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Recycling of used portable Zn
batteries: Optimization of
mechanical pre-treatment of
/n-C and alkaline batteries and
characterization of obtained
active mass

Vindt, T.; Takacova F; Kukurugya, F.; Havlik, T. (1)

Used portable zinc batteries are becoming, due to its zinc content, one of the pos-
sible secondary raw materials for zinc production. Active mass of these batteries,
which represents a mix of cathode, anode material and electrolyte, contains on aver-
age about 20 % Zn. The aim of this work was to liberate and obtain the active mass
in required quality and guantity by mechanical pretreatment of zinc batteries. Four
processes of possible mechanical pre-treatment were proposed in this work. From
the tested processes, a process consisting of crushing with double rotor crusher
and subsequent milling using friction mill can be considered as the most effective
mechanical pretreatment process for obtaining active mass from Zn batteries. The
largest amount of active mass was obtained through this process, where zinc con-
tent, depending on the type of Zn batteries, was in range 18 — 22 %. It results from
chemical analysis (AAS) as well as XRD phase analysis, that composition of active
mass from Zn-C batteries and alkaline batteries are very similar, what makes pos-
sible to process them together in order to recover zinc.

tors. According to the European Directive
2006/66/EC, which set targets for collec-
tion and recycling in order to minimize
the negative impact of used portable bat-
teries and accumulators on the environ-
ment, the percentage of collection of used
portable batteries and accumulators must
reach 45 % by September 2016. The Direc-
tive also specifies that at least 50 wt. %. of
used portable batteries and accumulators
must be recycled [1].

According to the chemical composition
portable batteries and accumulators can
be divided into zinc, nickel, lithium,
etc., depending on the primary metal
present in the batteries and accumula-
tors. The highest representation on the
European market, till 90 %, belongs to
zinc-based used portable batteries spe-
cifically zinc-carbon, alkaline batteries
and button cells zinc-air. Those batteries
contain interesting amount of zine and
manganese, therefore their recycling is
very important. In recent years, there
is an enormous increase in demand for
zinc, what confirms topicality of this
issue. Published research activities were
tocused on development environmen-
tally as well as economically suitable
recycling processes for processing used
portable batteries. This, regarding the
content of valuable compounds, brings
positive economic benefits also for inves-
tors in the field of recycling.

Portable Zn batteries contain metals in sig-
nificant high concentrations. Zinc content
in primary zinc ore is less than 10 %, while

ctual industrial society This order must be respected also in case  zinc content in zinc-carbon and alkaline
significantly influences a of used portable batteries and accumula-  batteries is about 15 — 20 %. This confirms
growth of electric and elec-
tronic equipment produc- &0

tion, which is associated with increase in I -

demand for portable batteries and accu-

mulators, which are necessary for their 2 il

functionality. Portable batteries and 25

accumulators have become an insepa- 2 -

rable part of everyday life. Batteries and

accumulators, after the end of their life- ¥

time, became an environmental problem 0

mainly due to heavy metals (mercury, 15 4

lead, zinc, cadmium, manganese, nickel,

cobalt, etc.). Directive of the European 10 1

Parliament and of the Council 2008/98/ 5

]EC prel;scrlbes the waste management o4 i . . B e —EEm

rierarchy:

o Siiction sbmnite Alkaline Zn cells Zncells Ni Li  button othet

b) reuse, cells mag. non-mag. cells cells cells

¢) recycling,
d) energy recovery,

e) disposal. on TUKE, Slovakia

Fig. 1: Statistics of different types of used portable batteries and accumulators collected
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Fig. 2: A section of a zinc-carbon battery [3]

advisability of recycling Zn batteries in
order to recover zinc.
Recycling of used portable zinc-carbon and
alkaline batteries can be performed by fol-
lowing methods: physical, pyrometallurgi-
cal, hydrometallurgical methods or their
combination. Hydrometallurgy brings few
advantages comparing to pyrometallurgy:
B lower initial capital costs,
M lower energy consumption, -
B simple pipe transportation of liquid
commodities,
B possibility
regeneration,
B production high purity metals,
B zero emission production ant etc.[2].
In already published results, authors are
focused mainly on design of suitable con-
ditionsathydrometallurgical processing of
Zn batteries in order to achieve the highest
possiblezincextractionintoaleachingsolu-
tion. For successful recycling, Zn batteries

of leaching  agents

must underge mechanical pretreatment
in order to liberate and separate the active
mass (powder) from other components
(steel cover, plastics, paper), which can be
processed in a special way. The active mass
contains an increased amount of zinc. In
most of the experiments, the active mass
was obtained by manual dismantling of
a few Zn batteries and that active mass
was leached irrespective of its qualitative
composition. Such a manual dismantling
of small amount (or group) of Zn batter-
ies used for an experiment can seriously
affect the results of the study due to the
lack of representative samples advancing
to leaching. In hydrometallurgy, the step
of mechanical pretreatment is very impor-
tant as, except to the nature of the leaching
reagent, final zinc extraction into a solu-
tion depends on quality of the active mass
and also on its sufficient amount.

[n this work, zinc-carbon and alkaline
batteries were processed by four proposed
processes of mechanical pretreatment and
obtained active mass was advanced to ele-
ment and phase analysis. The aim was to
perform mechanical pretreatment of Zn
batteries using available equipment in
order to obtain representative fraction of
active mass.

Experimental
Material

Since 2009, collection of used portable
batteries and accumulators is realized on
Technical University of Kogice. This col-
lection was introduced by Centre of Waste
Processing (CENSO), which is part of the
Department of Non-ferrous Metals and
Waste Treatment, Faculty of Metallurgy,
Technical University of Kosice, Slovak
Republic. Since the introduction of this
collection almost 1050 kg of used portable

Zinc-carbon batteries

A zinc-carbon cell consists of zinc anode
{with a thickness from 0.3 to 0.5 mm) a
cathode consisting of a mixture of MnQ),
(60 %), NH,CI (10-20 %) and carbon pow

der. Carbon is mixed with manganese
dioxide (MnQ,) for better conductivity
and maintaining moisture. In a stand

ard Zn-C battery a solution of ammo

nium chloride (NH Cl), or zinc chloride
(ZnCl,) dissolved in water, is used as an
electrolyte. A stick from carbon powder
is placed in the center of a cell and acts as
a collector of electrons. A separator made
of special paperisinserted betweenanode
and cathode, allowing ionic conductivity
in an electrolyte. Surface of cylindrical
batteries is very often covered by stecl
cover (Zn-C magnetic batteries) or by
stiff paper in conjunction with a plastic
film (Zn-C non-magnetic batteries) [4,
5].

Fig. 3. shows a Zn-C battery after manual
dismantling.

Content of steel paper | graphite | plastic | active other
components [%)] rod mass
Zn-C battery 22 13 7 2 55 1

Tab. 1: Material composition of a Zn-C battery

batteries and accumulators were collected.
As it is shown in Fig.1, till 86 % of collect-
ed amount is represented by used port-
able batteries based on zinc (zinc-carbon
magnetic, zinc-carbon non-magnetic and
alkaline batteries). From each type of zinc
batteries, amount of 40 kg was weighted.
From this amount representative sample
for mechanical pretreatment experiments
was obtained by using quartation.

| Steel cover 5
i and plastic §=
separator %

Fig. 3: Zn-C battery after manual dismantling

| 128

Material composition of dismantled bat-
tery is listed in Tab.1, which shows that
active mass comprises more than 50 % of
the weight of the battery.

Alkaline batteries

Fig. 4. shows a vertical section of an alka-
line battery.

In this type of battery an anode is made of
high purity zinc powder (99,85 — 99,00 %),

Plus and minus pin

astic seal |

Giraphate shck

Plus electrode
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Content of ¢ steel paper brass rod active other 0_
omponents [%] mass ‘ Plus pin
Alkaline battery 30 10 6 53 1
Minus electrode
Tab. 2: Material composition of an alkaline battery Steel i (Zinc)
Elements | Alkaline | Alkaline | Alkaline | Alkaline| Zn-C |Alkaline|  Mixture Plus electrode
(Zn-C + alkal.) Brass stick (MnO;, EOH)
Content [%)]
Zn 21 12-21 19,56 17,05 | 28,30 | 13,59 15,46 Separator e
Mn 45 26-33 31,10 36,53 26,30 27,65 33,59 :
K 4,70 5,5-7,3 7,25 4,53 0 5,1 3,26
Fe 0,36 0,17 017 | 007 | 340 [ 01 0,5 Seal cover
Pb 0,03 0,005 0,005 0 0 0 0 Minus pin (brass)
(8] [6] 5] [10] [L1] [12] [7] £

Tab. 3: The chemical composition of active mass

with a particle size from 75 to 750 um. A
cathode is composed of a compact mixture
of MnO, (85 %), graphite (10 %) and KOH
(5 %). An electrolyte consists of highly
concentrated KOH, which contains about
6 % of ZnO in order to avoid anodic corro-
sion and release of hydrogen. A membrane
from synthetic fibers, e.g. PVC, scparates
an anode from a cathode. Positive pole
of an alkaline battery is a steel container;
negative pole is a separator tube, which is
usually made of paper. A brass stick, where
negative pole is fixed, acts as an electron
collector for the electrode [4,5].

Fig. 5 shows an alkaline battery after man-
ual dismantling.

Material composition of dismantled alka-
line battery is listed in Tab. 2, the active
mass also in this case represents more than
50 % of the weight of the battery.

seal

o

Nickel
brass

“ Separator

Minus
1 zine =
electrode

Active mass of Zn batteries

The active mass from zinc batteries repre-
sents a mixture of anode, cathode mate-
rial and electrolyte. This active mass is
generated during mechanical pretreat-
ment of batteries (crushing and milling)
before their further processing. After the
crushing and milling of batteries, remain-
ing parts of steel cover, plastics and paper
separator are separated obtaining a prod-
uct in the form of fine-grained active mass
{(black powder, which represents up to 57 %
of total weight of batteries) [6].

Chemical compositions of the active mass
from alkaline and zinc-carbon batteries
according to other authors are listed in
Tab. 3.

As it results from Tab. 3, content of zinc
in the active mass of the batteries is in the
range of 12 — 28 %, while content of zinc

ep

Fig. 5: Alkaline battery after manual dismantling
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Fig. 4: A section of an alkaline battery [3]

in primary ores is below 10 %. From this
point of view, used portable zinc batteries
are becoming important secondary raw
material for zinc production. Content of
manganese, which accounts for approxi-
mately 26 — 45 % of the total weight of
active mass, is also not negligible.

Mechanical treatment tests

Four experimental processes of mechani-
cal pretreatment were designed. All four
processes were tested for each group of
Zn batteries (Zn-C magnetic, Zn-C non-
magnetic, alkaline batteries).
For all experiments a common procedure
was applied, as follows:
1. preparation of the sample
2. crushing — double rotor crusher,
3. drying - 12 hod., 60 °C,
4. sieving - 2 sieves (8 mm, 1.25 mm),
5. removal fraction < 1.25 mm (active
mass)
After these steps, the procedures in each
experiment were different. In the individu-
al experiments either hammer crusher (SK
600, 7.5 KW) or friction mill was used. Also
an effect of double crushingin double rotor
crusher (DR 120/360, 9.2 kW) on qual-
ity of released active mass was examined.
Each crushing (or milling) step was fol-
lowed by sieving, where the finest fraction
(-1.25 +0 mm) e.g. active mass was separat-
ed. The sample of the active mass was sub-
mitted to chemical analysis (by AAS using
Varian Spectrophotometer AA 204) in
order to determine the content of zinc and
to XRD phase analysis (on the PANalyti-
cal X'Pert PRO MRD X-ray diffractometer
using Co K_radiation. Remaining material
proceeded to ECS separator (EPA SKR-
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Fig. 6: The schemes of the experiments, Process A and B
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Fig. 7: The schemes of the experiments, Process G and D

240 N) where metallic magnetic, metallic
non-magnetic and non-metallic fractions
were separated from each other, General
schemes of the processes are shown in Fig.
6and 7.

Results

During the experiments, weight loss
occurred in individual technological
steps. The losses were caused by leakage
of crushing facilities, adhesion of particles
to the walls of equipment and containers
(moisture of the material after the first
crushing), loss on drying, etc.. In case of
alkaline batteries, due to the moisture,
the losses were relatively high (12.388 %,
18.345 %, 9.885 %). With the exception of
experiments with alkaline batteries, the
total material loss in eight cases did not
exceed 10 % and in two cases were lower
than 5 %.

The main objective of these experiments
was to accumulate the largest possible
amount of active mass into one fraction,
concerning its character into the finest
fraction, and thus separate it from other
compounds. From this reason, sieving
of the material was performed after each
technological step. This sieving was done
partly to eliminate weight losses of active
mass in the following technological step
and also to reduce dustiness during the
experiments.

From the obtained results, it is possible to
say at which of designed processes A-D, the
largest amount of active mass (fractions
< 1.25 mm) was separated. The results are
shown in Fig. 8.

Ag it results from the graph, the largest
amount of the finest fraction were obtained
from processes C and D. In these processes,
Zn batteries were crushed in double rotor
crusher only once. In processes A and B,
where double crushing on double rotor
crusher was performed before following
crushing and milling, smaller amount of
active mass was obtained.

The results show that the largest amount
of active mass (fraction < 1.25 mm) was
obtained by using process C, i.e. by crush-
ing on double rotor crusher and subse-
quent milling on friction mill. This process
has also advantage of minimal dustiness
during the experiments comparing to the
process where hammer mill was used. In
neither of the processes implemented for
different types of zinc batteries, any sig-
nificant difference in the results compar-
ing to other processes, was not obtained.

4/2015 | 69, Jahrgang | METALL
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100

Received amount of black mass

% of total amount

Process A

Process C Process D
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Fig. 8: The percentage of the fraction <1.25 mm with respect to the total weight of the

sample in individual technological processes

Zn contet in black mass
25
20 A
. 154
=
A
10
5 .
D -
Frocess A Process B Process C Process D
[ = alkaline m Zn-magnetic m Zn-nonmagnetic |

Fig. 9: Content of zinc in active mass of Zn batteries from all four processes

Therefore, it is not possible to take defini-
tive conclusion which of the processes is
the most suitable one for obtaining the
largest amount of active mass from zinc
batteries. From this reason, the samples of
active mass from individual processes were
taken and submitted to chemical analysis
(by AAS) in order to determine content of
zinc.

The content of zinc in active mass from dif-
ferent zinc batteries, obtained by processes
A-D, is in the range of 15 to 23 % (shown in
Fig. 9). This corresponds with the results of
elemental composition of the active mass
of zinc batteries stated by different authors,

which are summarized in Tab. 3. The high-
est content of zinc, 23 %, was analyzed
in the active mass from alkaline batter-
ies obtained by the process D. The active
mass with the lowest content of zinc, 15%,
was obtained from Zn-C magnetic batter-
ies also by using process D. Moreover, this
process uses hammer crusher whose disad-
vantage is the high dustiness. Significant
qualitative difference was not observed
even in the active mass obtained by proc-
esses A and B, which use double crushing
with double rotor crusher and thus are
more energy demanding than processes C
and D.

Batteries Experimental processes
A B C D
Alkaline 22,05 % 19,55 % 20,6 % 23,7 %
Zn-C (magnetic) 20,65 % 20,45 % 18 % 15,25 %
Zn-C (non- 20,2 % 21,2 % 22,25 % 19,75 %
magnetic)

Tab. 4: Zn contet in active h_lass

Content of zinc in the active mass from
different type of zinc batteries, obtained
by processes A - D are summarized in
Tab. 4.

Taking into account all conditions and
results such as weight loss of material,
dustiness during the experiments, ener-
gy consumption of designed processes as
well as amount and quality of obtained
active mass, the process C can be label as
the most effective mechanical pretreat-
ment process for zinc batteries (Fig. 10).
This process consists of crushing zinc
batteries using double rotor crusher
and subsequent milling on friction mill.
After sieving and separation of active
mass (fraction < 1.25 mm), the remain-
ing material proceeds to ECS separator
where metallic magnetic, metallic non-
magnetic and non-metallic fractions are
separated from each other. This process
results in the largest amount of active
mass (which represents 57.95 % of alka-
line batteries, 62.75 % of zinc-carbon
magnetic batteries and 63.7 % of zinc-
carbon non-magnetic batteries) contain-
ing, according to the type of batteries, 18
- 22 % of zinc.

The phase composition of the samples of
active mass from different types of Zn
batteries was determined by XRD phase
analysis. The diffraction patterns for the
samples are shown in Fig.11 to 13 and
resulting phase are listed in Tab.5 to 7.
The results of XRD phase analysis con-
firmed the presence of phases with con-
tent of zinc, manganese, potassium, chlo-
rine, depending on the type of analyzed
active mass from Zn batteries. In case of
Zn-C batteries, presence of Zn in phases
Zn(OH),,ZnMn, O andZn (OH),CLH O
was confirmed. In the active mass from
alkaline batteries zinc was present in the
phase ZnO. The existence of mentioned
phases in the active mass from Zn batter-
ies was confirmed also by authors Veloso
[10], Freitas [13,14] and also Ferella [15]
and De Michelis [7].

Except these phases, also phases of Mn
such as MnCl, and also MnO, were iden-
tified in the samples of active mass. The
difference in phase composition can be
seen only in a case of potassium (as can
beseen in Tab.3). The presence of potassi-
um was identified only in a case of active
mass from alkaline batteries where KOH
is used as an electrolyte. On the contra-
ry, in active mass from Zn-C batteries,
where the electrolyte is formed by NH,Cl
or ZnCl, potassium is not present.
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4131




| METALL-FORSCHUNG

Process C
Zn batteries

b
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4
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fraclion

17,1 % (alkaline)
16,2 % (Znmag.)
2,9 % (Zn non-mag,)

E Weight loss: 7,7 % (alkaline)
2,2% (Znmag)
5,1 % (Zn non-mag.)

Non-metallic fraction ———p» 5,05 % (alkaline)

- weight loss: 8,4 % (alkaline)
4,95 % (Znmag.)
7,65 % (Zn non-mag.)

il 57,95 % (alkaline)

5m —— - 62,75 % (Znmag)
62,7 % (Zn non-mag.}

3,8 % (alkaline)

7.7 % (Znmag)
8,8 % (Zn non-mag.)

6,2 % (Znmag)
11,85 % (Zn non-mag )

Fig.10: The most effective mechanical process
Conclusions
In order to recover zinc from used port-

able zinc-carbon and alkaline batteries
several methods such as physical, pyro-

_ metallurgical, hydrometallurgical meth-

ods or their combination can be used.

Hydrometallurgy can be described as
modern, flexible processes that can be
easily modified and adapted to the actual
amount of input materials (in this case
used portable batteries). Hydrometal-
lurgical processing of zinc-carbon and
alkaline batteries is based on leaching
active mass in suitable leaching agent in
order to get desired metal into the solu-
tion. This processing of batteries must be
preceded by crushing, milling and sepa-
ration in order to release active mass and
its separation from other components

(steel cover, plastics, paper), which can
be processed by other way.

In the first step of experimental part of
this work manual dismantling of select-

ed types of zinc batteries was carried
out where the main objective was to get
familiar with construction and mate-
rial composition of these batteries (Fig.
3 and 5). It was found that active mass
{(which contains about 20 % of zinc) rep-
resents more than 50 % of total weight
of a battery. In another step, four proc-
esses of mechanical processing serving
to the release and obtaining the largest
possible amount of the active mass (Fig.
6 and 7) were designed. Following facil-
ity such as: double rotor crusher, ham-
mer crusher, friction mill, ECS separa-
tor, were used for the experiments in
different combinations. Input material
consisted of zinc batteries (zinc-carbon
magnetic and zinc-carbon non-magnetic
batteries) and alkaline batteries. Each
type of batteries was submitted to all
four processes of mechanical pretreat-
ment, what means that total numbers of
experiments was 12. Conditions such as
weight losses of batteries, dustiness dur-
ing experiments, energy consumption
and mainly obtained amount and qual-
ity of the active mass from zinc batter-
ies were observed. Process C (Fig. 10),
which consisted of crushing on double
rotor crusher and subsequent milling in
friction mill, can be labeled as the most
effective process of mechanical pretreat-
ment of zinc batteries. After sieving and
separation of the active mass (fraction
< 1.25 mm), the remaining material
was advanced to ECS separation, where
metallic magnetic, metallic non-magnet-
ic and non-metallic fractions were sepa-
rated from each other. By this process the
largest amount of active mass (57.95 wt.%
of input alkaline batteries, 62.75 wt.% of
input Zn-C magnetic batteries and 63.7
wt.% of input Zn-C non-magnetic bat-
teries) was obtained. Content of zinc in

TVEd_Vingt

e Hycmaide
10000 —Y B8 simonkateite, 3y
Scacehite, syn

ne: Manganese Owuide

5000 -

A._..'L). Ak ,i"l\.! _Jﬁiu\

e

Pasition | *2Theta] (Cobalt (o))

Fig.11: Diffraction pattern of the active mass from Zn-C magnetic batteries
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Ref. Code Score | Compound Name Chemical Formula this active mass was in range 18 - 22 %
00-048-1066 | 35 Zinc Hydroxide Zn(OH), (Fig. 9). XRD phase analysis confirmed
01-076-0922 | 34 Zinc Hydroxide Chloride Hydrate | Zn (OH),CLELO presenesinfalnc in (Hact vemass lofhe
= : - following phases: Zn(OH),, ZnMn,0O,
L0208, 2 - ) SHERIILE £ and Zn (OH),CLH,O (Fig. 11, 12 and 13).
01-077-0470 16 Zinc Manganese Oxide ZnMn O, It results from chemical analysis (AAS)
00-022-0720 |8 Manganese Chloride Mn Cl, XRD analysis that compositions of active
mass from Zn-C and alkaline batteries
Tab. 5: The results of XRD phase analysis of active mass from Zn-C magnetic batteries are very similar, what makes possible
their common processing in order to
R recover zinc.
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