materials
and to preserve the environment. The aim of this work was the synthesis and characterization of nanostructured PbO
obtained from spent lead acid batteries negative plate. The negative plates of used battery are made up of large amounts
of PbSO4 and smaller amounts of Pb. The PbSO4 was desulfated with (NH4).COs to obtain PbCO3 which is then calcined
in air at different temperatures.in this work we are interested in studying the effect of temperature on the nature and the
morphology of the products of the calcination process. The results show that at a 450°c we obtain a-PbO, at 500°c B-PbO,
after these temperature we get a mixture of lead oxides a-PbO, p-PbO, and minium PbsOa4. a-PbO granules have sizes
around 26 nm with a mesoporous materials and BET surface area was equal to about 4 m?/g.
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ARTICLE INFO

1. Introduction

Batteries are ubiquitous in our world today, powering everything
from our phone, calculators, cars, they are essential, the lead
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accumulator was the first rechargeable battery invented in 1859 by the
French physicist Gaston Plant& Today it represents the storage system
of electricity most used in industry and in vehicle equipment.i*? His
report energy/weight is modest (35Wh/kg) but its ability to provide
high intensities of current places its power/weight ratio at an honorable
level. These united characteristics with its low cost, and mature
technology, keep the lead acid battery attractive for many applications.
341 But we also need to think about what happens when they are no
longer useful. Throwing them away isn’t the best idea, recycling is the
ideal way to make use of wasteP®. The objective of recycling processes
is to separate the constituents into different fractions which can be
reintroduced into a production process, by treating the dangerous
fractions and by minimizing process waste (effluents, emissions),
energy consumption and costs®. So far, many routes, -either
pyrometallurgical or hydrometallurgical, have been employed to
produce metallic lead from the spent lead acid batteris. However,

pyrometallurgical routes require high temperature (around 1000 <C), which not only consume huge amounts
of energy but also easily produce SO, and lead dust if the desulfation is not fully completed, bringing secondary
contamination to the environment!”l



The (NH4).COs desulfurization- calcination route is more energy efficient : unlike high-temperature
pyrometallurgical routes, this method operates at lower temperature ,reducing energy, consumption and
improving process efficiency, more cost-effective : the use of ammonium carbonate a low-cost, readily
available chemical, and more selected capturing sulfur compounds, offering superior desuffurisation with
minimal side reaction ,contrasts with the more expensive reagent or complex processes involved in
pyrometallurgy, more environmentally friendly: the process produce fewer byproducts and minimizes
emissions, contributing to cleaner, more sustainable operations compared to the often pollutive nature of
pyrometallurgical methods.

This paper highlights the importance of recycling batteries to be able to prepare important materials
economically and to protect the environment and humans from toxic battery waste. Lead oxide nanostructure
is one of the metal oxides that have important applications in storage batteries, the glass industry, and pigments.
Many processes have been used to synthesize PbO nanostructures, such as thermal decomposition®, anodic
oxidation!’%, a sonochemical method™", a hydrothermal method!*?, and calcination?, In this paper we worked
on re-evaluating the active materials present in the negative plates of a used battery by preparing nano-lead
oxide. The processes of synthesis comprise: Prepare samples by separating the positive plates from the negative
plates of the used battery, manually removing the paste (active material),washing it well with distilled water
to get rid of sulfuric acid and suspended materials, then drying it. Desulfation with amonium carbonate
(NH4).COs, Calcination at different temperatures to eliminate carbonates in the form of carbon dioxide gas
CO; and obtain lead oxides. At each stage of the above process, the chemical composition and the morphology
of the obtained materials was studied by X-Ray diffraction, scanning electronic microscopy SEM, IR and
measuring surface area BET.

2. Materials and methods

2.1. Materials

Ammonium carbonate (NH4),CO3 (98%) were purchased from Sigma-Aldrich (Australia). All aqueous
solutions were prepared with deionized water, clacining furnace from Carbolite (England, max temperature
1200<T, at a steady rate of 20T per minute in static air), The initial active mass was procured from end-of-lif
Starting, Light, and Ignition (SLI) lead acid battery (ENPEC 60 AH,12v made in setif, Algeria).

2.2. Methods
2.2.1. The experimental method for preparing lead oxide from a used battery:

To prepare lead oxide from the negative plate of a used battery, we followed the following experimental
method. Manually removing the paste of negative plate of used battery, washing it well with distilled water
(24 h) to get rid of sulfuric acid and suspended materials, then drying it at 80 <C for 24 h. The desulfation of
PbSO4 was carried out as follows: 10 g of negative active masse was added to 50 mL of 0.8 mol. L™* (NH4).COs
solution. The suspension was vigorously stirred at 30 <C for 120 min. The resultant was filtered and washed
three times with water and then dried at 100 <C for 12 h. The sample was then calcined at 400, 450,500,550
and 600 <C, respectively, for 1 hour in air to find out the best temperature for preparation of a-PbO.

2.2.1. X-ray diffraction analysis XRD

Using an XRD Porto bench top (Canada) powder diffraction system and monochromatic Cu-Ka radiation,
powder X-ray diffraction (XRD) patterns were captured. They were captured throughout a 10-80 degree
angular range with 0.02 degree increments and a 2s step-counting interval. Ka radiation was obtained from a
copper x-ray tube operating at 40kV and 30mA. Using the X’pert HighScore Plus software (Malvern
Analytical, United Kingdom), the patterns were processed and analyzed. The Crystallography Open Database
(COD, 2019) and the American Mineralogist crystal structure database were used to identify the phases.
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The average crystalline size of the prepared PbO nanoparticles was calculated by applying the Debye-
Scherer equation('415]

D=KA/pBcos 0 (1)
Where D is the crystalline size of the nanoparticles, K is Scherer’s constant (0.89), A is the wavelength of X-

ray (1.54 A used in XRD, f is the full width at maxima (FWHM) of the high-intensity diffraction peak and
0 is the angle of Bragg’s diffraction (by Origin Pro 8.5).

2.2.2. Infra-Red analysis

A Cary 660 spectrophotometer from Agilent Technologies, (Australia), was used to analyze the products
of each stage of the process of synthesis of nanostructured PbO from used battery, KBr was utilized as a
support, and the spectral range under investigation ranged from 4000cm* to 400 cm™*

2.2.3. Scanning electron microscopy analysis SEM

A field emission scanning electron microscope, Sigma 360 VP (ZEISS, Germany), from the Technical
Platform for Physicochemical Analyzes (PTAPC OUARGLA) Algeria, was used to verify the morphology
and the composition of nanostructured a-PbO .

2.2.4. Thermograveimetric analysis TGA

The specific surface area of nano structured a-PbO was determined by nitrogen adsorption at 77 K using
an instrument (Micrometrics ASAP20, USA)

2.2.5. Brunauer-Emmett-Teller (BET) surface area analysis

Using a TGA-51 analyzer (Shimadzu, Japan) in the Laboratory of Inorganic Materials in M’sila
University, the thermogravimetric studies were performed. In a flowing nitrogen environment (20cm?® per
minute), samples were heated to 600<CT at a steady rate of 10<C per minute.

3. Results

3.1. X-ray diffraction

The materials resulting from each stage were studies by XRD (Figure 1) to determine their composition,
It can be noted that the primary active material (NAM 0) is a mixture of Pb and PbSO42°2!1 we can observed
many phases In the first stage , after desulfation, (NAM 1),we notice the disappearance of the peaks
characteristic of PbSO, and the appearance of the peaks characteristic of PbCOs**?? according the reaction

(2)
PbSO, + (NH4),COs —> PbCOs + (NH4),S0s @)

As for the calcination stage, the oxidation of PbCO3 to produce PbO and CO; takes place in stages, as
shown in the reaction (3), (4) and (5), it can be observed: incomplete decomposition at 400<T of PbCOs. the
product consists of two phases PbCOs-PbO and PbO. At 450 the PbCO3 PbO phase disappears, single phase
a-PbO is formed. With the further increase of the temperature to 500 °C, -PbO phase appears. a-PbO transfers
into B-PbO if calcination temperature is 500 <C because it is well known that the transition takes place at about
488 <T [ Therefore, 450 °C is the best temperature for preparation of a-PbO.

2PbCO; —> PbO.PbCOs+ PO + CO; (3)
2PbO.PbCO; —> PbO.PbCOs+ PbO + CO, @)
2Ph0.PbCOs —> 3 PbO + CO; (5)



When PbCO3 is calcined at 550°c , 600°c. a PbO is formed again with small presence of § PbO .we noted
too the appears of minium Pb3;O, at this temperatures according the reaction, It is known that PbO can be
oxidized in air, and it can certainly be accelerated at higher temperatures 2%l as showing in reaction (6), It can
be seen that the XRD patterns at 550, and 600<C are almost identical.

6PbO + O, —> 2 Pb304 (6)
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Figure 1. XRD pattern of products of each stage of process of synthesis of nanostructured PbO.

3.2. Size of grains

By applying the Debye- Scherer equation, we calculate the size of grains (Table.1). the results shows that
we have obtained a nano structured lead oxides by the thermal method*®11with a diameter ranging between
21-40nm

Table 1. Size of grains of lead oxide nanostructured.

Sample Peak position FWHM D=KL/pcos 6
24,72 0,25 31,0406237
Calcination at 400 25,29 0,23 33,7026145
52,07 0,18 39,6563943
26,3174 0,29321 26,3827898
Calcination at 450 28,58106 0,26671 28,8645542
33,98822 0,26421 28,7551573
26,38 0,36 21,4853019
Calcination at 500 34,1 0,34 22,3386222
30,8 0,31 24,7066211
26,43 0,36 21,4831027
Calcination at 550 30,85 0,32 23,9316603
47,59 0,33 22,0272236
26,42 0,35 22,0973584
Calcination at 600 28,68 0,33 23,3235432
30,85 0,31 24,7036493




3.3. IR analysis

Fourier-transform infrared (FTIR) spectroscopy was employed to monitor the chemical evolution of the
PbO material at different stages of the synthesis process. Each spectrum reveals key vibrational features that
provide insight into the structural and compositional changes occurring throughout the multi-step conversion
from spent battery paste to nanostructured PbO. The obtained FTIR spectra are shown in (Figure 2).

The infrared spectrum(Figure 2) shows absorptions in the following areas that are characteristic of:
1182cm™ (S=0) , 619 cm™? (S-O) we notice the presence of these two peaks in the primary active materials
(NAM 0) and their complete disappearance in the rest of the stages after desulfation!!l. 1725 cm* ( C=0)
820 cm™ (C-O) we notice the absence of these two peaks in the primary active materials (NAM 0)1°!, and
then they appear in the second stage(NAM 1), where the transformation of PbSO,to PbCQOsg, in the stage of
calcination at 400 a quantity of carbonate remained, after this temperature (450 ,500,550,600<) all
carbonates are converted into CO, . A small peaks located at about 458cm™ ,680 cm™ ,470 cm™? ,694 cm™
corresponding to the ( Pb-O-Pb), structural units was observed in the host matrix. Absorption bands located at
about 1000 and 1100cm* are attributed to Pb—O asymmetric stretching vibrations in [PbOn] structural unitst?l,
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Figure 2. Infrared spectrum of the products of each stage of process of synthesis of nanostructured PbO.

3.4. TG analysis

Thermogravimetric analysis (TGA) is a powerful technique used to assess the thermal stability,
compositional evolution, and decomposition behavior of materials as a function of temperature. In the present
study, TGA was employed to monitor the thermal transformations of Pb-based precursors. The weight loss
trends and the corresponding endothermic events observed in the derivative thermogravimetric (DTG) curves
offer critical insights into the nature of the residual components, the removal of water and organics, the
decomposition of sulfate or carbonate intermediates, and the overall thermal stability of the resulting PbO
structures. The TGA and DTG thermograms are shown in (Table. 2).



Table. 2.TG and DTG thermograms at differents temperatures.
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For the negative active masse sample calcined at 400, the thermal profile exhibited distinct behavior. A
modest weight loss of 0.3% between 35-260 °C corresponds to the desorption of adsorbed water and possibly
ammonia or loosely bound ammonium carbonatel®®, Between 260 and 335 °C, a prominent endothermic peak
in the DTG curve was associated with a 0.22% weight loss, attributed to the decomposition of intermediate
lead carbonate species formed during the chemical reaction with ammonium carbonateB”. Subsequent
endothermic decompositions were observed between 385-580 °C and 580700 °C, accounting for 0.98% and
0.11% of mass loss, respectively. These stages may represent the stepwise breakdown of basic lead carbonates
and partial transition to PbO®l,

In contrast, the negative active masse sample calcined at 450,500,550, and 600, exhibited the highest
thermal stability among all the samples. A negligible weight loss was recorded between 35— ~ 220 T (max ~
0.32%), corresponding to minor surface-bound water. The second stage, from 220— ~450 <€ (max ~ 0.7%),
showed a relatively low weight loss, possibly associated with the removal of residual organics or final traces
of decomposition intermediates. The subsequent temperature ranges 450-600 °C and 600700 < involved
only minor weight changes (max ~ 0.21%), indicating that nearly all volatile and labile components had been
removed during the calcination step. The high residual mass confirms the formation of a stable, thermally
robust PbO phasel®,



3.5. SEM analysis

The particle size of nanostructured materials plays a crucial role in determining their physicochemical
properties, including reactivity, surface energy, and functional performance in various applications. In the case
of PbO derived from spent lead-acid battery negative plates, understanding particle size is essential for
optimizing its use in catalysis, energy storage, and adsorption processes. The size of the particles directly
affects the material's surface area, porosity, and overall efficiency in applications requiring high surface
interactions. Therefore, accurate characterization of particle size using different analytical techniques is
necessary to validate the obtained nanostructure and correlate the results with its performance.

The SEM micrographs and EDS for the samples of each stage of process of preparation of lead oxide are

shown in Tables 3,4,5,6,7,8and 9.

Table 3. SEM image of the initial negative active mass.
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Table 5. SEM image of the negative active mass after calcination at 400°c.
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Table 6. SEM image of the negative active mass after calcination at 450°c.
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Table 7. SEM image of the negative active mass after calcination at 500°c.
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Table 9. SEM image of the negative active mass after calcination at 600°c.
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As can be seen in Table 3, the raw negative battery paste exhibited irregular micron-sized particles with
severe aggregation and surface cracking, consistent with its low BET surface area (4 m#g) and mixed
sulfate/oxide composition detected by EDS. Following ammonium carbonate treatment, a remarkable particle
size reduction was observed from Table 4, accompanied by improved uniformity. This transformation aligns
with the disappearance of sulfate by EDS



The transition to well-defined polyhedral particles with smooth surfaces in the final calcined product at
400,450,500,550 and 600<T confirms complete crystallization into phase-pure PbO, as evidenced by sharp
FTIR peaks at 482 cm™3and thermal stability up to 700C in TGA.

The image analysis of SEM micrographs using ImageJ software (Figure 3) provided an average particle
size of 1395.15 nm with a standard deviation of 601.85 nm, it can be said that lead oxide has a compact
structure forming grains of this size.

Figure. 3. SEM micrograph of the sample calcinated at 450°C.

The progressive morphological refinement - from aggregated micron particles to nanostructured
assemblies and finally to discrete nanocrystals - mirrors the chemical purification pathway (sulfate —
carbonate — oxide) identified through spectroscopic and thermal analyses. The calcination-induced particle
coalescence in 450,500,550 and 600, while reducing surface area, produces mechanically robust crystallites
suitable for electrode applications.

This multiscale SEM characterization provides crucial structure-processing-property relationships,
demonstrating how controlled chemical and thermal treatments can transform battery waste into functional
nanomaterials with tailored architectures. The observed morphological features directly account for the
measured surface areas, pore characteristics, and thermal behaviors, offering a comprehensive framework for
optimizing PbO nanostructure synthesis.

3.6. EDS analysis

The EDS results provide essential elemental composition data that complement our previous FTIR, DRX,
and TGA findings, offering a comprehensive understanding of the chemical evolution during PbO synthesis
from spent lead-acid battery paste. The analysis reveals systematic changes in lead, oxygen, carbon, and
impurity content across the synthesis stages, directly correlating with the structural and thermal
transformations observed earlier. Table 1 summarizes the quantitative data obtained from EDS analysis.

Table 10. EDS elemental composition evolution.

Sample Pb (wt.%) O (wt.%) C (wt.%) S (wt.%)

Negative active masse 74.07 15.63 -- 10.31
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After desulfation 83.7 13.06 3.25 -

Calcination at 400°c 89.68 8.92 1.4 -
Calcination at 450°c 92.42 6.47 1.11 -
Calcination at 500°c 94.08 4.83 1.03 --
Calcination at 550°c 93.32 5.95 1.09 --
Calcination at 600°c 93.27 5.49 1.24 --

Table 10. (Continued)

Following desulfation, the EDS data indicate a notable reduction in sulfur content (below detection limits),
confirming successful sulfate removal—a finding consistent with the disappearance of sulfate FTIR bands
(1122, 619 cm~3-and the appearance of carbonate peaks (820 cm™3.

The calcined sample at 450,500,550, and 600 exhibits a lead-rich composition (~ 94 wt.%, with reduced
carbon (~ 1 wt.%), confirming the combustion of organic residues during high-temperature treatment—
consistent with TGA’s final mass loss. The oxygen content (~ 6 wt.%) stabilizes, reflecting the formation of
stoichiometric PbO, as supported by FTIR’s well-defined Pb—O vibration (482 cm™3. The residual carbon
suggests minor surface adsorbates.

3.7. BET analysis

The surface area and porosity characteristics of nanostructured materials significantly influence their
chemical reactivity, catalytic efficiency, and adsorption capabilities. The Brunauer-Emmett-Teller (BET)
method is widely employed to determine the specific surface area of porous materials by analyzing nitrogen
adsorption-desorption isotherms at cryogenic temperatures (-196.345 )28

Additionally, the Barrett-Joyner-Halenda (BJH) method is used to assess the pore size distribution, which
is crucial in defining the material's adsorption behavior and diffusion properties?”. This study focuses on the
BET surface area and porosity analysis of nanostructured PbO obtained from recycled lead-acid battery
negative plates. Figure 4 represents the nitrogen adsorption-desorption behavior of the sample. The nitrogen
adsorption-desorption isotherm classifies the material's pore structure according to the IUPAC standards 2,
Figure 4 exhibits the shape of a Type 1V isotherm with H3 hysteresis, typical of mesoporous materials 2%
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Figure 4. Nitrogen adsorption-desorption isotherms of the sample.

The quantitative results of the performed BET and BJH analysis for the nanostructured PbO are reported
in Table 11.
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Table 11. Quantitative results of BET and BJH analysis for nanostructured PbO.

Parameter Value Unit

BET Surface Area 4.0066 m#y

Single-Point Surface Area (P/Po = 0.25) 2.8943 m#y
Langmuir Surface Area 31.77 m#y

t-Plot External Surface Area 6.6719 m#y

Total Pore Volume (Adsorption, P/Po = 0.95) 0.006057 cmy

Total Pore Volume (Desorption, P/Po = 0.95) 0.007977 cmy
BJH Adsorption Average Pore Diameter 14.1761 nm
BJH Desorption Average Pore Diameter 10.6115 nm

In Table 11, the specific surface area, using equation (7):
S =nmNAA/m (7

where S is the surface area (m3g), nm is the monolayer capacity (mol), Na is Avogadro's number (6.022 10=
mol™3, A is the molecular cross-sectional area of N2 (0.162 nm3and m is the sample mass (g). Therefore, the
BET surface area is derived from the linear region of the BET plot, which correlates monolayer adsorption
coverage with relative pressure 281, Accordingly, the BET surface area was equal to about 4 m?/g that is a
relatively significant value. The significant difference between the Langmuir and BET values suggests that the
PbO sample possesses a heterogeneous surface with multilayer adsorption phenomena. The pore size
distribution was analyzed using the BJH method, revealing a predominance of mesopores (2-50 nm) 271, The
slightly higher adsorption pore volume compared to desorption is indicative of ink-bottle pore structures B

The average particle size (A) is estimated using the BET equation (8):
A = 6000/pS (8)

where p is the material density (g/cm?®), assumed to be 1.000 g/cm?® and S is the BET surface area (m?/g).
Accordingly, the average particle size for the sample is about 1497 nm, which falls within the range reported
for PbO nanoparticles 31, Comparative analysis with previously reported PbO nanostructures indicates that
BET surface areas range from 3 to 15 m=%g depending on synthesis conditions and precursor sources. The
values obtained in this study align with thermally treated PbO from battery recycling processes !

4. Discussion

In this study, the particle size of PbO was evaluated using the BET method, scanning electron microscopy
(SEM), and X-ray diffraction (XRD). The BET analysis estimated the particle size to be 1497 nm, while image
analysis of SEM micrographs using ImageJ software (Figure 3) provided an average particle size of 1395.15
nm with a standard deviation of 601.85 nm. These values indicate good agreement between the two techniques,
reinforcing the reliability of the measured particle size. However, a significant difference is observed when
compared to the crystallite size obtained from XRD analysis, which yielded a value of 26.38 nm.

The discrepancy between the BET/SEM particle size and the XRD crystallite size arises from the
fundamental differences in what these techniques measure. XRD provides information on the crystallite size,
which represents the size of a single coherent diffracting domain or the smallest structural unit within the
material. In contrast, SEM and BET methods measure the aggregate or particle size, which often consists of
multiple crystallites forming larger agglomerates. The high-temperature calcination process at 450 <C promotes
the growth and aggregation of PbO crystallites, leading to larger secondary particle sizes observed in BET and
SEM analyses [,
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Additionally, PbO nanoparticles tend to exhibit strong inter-particle interactions due to their surface
energy and electrostatic forces, which further promote agglomeration. This behavior is particularly common
in oxide materials, where van der Waals forces and sintering effects contribute to particle growth beyond the
nanoscale crystallite dimensions 2234, The difference between crystallite size and particle size is a well-
documented phenomenon in nanomaterial’s and highlights the importance of using multiple characterization
techniques for a comprehensive understanding of material morphology (5321

5. Conclusion

In This research PbSO4 of the used battery can be fully desulfated by using (NH.).COs to produce PbCOs,
which is then calcined to produce lead oxide. The results show the importance of the temperature of calcination
on the nature of products , the 450 is the best temperature to obtain a-PbO fine powders with particle size
of about 26 nm with a mesoporous materials and BET surface area was equal to about 4 m%g<, after this
temperature we obtain a mixture of lead oxides.
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