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Introduction

The increasing requirements for environmental protection
constitute one of the most important aspects of the development
of modern civilization. These requirements include creation of
more effective materials and energy production technology as well
as deployment of new solutions to facilitate the recycling of used
materials or equipment. Also, in the area of chemical power sources,
the described-above issues are of growing importance [ | +4]. Despite
over |50 years of its history, the lead — acid battery is still the most
widely used chemical secondary source of electric energy. The
directions of its future evolution assume also the environmental factors
[5+8]. The lead — acid battery is a chemical power source, which can
be recharged with electric current from an external power source,
after being discharged.

The lead-acid batteries are mainly applied to the automotive
industry, as the so — called starter batteries. They are also used as
the primary power source in many systems that are sensitive to low
power quality or voltage drops, for example, in electricity networks
(stationary batteries) and in electric vehicles as forklift trucks, golf cars
etc. (traction batteries) [8, 10, 11].

In order to reach high requirements of lead-acid batteries
exploitation and environmental protection, the main components of
these energy storage systems (e.g. active mass media, active mass,
electrolyte etc.) are subjected to constant modifications. In case of the
active mass, various research and development studies are carried out
and cover the following issues:

* increase in the mechanical stability of the mass,

* increase in the resistance of the mass to the sulfation process,

* improvement of the accessibility of the active mass for electrode
processes.

A particular attention was paid to study carbon material as an
additive to the negative mass in order to increase the acceptance
of the capacity load (it is the crucial feature for lead-acid batteries
applied to cars with Start-Stop systems) and additives which enhance
the stability of the mass (e.g. fibers placed on the surface in form of
a special paper type used during pasting process) [12 <+ 20]. One of
the most important research directions is also the study on elements
from wasted batteries and their use into production of new energy
storage devices.

The aim of this study was to investigate the effect of addition of
waste electrode materials obtained from technological processes
to the positive active mass. The waste electrode material was prepared
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according to one chosen method, the positive plates prepared in
the laboratory were assembled in cells and were electrically tested.
Physicochemical and structural analyses of the produced materials
were performed at each stage of the study.

Experimental date

Materials

The commercial lead powder obtained from a spray-type Barton
reactor and the waste electrode material from the positive active
mass after the ageing process (Autopart S.A. Mielec — manufacture of
batteries) were used in the study. Production negative plates (Autopart)
as a counter electrode and a grid made of PbCaSn alloy with dimensions
142 X 113 mm (width X length), obtained by expanded metal exmet,
used in the tests.

Research Methodology

The bulk density of lead powder and waste electrode material
after mechanical treatment were determined using electrochemical
volumeter WE-5 type, CLAIO. The phase composition of the lead
powder and waste material was determined by XRD analysis using
diffractometer Philips PW 1050 with Cu o lamp with nickelic filter in the
angular length range 5-50; 0.04; 2s. The surface area of both materials
was also determined using a porosimeter Micromeritics type ASAP
2000. The active mass was left to degas at room temperature for 24h.
During the measurement the sample was in nitrogen atmosphere at
liquid nitrogen temperature.

After determination of the initial characteristics, a series of positive
active mass with a different content of the waste material was prepared
as well as mass without the waste material (the so-called reference
cell) for comparison purposes. The paste was prepared from the lead
powder, sulfuric acid, water and a small amount of polypropylene fibers.
The paste had its penetration and density parameters corresponding
to the positive mass applied in starting batteries. The produced active
mass was manually pasted into a current medium. The produced positive
plates were subjected to a two-step seasoning process: the first one, in
high humidity and the second one, in the humidity <10%.

During and after the seasoning process, the positive mass was
subjected to the tests: phase composition (X-ray diffractometer Philips
PW1050), specific surface area analysis by the BET method (ASAP2000)
and microstructure analysis (scanning electron microscope Quanta
FEG 250 FEI).

Next, the test systems, which consisted of a positive electrode,
separator and two negative electrodes (production Autopart S.A.
Mielec — battery manufacturer) were assembled. These systems
were subjected to electrochemical conversion of electrode
material (the so-called formation process) and electrical testing.
All these tests were performed with use of Bitrode multiple
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tester, model SCN. Formation process was carried out at current
intensity of 0.30A, 1.40A and 0.70A without any voltage limits. The
charge introduced during the formation process was up to 49.1Ah.
At each stage of the study an analysis of phase composition and
microstructure was conducted.

Results and discussion

The first stage of the research consisted of analysis of waste
material pre-treatment methods for their usefulness. On the basis of
particle size and bulk density analyses, it was found that the proposed
method of mechanical treatment allowed to obtain the waste material
in powder with a suitable granulation to be used as a paste component
of the assumed plasticity. The chemical composition of lead powder
was significantly different from that of the waste material electrode.
Analysis of the composition of waste material showed the presence
of two varieties of crystallographic lead oxide (ll): lead oxide (II)
a tetragonal variety called red, designated as PbO__and lead oxide
(I) an orthorhombic variety called yellow, designated as PbO,_ ..
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In addition, indicated the presence of sulphates 3PbO-PbSO,H,0
and 4PbO-PbSO,. However, the phase analysis of the lead powder
indicated the presence of lead oxide (Il) a tetragonal variety called red,

designated as PbO,__and metallic lead designated as Pb__.
etr met
Table |
Relative phase content of lead powder and waste mass after milling
3PbO*PbSO,*H,0 |4PbO*PbSO,| PbO__ |PbO Pb
Sample 4 2 4 tetr romb met
[%orel.] [Yorel.] [%orel.] | [%orel.] | [Yorel.]
Lead powder - 90.05 - 9.95
Waste material
after pre- 12.39 13.64 68.25 5.72 -
treatment

The differences were found in the powder density (after the milling
process). The density of the waste material and the lead powder was
respectively 1.59 and 1.90 g/cm?®. This difference is probably due mainly
to the shape of the particles.
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Fig. |. X-ray diffraction spectra of the positive mass with and without addition 5, 10 and 15%
of waste material during and after the seasoning process
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After preparation of the positive active mass, the positive
electrodes were made and they were subjected to ageing process.
The changes in the phase composition during and after the process
is shown in the XRD pattern (Fig. 1).

It could be noted that, despite some differences in the morphology
of positive plates, the phase composition of positive plates with
waste material addition examined after the seasoning process
was similar to that of the reference group. As to plates containing
the waste electrode material, the presence of 4PbO-PbSO, was

0% of the waste material

| $ ¥ .H.J o I, 1

Fig. 2. Changes in the structure of the positive mass with

and without addition 5, 10 and 15% of waste material
after the aging process
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revealed, which was absent in the reference group, and a lower
content of tetragonal phase PbO, was found. In order to evaluate
changes in the material morphology after the ageing process, the
SEM images were performed for the positive plates without and
with 5, 10 and 5% of waste material addition (Fig. 2).

The material morphology indicates an increase in the mass of the
added waste material, a presence of fine crystal structure with an
elongated, slightly determined shape, and a loss of patch crystallites
seen in the reference group.

i I Tt ; 'If‘-.-.-'.r."'"'
Fig. 3. Changes in the structure of the positive mass with
and without addition 5, 10 and 15% of waste material
after the end of the formation process
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Fig. 4. Changes in the structure of the positive mass with and without addition 5, 10 and 15% of waste material after the discharge process
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Fig. 5. X-ray diffraction spectra of the positive mass with and without addition 5, 10 and 15%
of waste material after charge and discharge process
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In the next stage, the cells with positive electrodes received
after the ageing process and standard negative electrodes were
tested. Figures 3 and 4 show SEM micrographs of the positive plates
with different content of the waste material in two states: charged
(the formation process) and discharged.

Along with a growing share of waste material in the mass, an
increased participation of disordered structures is clearly visible. For
mass with addition of 15% of waste material they significantly dominate
the typical crystallites with dimensions of several dozen microns clearly
visible in a sample without the waste material. After the discharge
process one can observe a comparable content of the disordered
structures in all masses regardless the waste material presence in mass.

Figure 5 shows the XRD spectra of charged (after formation)
and discharged plates. The summary of phase composition for
each group of plates is presented in Table 2.

Table 2

Relative phase content of the positive mass with and without addition
5, 10 and 15% of waste material after charge and discharge process

Sample BPbO, [%rel.]|aPbO, [%rel.]| Pb__ [%rel.]

met

PbSO, [%rel.]

Mass 0% after

) 93.07
charging

6.93 - .

Mass 0% after
discharge

Mass 5% after

) 89.70
charging

2.28 -

Mass 5% after
discharge

Mass 10% after

) 97.83
charging

Mass 10% after
discharge

Mass 15% after
charging

96.04 4.87 - -

Mass 15% after
discharge

The differences in morphology of the tested materials were
found after formation and discharge. After discharge in all tested
positive mass the identified component was only lead sulphate.
However, in a charged state the differences of phase composition
between different groups of plates were insignificant (differences in
the relative contents fPbO, and a.PbO,).

In order to assess the influence of the differences in phase
composition and microstructure of the plates on the electrical
properties, the relative changes in specific capacitance of each
positive active mass (100% — mass without waste material) in the
first 3 cycles of charge/discharge are shown in Figure 6.

140
Ol cycle BIcycle O3 cycle
& 130
120
110

100

I'he relative changes in capacity

[i] 5 10 15
The amount of waste material, %
Fig. 6. Specific capacity of the positive active mass with and
without addition 5, 10 and 15% of waste material in the first 3
charge/discharge cycles
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Investigation of discharge capacity in the first three charge/
discharge cycles showed some differences. The cells with addition of
5% of waste material showed the highest capacity values across the
research group. The capacity measured for cells with 15% content
of waste material was lower than for the referential system as well as
for cells with 5 and 10% of waste material content. It results from the
fact that the increased weight of waste material can lower the internal
coherence of the mass in the electrode and impede the electrical
contact between its parts.

Conclusion

As a part of studies it has been demonstrated that the addition of
waste material containing of 5 — 1 5% causes changes in the morphology,
microstructure and phase composition of the plates. Significant
quantities of 4PbO-PbSO, were observed in the plates after the ageing
process. Their presence was mostly associated with overheating of the
electrodes during the process.

In this study, regarding an identical program of environmental
changes during ageing and similar number of plates submitted to the
described process, the presence of this component is related to the
waste material addition. Certainly, the 4PbO-PbSO, was detected in
the waste material but its amount measured after ageing indicated
that some of 4PbO-PbSO, had formed during the process. According
to the literature, 4PbO-PbSO, forms big crystals which are more difficult
to convert to PbO, than 3PbO-PbSO,'H, 0. It is worth to emphasize that
neither the phase composition of positive electrodes after the formation
process indicated any significant differences between particular groups,
nor analysis of SEM micrographs after the ageing process demonstrated
presence of big crystals specific for this compound. It could be assumed
that 4PbO-PbSO, of small crystalline structure was successfully achieved
in plates. Moreover, it was demonstrated that the plates with addition
of 5 — 10% of waste active mass showed nominal capacities higher
than standard plates. Nominal capacities of positive plates with 15%
addition of waste electrode mass were lower than standard plates. It
can be presumed that, in this case, a higher content of waste electrode
material could lower the internal coherence of the electrode mass as
well as inhibit the electric contact between its components. This, in
turn, contributes to deterioration of its electric parameters. The analysis
of the interior of the electrochemical cell carried out after the electric
test confirmed this presumption. It was found that 15% addition of
waste electrode mass weakened the electric contact between mass and
current collector. This led to reduction in the specific capacity of plates.
It should be noted that the processes taking place during paste mixing,
seasoning and formation contribute to electroactive mass creation and
have a significant influence on the performance parameters. All disorders
at each stage can result in reduction of electric capacity, mechanical
stability, etc. Since the physicochemical properties of the waste material
are different from those of the new paste, the addition of waste material
can affect the above-mentioned processes in many ways. The variability
of the waste mass composition, a great number of possible links between
the crystalline and morphology structure, chemical and physicochemical
properties of paste and waste material additives — all of these elements
make the analysis of the impact of the individual components on the final
quality of the electrode material difficult.

This work has been performed within the statutory activity of the
Institute of Non-Ferrous Metals, Division in Poznan, granted by Polish
Ministry of Science and Higher Education (MNiSW) (Decision of MNiSW
no 3787/E-138/5/2014).

Literature

I. Karden E.: Automotive batteries: new developments w Garche |.,
Dyer Ch., Moseley P, Ogumi Z., Rand D., Scrosati B., Encyclopedia of
Electrochemical Power Sources, Elsevier B.V, 2009, 851-858

2. KotaichK., SloopS. E.: Recycling: lithium and nickel-metal hydride batteries,
Encyclopedia of Electrochemical Power Sources 2009, 188-198

e 701

science ¢ technique



science ¢ technique

w

Stevenson M.: Recycling lead — acid batteries, w Garche ., Dyer C.

K., Moseley PT., Ogumi Z., Rand D.A]., Scrosati B., Encyclopedia of

Electrochemical Power Sources 2009, 165-178

4. Krivik P, Baca P: Electrochemical Energy Storage in Energy Storage
— Technologies and Applications 201 3, http://dx.doi.org/10.5772/52222

5. Dahodwalla H., Heart S.: Cleaner production options for lead-acid battery
manufacturing industry, ] Clean Prod 8, 2000, 133-142

6. EspinosaD.C. R, Bernardes A. M., Tenorio J. A. S.: An overview on the current
processes for the recycling of batteries, | Power Sources 135, 2004, 311-319

7. Keri].,Precsko).: Development and use of anew system for environmentally
clean recycling of lead battery scrap, ] Power Sources 53, 1995, 297-302

8. Pavlov D.: Lead-Acid Batteries, Science and Technology, Elsevier, 2011,
ISBN: 978-0-444-52882-7

9. Kiehne H. A.: Battery Technology Handbook, Second Edition, New York, 2003

10. Wagner R.: Valve-Regulated Lead-Acid Batteries for Telecommunications and
UPS applications, w praca zbiorowa Moseley PT.,, Garche ., Parker C.D.,
Rand D.A ., Valve-Regulated Lead-Acid Batteries, Elsevier, 2004, 435-465

I'l. Morales]., PetkovaG., Cruz M., Caballero A.: Synthesis and characterization
of lead dioxide active material for lead-acid batteries, | Power Sources 158,
2006, 831-836

12. Aidman G. I.: A view on chemically synthesized expanders for lead/acid
battery negative plates, | Power Sources, 59, 1996, 25

13. Clement N., Zguris G., Wertz |., Ashirgade A.: Materials for eveolving
lead-acid battery performance requirements as the world moves towards
a greener planet, Materiaty konferencyjne 8" International Conference on
Lead Acid Batteries, Labat 201 |, Albena (Butgaria), p. 87

14. Fusillo G., Scura F, La Sala G., Guerriero R.: Pb/PbO mixture production:
new STC process for direct lead battery paste recycling, Materiaty
konferencjne 9" International Conference on Lead Acid Batteries, Labat
2014, Albena (Butgaria), 239

5. Zerroual L., Matrakova M.: Correlation between the electrochemical
activity and the crystallite of PbO,: a comparative between the chemical
and the electrochemical routes, Materialy konferencyjne 9* International
Conference on Lead Acid Batteries, Labat 2014, Albena (Butgaria), 157

16. Shiomi M., Funato T., Nakamura K., Takahashi K., Tsubota M.: Effects of
carbon in negative plates on cycle-life performance of valve-regulated lead/
acid batteries, | Power Sources 64, 1997, 147-152

I7. Mithin Kumar S., Ambalavanan S., Mayavan S.: Effect of graphene and
carbon nanotubes in the negative active materials of lead acid batteries
operating under high-rate partial-state-of-charge operation, http://www.
rsc.org/suppdata/ra/c4/c4ra06920j/c4ra06920j| .pdf

I8. Rekha L., Venkateswarlu M., Murthy K. S. N., Jagadish M.: The effect
od additives (Carbon & TiO,) on the performance of the Lead acid
batteries, Materiaty konferencyjne 9* International Conference on Lead
Acid Batteries, Labat 2014, Albena (Butgaria), 55.

19. Foudia M., Matrakova M., Zerroual L.: Effect of mineral additive on

the electrical performance of lead acid battery positive plate, Materiaty

konferencyjne 9* International Conference on Lead Acid Batteries, Labat

2014, Albena (Butgaria), 93.

Ewa JANKOWSKA — Ph.D., (Eng), graduated from the Faculty of Chemistry,
Silesian University of Technology and obtained her Ph.D. degree in chemical
science in 2003 at the Faculty of Chemical Technology, Poznan University of
Technology. She is working as an adjunct researches at Institute of Non Ferrous
Metals Division in Poznan, Central Laboratory of Batteries and Cells. Research
interests: electrode materials for lead acid batteries, chemical power source.

e-mail: ewa.jankowska@claio.poznan.pl, phone: +48 61 2797 845

Wiodzimierz MAJCHRZYCKI - Ph.D., (Eng), graduated from the Faculty
of Mechanical Engineering and obtained his Ph.D. degree in chemical
science in 2002 at the Faculty of Chemical Technology, Poznan University of
Technology. Currently, he is serving as the Head of the Department of Industrial
Electrochemistry in Institute of Non Ferrous Metals Division in Poznan, Central
Laboratory of Batteries and Cells. Research interests: electrochemistry.

e-mail: wlodzimierz.majchrzycki@claio.poznan.pl, phone: +48 61 2797 872

Agnieszka MARTYtA — Ph.D., master and doctorate thesis defended at
the Faculty Chemistry, Adam Mickiewicz University in Poznan. She is working
at Institute of Non Ferrous Metals Division in Poznan, Central Laboratory
of Batteries and Cells, Independent Laboratory of Thin Layers and Analytics.
Research interests: thin layers, photovoltaic, fuel cells, nanomaterials, catalysis.

e-mail: agnieszka.martyla@claio.poznan.pl, phone: +48 61 2797 815

tukasz MAJCHRZYCKI — M.Sc., (Eng.), graduated from the Faculty of
Technical Physics, Poznan University of Technology in 2010. Currently, he is
working as researcher in Centre of Advanced Technologies Adam Mickiewicz
University in Poznan. Research interests: nanotechnology.

e-mail: lukasz.majchrzycki@gmail.com

Ogdlnopolskie Sympozjum
Nauka i przemyst - metody spektroskopowe w praktyce, nowe wyzwania i mozliwosci
Lublin, 21 do 23 czerwca 2017 r.

Wydziat Chemii UMCS w Lublinie, PTChem oraz INS Putawy zapraszaja na Sympozjum, ktérego celem jest wymiana wzajemnych doswiadczen

oraz poszerzenie wiedzy zwiazanej z praktycznym wykorzystaniem metod spektroskopowych.

Sympozjum stanowi¢ bedzie okazje do zaprezentowania dorobku naukowego, nowoczesnych procedur i badan analitycznych prowadzonych

w Panistwa macierzystych placéwkach.

Komitet Organizacyjny Sympozjum: Prof. dr hab. Zbigniew Hubicki — przewodniczacy; dr hab. Dorota Kotodynska, prof. UMCS — zastepca
przewodniczacego; mgr Marzena Geca; dr hab. Monika Wawrzkiewicz; mgr Emil Zigba; mgr Bozena Gérecka oraz mgr inz. Alicja Stotecka.

Przewidywane koszty: Osoby ktérych uczestnictwo zostanie sfinansowane co najmniej w 70% ze $rodkéw publicznych: 600zf; pozostali
uczestnicy 600 zt + VAT (kwota obejmuje materiaty konferencyjne, wyzywienie (obiady i kolacje).
Wszelkie informacje zwiazane z sympozjum dostepne s3 na stronie internetowej: http://www.npms.umcs.lublin.pl

i pod adresem: Zakfad Chemii Nieorganicznej Wydziatu Chemii UMCS PI. Marii Curie-Sktodowskiej 2 20-03 | Lublin tel. 81 537 57 36,
81 537 57 38, 81 537 57 70 e-mail: npmslublin@gmail.com

Osoby zainteresowane aktywnym uczestnictwem w Sympozjum proszone s3 o przestanie prac w jezyku polskim w postaci wydruku oraz
w formie elektronicznej do dnia 17.03.2017 r. Organizatorzy zastrzegaja sobie prawo do zmiany formy zgfoszonej prezentacji. Nadestane
prace po uzyskaniu pozytywnej recenzji zostang opublikowane w formie monografii z numerem ISBN. Wytyczne dotyczace przygotowania
prac: http://www.npms.umcs.lublin.pl

702 CHEMIK rr 11-12/2016 ¢ tom 70



