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 The use of lithium-ion batteries has increased significantly in recent years due to 
their high energy density and the presence of valuable materials such as cobalt and 
nickel, making them an important source for secondary material recovery. However, 
recycling these batteries presents substantial safety risks, primarily from fire and 
explosion hazards caused by unwanted short circuits and high voltage components. 
These risks are especially pronounced during mechanical preparation, crushing, 
storage, and transportation, where damaged or improperly handled batteries can ignite 
or explode. To mitigate these hazards, rapid and controlled discharge of batteries 
before recycling is critical. Discharging using salt solutions is recognized as a simple, 
fast, and cost-effective method to reduce residual charge and minimize the risk of fire 
during subsequent handling. In this research, four different types of natural salts at 
various concentrations were tested, prioritizing the use of accessible, low-cost, and 
impure salts over pure laboratory-grade salts to enhance scalability and economic 
feasibility. Initial experiments involved direct immersion of batteries in salt solutions 
at concentrations of 10%, 15%, and 20% by weight. Among the complementary 
processes evaluated, the use of a high-speed magnetic stirrer, iron powder, and 
ultrasonic operations (ultrasonic bath and probe) were found to further reduce 
discharge time and help achieve target voltages more quickly. Notably, ultrasonic 
agitation at 28 kHz was particularly effective, significantly accelerating the discharge 
process and enabling the batteries to reach lower voltage thresholds such as 0.5 volts 
in a shorter time. 
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1. Introduction  

The deplet൴on of foss൴l fuels and env൴ronmental 
൴ssues have paved the way for the use of renewable 
energy sources such as batter൴es. The current 
energy economy, based on foss൴l fuels, faces 
s൴gn൴f൴cant r൴sks due to factors such as cont൴nuously 
൴ncreas൴ng o൴l demand, deplet൴on of non-renewable 
resources, and dependence on pol൴t൴cally unstable 
o൴l-produc൴ng countr൴es. Foss൴l fuels are a l൴m൴ted 
resource, and the world ൴s fac൴ng an emerg൴ng 
energy cr൴s൴s [1]. It takes m൴ll൴ons of years to 
produce the foss൴l fuels consumed ൴n the past 200 
years. The൴r consumpt൴on ൴s the ma൴n cause of 
many env൴ronmental problems, ൴nclud൴ng global 
warm൴ng, a൴r pollut൴on, and ac൴d ra൴n. Another 
concern൴ng aspect of the current foss൴l fuel energy 
economy ൴s the ൴ncreas൴ng level of carbon d൴ox൴de 

em൴ss൴ons, wh൴ch have almost doubled ൴n the past 
30 years. Therefore, the use of renewable energy 
sources has grown. One of the most ൴mportant 
renewable sources ൴s batter൴es [2, 3]. Due to the൴r 
r൴ch compos൴t൴on of valuable mater൴als such as 
cobalt, n൴ckel, l൴th൴um, copper, and alum൴num, 
batter൴es are used as sources of secondary raw 
mater൴als. Batter൴es cons൴st of one or more 
electrochem൴cal cells capable of convert൴ng 
chem൴cal energy ൴nto electr൴cal energy and are a 
common energy source for many ൴ndustr൴al and 
household appl൴cat൴ons. Rap൴d technolog൴cal 
advancement and the grow൴ng need for 
rechargeable batter൴es as energy sources have 
ra൴sed many concerns regard൴ng the d൴sposal of 
used batter൴es. Generally, batter൴es can be d൴v൴ded 
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൴nto pr൴mary batter൴es and rechargeable batter൴es, 
wh൴ch ma൴nly ൴nclude lead-ac൴d batter൴es, n൴ckel-
cadm൴um (N൴-Cd) batter൴es, n൴ckel-metal hydr൴de 
(N൴-MH) batter൴es, and l൴th൴um-൴on batter൴es. 
Compared to other rechargeable batter൴es, some 
l൴th൴um batter൴es have h൴gher energy dens൴ty, h൴gher 
cell voltage, less memory effect, lower self-
d൴scharge, longer cycle l൴fe, and are 
env൴ronmentally fr൴endly, s൴mple to charge, and 
ma൴nta൴n [4]. Var൴ous l൴th൴um-conta൴n൴ng batter൴es 
f൴rst entered the market ൴n the 1990s and are now 
w൴dely used ൴n modern equ൴pment and l൴fe. 
L൴th൴um-conta൴n൴ng batter൴es are class൴f൴ed ൴nto 
rechargeable and non-rechargeable types, w൴th 
pr൴mary l൴th൴um batter൴es be൴ng non-rechargeable 
and l൴th൴um-൴on batter൴es (LIBs) cons൴dered a key 
technology enabl൴ng the trans൴t൴on to electr൴c 
veh൴cles, thus replac൴ng the trad൴t൴onal ൴nternal 
combust൴on eng൴ne des൴gn [5-7].They are also the 
most su൴table means for stor൴ng electr൴cal energy. 
Renewable energ൴es ൴n electr൴cal gr൴ds are currently 
the dom൴nant power sources for var൴ous portable 
electron൴c dev൴ces. L൴th൴um-൴on batter൴es are noted 
for the൴r h൴gh work൴ng voltage, low memory 
effects, and h൴gh energy dens൴ty compared to 
trad൴t൴onal batter൴es [8]. As the use of alternat൴ve 
energy sources l൴ke solar and w൴nd ൴ncreases, the 
need for electr൴cal energy storage becomes more 
pronounced. One of these storage methods ൴s the 
use of l൴th൴um-൴on batter൴es. The use of l൴th൴um-൴on 
batter൴es ൴s grow൴ng worldw൴de. Th൴s type of 
battery ൴s ൴ncreas൴ngly be൴ng used ൴n ൴nnovat൴ve 
appl൴cat൴ons, such as the aerospace ൴ndustry, power 
transm൴ss൴on, consumer electron൴cs, automot൴ve 
൴ndustry, and renewable energy ൴ndustry [9]. The 
൴ncreased use of personal electron൴c dev൴ces has led 
to a remarkable r൴se ൴n l൴th൴um-൴on battery waste. 
Meanwh൴le, electr൴c veh൴cles are also on the r൴se, 
lead൴ng to the future product൴on of large amounts 
of battery waste from veh൴cles. For ൴nstance, ൴n 
2019, about 50% of the cars sold ൴n Norway were 
electr൴c [10, 11]. Thus, the ൴ssue of l൴th൴um-൴on 
batter൴es used ൴n electr൴c veh൴cles has ga൴ned 
just൴f൴ed attent൴on ൴n recent years. Generally, 
electron൴c waste ൴s one of the fastest-grow൴ng sol൴d 
waste streams globally, pos൴ng s൴gn൴f൴cant 
challenges [12, 13]. 

1.1. Chemistry of lithium-ion batteries and 
materials 

S൴nce Sony f൴rst commerc൴al൴zed l൴th൴um-൴on 
batter൴es us൴ng carbon as the anode and L൴CoO₂ 
(LCO) as the cathode ൴n 1991, b൴ll൴ons of l൴th൴um-
൴on battery cells have been produced for portable 

electron൴c dev൴ces and other large electr൴cal 
dev൴ces. The four ma൴n components of a l൴th൴um-
൴on battery are the cathode, electrolyte, separator, 
and anode. The anode stores l൴th൴um ൴ons dur൴ng 
charg൴ng, and l൴th൴um ൴ons move towards the 
cathode dur൴ng d൴scharge to dr൴ve electr൴cal 
appl൴cat൴ons. Therefore, the l൴th൴um-൴on battery ൴s 
also called a rock൴ng-cha൴r battery because l൴th൴um 
൴ons are exchanged between the cathode and anode. 
Common cathodes conta൴n trans൴t൴on metal ox൴des 
such as LCO, L൴Mn₂O₄ (LMO), L൴(N൴ₓCoᵧAlऊ)O₂ 
(NCA), and L൴(N൴ₓCoᵧMnऊ)O₂ (NCM), wh൴ch can 
be categor൴zed accord൴ngly. The crystal structures 
of LCO, NCA, and NCM are layered, w൴th h൴gh 
spec൴f൴c energy and voltage, but cobalt ൴s 
expens൴ve, tox൴c, and thermally unstable. NCM 
conta൴ns less cobalt and ൴s cheaper. LMO has h൴gh 
thermodynam൴c stab൴l൴ty and h൴gh voltage but 
relat൴vely low capac൴ty. L൴FePO₄ (LFP) cathode 
mater൴als have a stable ol൴v൴ne structure and are 
safer than NCM and LCO, but they have low 
capac൴ty and low charge/d൴scharge rates [14]. The 
demand for energy dens൴ty and power dens൴ty ൴n 
l൴th൴um-൴on batter൴es ൴s cont൴nuously ൴ncreas൴ng. 
Many new h൴gh-capac൴ty, h൴gh-voltage cathode 
mater൴als have been ൴dent൴f൴ed, ൴nclud൴ng n൴ckel-
r൴ch, manganese-r൴ch, and l൴th൴um-r൴ch mater൴als. 
Based on the n൴ckel content, the rat൴o of n൴ckel, 
cobalt, and manganese ൴n commerc൴al NCM 
cathodes var൴es, w൴th d൴fferent L൴(N൴ₓCoᵧMnऊ)O₂ 
(NCM) compos൴t൴ons such as 8.5:0.75:0.75, 8:1:1, 
7:1.5:1.5, 6:2:2, 5:2:3, 4:3:3, 1:1:1, etc. Increas൴ng 
n൴ckel and l൴th൴um contents can enhance the 
spec൴f൴c capac൴ty of cathode mater൴als but also lead 
to thermal ൴nstab൴l൴ty. N൴ckel-r൴ch commerc൴al 
NCM mater൴als such as L൴(N൴₀.₈Co₀.₁Mn₀.₁)O₂ and 
L൴(N൴₀.₆Co₀.₂Mn₀.₂)O₂ both exh൴b൴t h൴gher spec൴f൴c 
capac൴t൴es (spec൴f൴c capac൴ty: 203 and 187 mAh/g 
respect൴vely for L൴(N൴₀.₈Co₀.₁Mn₀.₁)O₂ and 
L൴(N൴₀.₆Co₀.₂Mn₀.₂)O₂ but lower thermal stab൴l൴ty 
compared to low-n൴ckel NCM mater൴als l൴ke 
L൴(N൴₀.₅Co₀.₂Mn₀.₃)O₂ or L൴(N൴₀.₃₃Co₀.₃₃Mn₀.₃₃)O₂ 
(spec൴f൴c capac൴ty: 175 and 163 mAh/g respect൴vely 
for L൴(N൴₀.₅Co₀.₂Mn₀.₃)O₂ and 
L൴(N൴₀.₃₃Co₀.₃₃Mn₀.₃₃)O₂ [15]. The common anode 
൴s made of graph൴te or L൴₄T൴₅O₁₂ (LTO). The 
theoret൴cal capac൴t൴es for graph൴te and L൴₄T൴₅O₁₂ are 
372 and 175 mAh/g respect൴vely [16]. The 
potent൴al requ൴red for l൴th൴um ൴nsert൴on ൴n L൴₄T൴₅O₁₂ 
൴s 1.5 volts versus L൴/L൴⁺, wh൴ch ൴s h൴gher than the 
carbon-based anode, thus the full cell voltage w൴th 
the L൴₄T൴₅O₁₂ anode for a g൴ven cathode mater൴al 
decreases, and the energy dens൴ty of the l൴th൴um-൴on 
battery w൴th L൴₄T൴₅O₁₂ ൴s lower compared to a 
graph൴te cell. However, the L൴₄T൴₅O₁₂ anode has 
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better cycle performance at h൴gh temperatures and 
better thermal stab൴l൴ty compared to the graph൴te 
anode [17]. S൴m൴lar to cathode mater൴als, new h൴gh-
capac൴ty, h൴gh-voltage anode mater൴als have also 
attracted spec൴al attent൴on. These mater൴als ൴nclude 
s൴l൴con (approx൴mately 4140 mAh/g, but w൴th 
nearly 400% volume fluctuat൴on dur൴ng a cycle), t൴n 
(992 mAh/g), ant൴mony sulf൴de (Sb₂S₃) (720 
mAh/g, after 50 cycles at a current dens൴ty of 250 
mA/g), german൴um (about 1200 mAh/g) [18, 19]. 
and trans൴t൴on metal ox൴des (MO) where M ൴s 
cobalt, n൴ckel, copper, or ൴ron, around 700 mAh/g), 
and s൴l൴con ox൴de. However, these new anode 
mater൴als have yet to be commerc൴al൴zed. H൴gh 
volume expans൴on, low conduct൴v൴ty, ൴nstab൴l൴ty of 
the sol൴d electrolyte ൴nterphase (SEI) layer, and 
poor capac൴ty retent൴on are the ma൴n obstacles to 
the development of new anode mater൴als [20]. 

1.2. Necessities of recycling lithium-ion batteries 

The use of lithium-ion batteries in consumer 
electronics and electric vehicles is rapidly growing, 
leading to increased demand for resources such as 
cobalt and lithium. Therefore, recycling these 
batteries is essential not only to reduce energy 
consumption but also to address the scarcity of rare 
resources and eliminate the pollution of hazardous 
components, ensuring sustainability in industries 
related to consumer electronics and electric 
vehicles. Below are some main reasons for 
recycling these types of batteries: High number of 
consumed batteries, Environmental importance of 
consumed batteries, Resources available in 
consumed batteries, Protecting resources for future 
generations [21-23]. This research examines the 
discharge process using chemical solutions 
containing four types of natural salts obtained from 
salt lakes and salt mountains, with these samples 
containing impurities. Advantages of using these 
types of salts include the use of natural, 
inexpensive, and readily available resources, 
reducing ongoing costs in the large-scale and 
industrial recycling process of lithium-ion 
batteries, shortening the discharge process time, 
and maintaining more stable voltage reduction in 
lithium-ion batteries. 

2. Material and methods 

In this research, four different types of natural 
salts from Khur and Biabanak Playa (A), Aran and 

Bidgol Salt Lake (B), Urmia Salt Lake (C), and 
Garmsar-Semnan Salt Mountain (D) used. Sample 
A indirectly obtained with analysis from Khur 
Potash Complex. Samples B, C, and D directly 
collected from their locations through 
intermediaries residing near the salt sites.To 
identify the elements and compounds present in the 
salt structures, XRD and XRF analyses were 
conducted at University of Kashan and and Mineral 
Exploration Organization's laboratories in Kerman, 
respectively. For sample A, since it indirectly 
obtained from a processing company, the exact 
analysis results provided with the sample. For the 
other three samples (B, C, and D), XRD and XRF 
analyses were performed. XRD provided 
qualitative information on the elements in the 
natural salt structures, while XRF measured the 
percentage of different elements quantitatively 
with an accuracy of hundredths. According to XRD 
results, halite (NaCl) and calcite (CaCO3) were 
present in sample B, only halite (NaCl) was in 
sample C, and halite (NaCl) and anhydrite (CaSO4) 
were in sample D. The elemental composition of 
each sample was then determined using XRF 
results (Table 1). The batteries obtained from a 
battery recycling company in Tehran. The batteries 
were from smartphones of the Motorola brand and 
model BP6X; all used uniformly (Figure 1). The 
salt solution in this case acted as a controlled short 
circuit or initial resistance to discharge the 
batteries. Using this approach allowed monitoring 
the evolution of the electrical potential of lithium-
ion batteries solely due to discharge (i.e., not 
attributable to physical battery damage). The salts 
dissolved in ultra-pure and deionized water. 

 
F൴gure 1. Image of used batter൴es of Motorola brand 

and model (BP6X) 
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Table 1. Percentage of Elements and Compounds ൴n Natural Salt Structures 

Sample Na (%) K (%) Ca (%) Mg (%) NaCl 
(%) 

Ca(CO3) 
(%) 

Ca (SO4) 
(%) 

SiO2 
(%) 

SO3 
(%) 

Volatile 
 matters (%) 

A 38.30 0.08 0.16 0.06 97.36 --- --- --- --- 0.15 
B 37.57 0.02 0.45 0.80 95.45 1.125 --- 0.07 1.01 1.45 
C 37.85 0.06 0.01 1.02 96.16 --- --- --- 0.41 0.72 
D 37.25 0.03 0.015 0.02 94.64 --- 0.056 --- 2.08 0.03 
 
After examining indirect discharge and failing 

to achieve the research objectives, immersion 
testing adopted. According to previous research 
[1], 20% mass concentration was selected as the 
most effective for the discharge process, as it 
achieved the fastest voltage reduction without 
considering corrosion and water pollution. 
Therefore, the discharge process was tested with 
solutions containing salts A, B, C, D at 20% mass 
concentration, followed by tests at 10% and 15% 
concentrations. The 20% mass concentration 
showed the best performance for all solutions 
compared to other concentrations. Then, additional 
processes incorporated to shorten the discharge 
process duration. Complementary processes for 
discharging lithium-ion batteries in salt solutions 
included: discharge at 20% mass concentration 
with high-speed magnetic stirring, discharge with 
iron powder, discharge with iron and zinc powders, 
discharge using ultrasonic bath with 28 kHz 
ultrasonic waves, and discharge using ultrasonic 
probe (homogenizer) with 50 kHz ultrasonic waves 
in solutions containing salts A, B, C, D. 

3. Results and Discussion 
3.1. Effect of type and concentration of natural 
salts  

Upon observing the test results, it found that the 
batteries in all solutions began to decrease voltage 
at a normal rate during the first hour, but a 
significant drop in voltage observed in the second 
hour. From the third hour onward, the voltage drop 
returned to a normal rate. After one hour, the 
battery voltage in solutions A, B, C, D reached 
3.38, 3.54, 3.52, and 3.61 volts, respectively. After 
a significant drop in the second hour, the battery 
voltage in solutions A, B, C, and D dropped to 0.63, 
0.74, 0.64, and 0.69 volts, respectively. Following 
this second significant drop, the voltage reduction 
process normalized again, and the battery voltage 
in solutions A, B, C, and D reached 0.51, 0.51, 
0.46, and 0.54 volts, respectively. The battery in 
solution A reached a voltage of 0.01 volts after 23 
hours, the batteries in solutions B and C reached 
zero volts after 22 hours and 21.5 hours, and the 
battery in solution D reached its lowest voltage of 
0.02 volts after 24 hours. According to previous 

studies, one of the objectives of this research is to 
reduce battery voltage and reach voltage levels of 
approximately 1 volt and 0.5 volts. The main 
reason for using the 1-volt threshold is based on 
research indicating that this voltage level is 
considered safe for discharging lithium-ion battery 
recycling lines, and batteries below 1 volt are safer 
with minimized self-ignition risk. The 0.5-volt 
threshold is due to the duration of the process, 
requiring approximately 3 to 4 hours reducing the 
voltage from the initial level to 0.5 volts, whereas 
the reduction from 0.5 volts to zero takes 19 to 20 
hours. In some salts, the voltage reduction to zero 
not achieved even after this time. In this series of 
tests, with a 20% concentration, the battery voltage 
in solutions containing salts A, B, C, D reached 1 
volt after 80, 80, 70, and 95 minutes, respectively, 
and reached 0.5 volts after 185, 180, 150, and 245 
minutes, respectively. It observed that the solution 
containing salt C performed better in achieving 
voltages of 1 and 0.5 volts (Figure 2). 

3.2. Effect of using a high-speed magnetic stirrer 
in battery discharge process  

Based on better performance over time, the best 
concentration used considered 20% mass 
concentration, and all subsequent experiments 
aimed at examining various processes to reduce 
discharge time were prepared with this 
concentration. Unlike the indirect method, which 
halts battery voltage reduction, the direct method 
using appropriately concentrated solutions 
effectively reduced battery voltage to zero volts. 
However, aside from examining salt 
concentrations, another primary objective of this 
research is to reduce discharge time by considering 
various factors affecting this period. In the fourth 
step, to reduce discharge time, the battery discharge 
process was conducted in solutions containing salts 
A, B, C, D at a 20% concentration using a high-
speed magnetic stirrer. The results of this series of 
experiments showed that this series also follows 
the voltage reduction trend of previous tests. In this 
series, after one hour, the battery voltage in 
solutions A, B, C, D reached 3.69, 3.61, 3.71, and 
3.60 volts, respectively. In the second hour, the 
battery voltage in solutions A, B, C, D reached 
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0.84, 0.71, 0.93, and 0.63 volts, respectively. In the 
third hour, the battery voltage in solutions A, B, C, 
D reached 0.60, 0.56, 0.58, and 0.48 volts, 
respectively. Achieving voltage levels of 1 volt and 
0.5 volt considering the voltage ratio graphs, 1 volt 
and 0.5 volts can be equated to 0.26 and 0.13. It 
indicates 26% and 13% remaining battery voltage 
for solutions A, B, C, D took 105, 70, 115, and 65 
minutes to reach 1 volt and 260, 240, 250, and 165 
minutes to reach 0.5 volt respectively. Comparing 
these results with the discharge process without 
using a magnetic stirrer, solution A performed 
poorly in reaching 1 volt and 0.5 volts. Solution B 

performed better in reaching 1 volt, reducing the 
time by 10 minutes, but performed poorly in 
reaching 0.5 volts, significantly increasing the 
time. Solution C showed poor performance in 
reaching both 1 volt and 0.5 volts, with 
significantly increased time. Solution D showed 
satisfactory performance in reaching 1 volt and 0.5 
volts, improving the time by 30 minutes and 80 
minutes, respectively. In this test, salt D reduced 
the battery voltage in a shorter time, making it the 
most suitable option for achieving the target 
voltage (Figure 3). 

 
F൴gure 2. Voltage-t൴me rat൴o graphs for batter൴es d൴rectly ൴n solut൴ons conta൴n൴ng salts A, B, C, D at a 20% mass 

concentrat൴on 

 
Figure 3. Voltage-time ratio graphs for batteries discharging in solutions containing salts A, B, C, D at a 20% 

mass concentration using a high-speed magnetic stirrer 

3.3. Discharge in presence of metal particles 
3.3.1. Effect of iron powder in battery discharge 
process  

Based on the obtained results, the battery 
discharge trend follows the same trend as in other 
tests. Like other tests, the batteries in all solutions 
began to decrease voltage at a normal rate during 
the first hour, but a significant drop in voltage 
observed in the second hour, returning to a normal 
rate from the third hour onward. In the initial hour, 
the battery voltage in solutions A, B, C, D reached 

3.64, 3.59, 3.70, and 3.58 volts, respectively. In the 
second hour, the battery voltage in solutions A, B, 
C, D reached 0.71, 0.71, 0.77, and 0.63 volts, 
respectively. In the third hour, the battery voltage 
in solutions A, B, C, D reached 0.50, 0.56, 0.64, 
and 0.48 volts, respectively. Achieving voltage 
levels of 1 volt and 0.5 volts (considering the 
voltage ratio graphs, 1 volt and 0.5 volts can be 
equated to 0.26 and 0.13) for solutions A, B, C, D 
took 95, 75, 110, and 70 minutes to reach 1 volt and 
180, 240, 290, and 165 minutes to reach 0.5 volts, 
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respectively. Comparing the 1 volt and 0.5 volt 
thresholds in this test with the base test without 
adding iron powder. Solution A showed positive 
feedback in reaching 0.5 volts, solution B in 
reaching 1 volt, and solution D in reaching both 1 
volt and 0.5 volts, reducing the time, while other 
solutions performed similarly or worse, increasing 
the time to reach the target voltages (Figure 4). 

3.3.2. Effect of iron and zinc powders in battery 
discharge process 

After conducting the battery discharge process 
in solutions containing salts A, B, C, and D at a 
20% mass concentration with the addition of iron 
powder, the results indicated no significant 
improvement in reducing discharge time. To 
further assess the impact of metal additives, pure 
iron and zinc powders (Merck brand) were also 
tested, and a magnetic stirrer was employed to 
enhance mixing during the experiments. In the 
solution containing salt B with iron powder, the 
battery voltage was recorded as 3.73 V after the 
first hour, 1.01 V after the second hour, and 0.72 V 
after the third hour. The battery reached target 
voltages of 1 V and 0.5 V after 122 minutes and 

310 minutes, respectively. Similarly, in the solution 
with salt B and zinc powder, the voltage was 3.70 
V after one hour, 0.97 V after two hours, and 0.76 
V after three hours. The target voltages of 1 V and 
0.5 V were achieved after 115 minutes and 470 
minutes, respectively.  When comparing these 
results to experiments without iron and zinc 
powder additives, no positive effect was observed 
in reducing the discharge time. In fact, the addition 
of pure iron and zinc powders did not enhance the 
battery discharge process, which is consistent with 
research indicating that the performance of metal 
powder additives is highly dependent on the 
electrolyte composition and the presence of 
specific additives or surfactants. While certain 
additives and optimized slurry compositions can 
improve discharge capacity in zinc-based systems, 
the simple addition of pure iron or zinc powder 
without further modification or the use of 
specialized additives does not necessarily yield 
better discharge performance. This highlights the 
importance of electrolyte engineering and the 
careful selection of additives to achieve meaningful 
improvements in battery discharge kinetics (Figure 
5). 

 
Figure 4. Voltage-time ratio graphs for batteries discharging in solutions containing salts A, B, C, D at a 20% 

mass concentration with iron powder 

 
Figure 5. Voltage ratio graph over battery discharge time in solutions containing salt B at a concentration of 20% 

by mass with the addition of iron and zinc powders 
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3.4. Effect of using an ultrasonic treatment in battery 
discharge process 

After evaluating the effects of various physical 
and chemical processes-including magnetic 
stirring, the addition of iron and zinc powders, and 
the use of pure iron powder-on reducing the 
discharge time of lithium-ion batteries, the study 
progressed to explore the role of salt solutions and 
ultrasonic treatment. In this phase, batteries were 
discharged in 20% by mass salt solutions (salts A, 
B, C, and D), utilizing an ultrasonic bath operating 
at 28 kHz.  The results demonstrated that the 
discharge profiles in these salt solutions, when 
combined with ultrasonic agitation, generally 
followed the decreasing voltage trends observed in 
earlier experiments. However, the timing and 
duration of normal, rapid, and resumed discharge 
phases varied between solutions. Notably, in all 
solutions except A, a sudden voltage drop occurred 
before the one-hour mark, indicating a more 
pronounced effect compared to previous methods. 
Specifically, after 6 minutes of ultrasonic 
treatment, the voltages of batteries in solutions A, 
B, C, and D dropped to 3, 1.36, 1.10, and 0.93 volts, 
respectively. At the 80-minute mark, all solutions 
reached the 1-volt threshold, with final voltages of 

1, 0.76, 0.78, and 0.73 volts for solutions A, B, C, 
and D, respectively. The voltage reduction then 
returned to a normal trend. The time required for 
the voltage to reach approximately 1 volt was 80, 
74, 70, and 66 minutes for solutions A, B, C, and 
D, respectively. To reach 0.5 volts, solutions A, B, 
C, and D required 112, 110, 118, and 106 minutes, 
respectively.Comparative analysis with baseline 
experiments (without ultrasonic treatment) 
revealed: Solution A: No change in reaching 1 volt, 
but a 73-minute reduction in reaching 0.5 volts. 
Solution B: Improved time to 1 volt, though not as 
effective as the best result with stirring; 70-minute 
reduction to 0.5 volts. Solution C: No change to 1 
volt, but a 32-minute reduction to 0.5 volts. 
Solution D: Improved time to 1 volt (matching best 
performance with stirring) and a 139-minute 
reduction to 0.5 volts. These findings indicate that 
ultrasonic agitation at 28 kHz significantly 
accelerates the discharge process, especially in 
reaching the lower voltage threshold of 0.5 volts. 
Among the tested salts, solution D was the most 
effective, achieving the fastest voltage reduction 
and making it the most suitable option for rapid 
battery discharge in this context. (Figure 6) 

 
Figure 6. Voltage ratio graph over battery discharge time in a solution containing salt A at a concentration of 

20% by mass with use of an ultrasonic bath with 28 kHz ultrasonic waves 

4. Conclusions 

According to the findings of this research, the 
most effective method for discharging lithium-ion 
batteries involves chemical processes and the direct 
immersion of the batteries in salt solutions. The 
primary objective was to identify the optimal salt 
concentration among the tested natural salt 
solutions for efficient battery discharge. Another 
aim was to achieve battery voltages at the 
thresholds of 1 and 0.5 volts. Initially, a series of 
experiments was conducted using salt solutions at 

concentrations of 10%, 15%, and 20% by mass. 
The results indicated that the 20% by mass salt 
solution provided superior performance in 
reducing battery voltage and achieving the target 
voltages compared to the lower concentrations. 
Among these, salt C enabled the fastest reduction 
in battery voltage, making it the most suitable 
option for reaching the desired voltage limits under 
standard conditions. Subsequently, the effect of 
enhanced mixing was examined by employing a 
high-speed stirrer in 20% by mass salt solutions. 
Under these conditions, salt D demonstrated the 
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most rapid voltage reduction, indicating that 
mechanical agitation can influence the 
effectiveness of certain salts. The next phase 
involved the addition of iron powder to the 20% by 
mass salt solutions. When comparing the times 
required to reach 1 V and 0.5 V with and without 
iron powder, only solution A showed an 
improvement at the 0.5 V threshold, while solution 
B exhibited a slight improvement at the 1 V 
threshold. In most other cases, the addition of iron 
powder either had no effect or resulted in increased 
discharge times. Further experiments tested the 
impact of adding pure iron and zinc powders 
(Merck brand) to salt B solutions at 20% by mass. 
The results showed no positive effect on reducing 
discharge time compared to the base experiment 
without these metal powders. Finally, the discharge 
process was evaluated in 20% by mass salt 
solutions using an ultrasonic bath operating at 28 
kHz. In this series of experiments, salt D facilitated 
the fastest reduction in battery voltage, establishing 
it as the most effective option for achieving the 
target voltages. In summary, the optimal battery 
discharge process identified in this study involves 
the direct immersion of batteries in a 20% by mass 
solution of salt D, particularly when combined with 
ultrasonic agitation. This method consistently 
achieved the most rapid and efficient reduction of 
battery voltage to the desired thresholds. 
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امر به   نیاست، که ا  افتهی  شی افزا  يریگطور چشم به  ونی-ومیتیل   يهاي استفاده از باتر  ر،یاخ  يهادر سال
  ي هاي باتر  ها،ی ژگیو  نی. اهاستي باتر  نیدر ا  کلیمانند کبالت و ن  يبالا و وجود مواد ارزشمند  يانرژ  تیظرف  لیدل
 نیا  افتیباز  ندیحال، فرآ  نیاند. با اکرده   لیتبد  زشمندمواد ار  هیثانو  یابیباز  يمهم برا  یرا به منبع  ونی-ومیتیل

از اتصال کوتاه    یو انفجار ناش  يسوزخطر آتش   ژهیوهمراه است؛ به   یقابل توجه  یمنیبا خطرات ا  هاي نوع باتر
و  يانباردار  ش،یخردا  ،یکیمکان  يسازدر مراحل آماده   ژهیوخطرات به   نیناخواسته و وجود قطعات با ولتاژ بالا. ا

ممکن است دچار احتراق    نشدهتیریمد  یدرستبه  ای  دهیدب یآس  يهاي که باتر  ییجا  ابند؛یی ونقل شدت محمل
  ي امر  افتیباز  ندیاز آغاز فرآ  ش یپ  هاي شده باترو کنترل   عیسر  هیخطرات، تخل  نیکاهش ا  يانفجار شوند. برا  ای

و کاهش  ماندهی باق یکیکاهش بار الکتر يصرفه برابهو مقرون  عیمؤثر، ساده، سر يهااز روش یکیاست.  یاتیح
پژوهش،   نی. در اهاستي بار باتر هیجهت تخل ینمک يهااستفاده از محلول  ،ي در مراحل بعد يسوزاحتمال آتش 

 نه یهزدر دسترس، کم  يهامختلف استفاده شد. تمرکز بر استفاده از نمک   يهادر غلظت  یعی از چهار نوع نمک طب
. ابد ی  شیافزا  ندیفرآ  يریپذاسیو مق  ياقتصاد  يریپذبود تا امکان   یشگاهیخالص آزما  يهاک نم  يجاو ناخالص به 

  ی درصد وزن  20و    15،  10  يها نمک با غلظت   يهادر محلول   هاي باتر  م یمستق  يورشامل غوطه   هیاول  يهاش یآزما
قرار گرفت، از جمله استفاده از همزن    یمکمل مورد بررس  ندیچند فرآ  ه،یزمان تخل  شتریکاهش هرچه ب  يبود. برا
و پروب فراصوت).    کی با دور بالا، افزودن پودر آهن و اعمال امواج فراصوت (با استفاده از حمام اولتراسون  یسیمغناط

طور را به  هیتخل  ندیمؤثر است و فرآ  اریبس  لوهرتزیک  28با فرکانس    یفراصوت  کیتحر  ژهیونشان داد که به  ج ینتا
 يترولت، را در مدت زمان کوتاه   0/ 5  ری نظ  تر،ن ییپا  يبه ولتاژها  هاي باتر  دنیامکان رس  وکرده    عیتسر  یقابل توجه
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