
This study aims to optimize the discharging process of lithium-ion
batteries (LIBs) using zinc powder as a catalyst and NaCl solution
as an electrolyte through Response Surface Methodology (RSM).
Experiments were conducted to examine the effects of NaCl
concentration (9.27–22.73%), discharging time (49.77–100.23
minutes), and Zn-NaCl ratio (0.39–2.41%) on key response
variables: Percent Voltage Drop (53.42–59.32%), Residual Voltage
Percent (40.68–47.79%), and Discharge Rate (0.020–0.038 V/min).
A Central Composite Design (CCD) was employed to develop
predictive models and analyze variable interactions. Statistical
analyses revealed that higher NaCl concentrations, extended
discharging times, and moderate Zn powder ratios significantly
improved the discharging process, ensuring lower residual
voltages and faster discharge rates. Optimal criteria for conditions
included 20% NaCl concentration, 90 minutes of discharging, and
2.0% Zn powder ratio, achieving a predicted response
(corresponding an actual response in Run 15): 57.197% (56.22%)
voltage drop; 42.803% (43.78%) residual voltage; and 0.021 V/min
(0.021 V/min) with a desirability of 0.846 or 84.6%). The predicted
and actual response values closely align, confirming that the
optimized discharging parameters effectively ensure the safe and
efficient preparation of LIBs for recycling, minimizing risks posed
by residual energy. Future studies could investigate alternative
catalysts and assess the scalability of the process for industrial
applications.
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    Lithium-ion batteries (LIB) are secondary (or rechargeable) batteries wherein the lithium ions
move from the cathode to the anode during charging and vice versa when discharging [1]. LIBs
are primarily used in consumer electronics [2], such as mobile phones and laptops [3]. In
recent years, however, the LIB industry has also penetrated the electronic vehicle (EV) industry.
The emergence of LIBs as a dominant force in different industries is due to their superior energy
density, high voltage increased storage life, wide operating temperature, and low discharge
rate when not in use [4].
    One specific type of LIB is Lithium Cobalt Oxide (LCO) or LiCoO2. This is the first commercial
iteration of this battery which was developed in 1980, and Sony used lithiated cobalt oxide
active material to commercially produce and market LIBs in 1991 [5]. A LIB is commonly made
up of five (5) components: the cathode, the anode, the electrolyte, the separator, and the
current collectors [6]-[7].Common materials used cathodes include LCO[8], lithium nickel
cobalt manganese oxide[9], lithium-ion phosphate [10]-[11], including electronic conducting
polymers [12]-[13]. Anodes in LIB are usually made up of carbon-based (i.e., CNTs, graphene,
graphite [14]), silicon-based compounds [15]-[16], alloy materials [17], and transition metal
oxides [18]. Electrolytes used in LIB include LiPF6 [19], LiClO4 [20], and LiCF3SO3 [21].
  Several recycling methods are available for extracting lithium and cobalt from spent
secondary batteries, such as hydrometallurgical, pyrometallurgical, and direct physical
recycling [22]. This includes hydrometallurgical processes such as leaching and reduction
using inorganic acids [23]-[25] and organic acids [22], [26]-[27]. Pyrometallurgical recycling is
another method of extracting lithium and cobalt from spent LIBs which involves the successive
preheating, pyrolysis, and smelting of LIBs [28]. Direct physical recovery, on the other hand, is a
process where precious components (e.g., Li/Co, etc.) are extracted without the use of
chemicals or mechanical means [29]-[30].
    The efficiency of the overall LIB recycling process is increased through pre-treatment, which
includes mechanical and/or chemical methods [31]-[32]. One important part of the pre-
treatment process is the discharging of spent LIBs. During the dismantling process of spent LIBs,
short-circuiting and spontaneous combustion may occur due to the remaining power in the LIB
[33] and may release stored chemical energy [22]. It was reported that 65% of fire incidents
from waste plants in the state of California are caused by the rapid release of energy (which
can lead to fires and explosions) from LIBs not fully discharged [34]. The optimized discharging
of spent LIBs facilitates the avoidance of these dangerous incidents.
Several studies are available on the discharging of spent LIBs. One popular approach to
discharge spent LIBs is to immerse the battery in salt solutions [35]-[36]. Due to the lack of
consensus on the optimum electrochemical solution for the discharging process, one study
employed different salts (i.e., NaCl, Na2S, and MgSO4) at different concentrations (12-20%) and
conditions (i.e., temperature and ultrasonication) to discharge mobile phone battery. The
results showed that NaCl had the best results when it came to discharging the LIBs. The results
in varying the temperature displayed no significant difference, but the ultrasonication of the
setup exhibited positive results as it reduced the discharging time to less than two (2) hours
because of the effect of the ultrasonic waves on the formation of sediments. Corrosion was
also a problem in the electrodes (copper wires) used in the process. This can be addressed
using corrosive-resistant electrodes, preferably stainless steel, as other options, such as
platinum and silver electrodes, can be costly [37]. 
    The addition of metal catalysts as sacrificial metal helps in significantly decreasing the
discharging time. The introduction of Zn and Fe as metal catalysts in 20% NaCl solution has
reduced the complete discharging of batteries from 4.4 hours to 0.25-0.32 hours [38], but no
optimized conditions for these factors are available. This predicament calls for optimizing the
discharging of spent LIBs using zinc powder as a catalyst through response surface
methodology (RSM). The optimization of catalyst dosages such as zinc is vital because (1)
excess Zn as a catalyst may lead to higher costs without so much affecting the discharging
process, and (2) inadequate Zn may lead to an incomplete reaction which limits the electrons
transfer and lead to longer discharging times.

1          INTRODUCTION
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    Response Surface Methodology (RSM) is a statistical approach that is frequently used for
complex system modeling and optimization. RSM is especially helpful in the presence of several
variables and when the relationship of these variables is nonlinear. In RSM, an optimal
combination of input variables is identified to yield the desired response [39]-[41]and is used in
various processes in different disciplines[42]-[44]. 
    Advantages over other optimization methods include: (1) Reduces the number of
experiments (or trials) since RSM can model the response surface and predict the response
with few experiments; (2) Provides information on the influence of independent variables, which
can be used to understand the input and response variables further and consequently identify
the critical factors affecting the responses; (3) Identify the optimal setting for the independent
variables (input) that can maximize the response variables in interest; and (4) Provides
information on the interaction and relationship of the independent and response variables
which helps in understanding the effects of the independent variables on the response[45]-
[47].
    This study mainly aims to optimize the discharging process in LIBs using zinc powder as a
catalyst using response surface methodology, providing discharged batteries that are ready
and safe for further recycling processes. Specifically, it aims to (1) produce a Design of
Experiment (DoE) with (a) NaCl Concentration (%), (b) time (in mins), and (c) Zn Powder in
NaCl Solution (%) as independent variables and describe the voltage profile for the
experimental run; (2) analyze the relationship of the variables and understand its impact in the
discharging optimization through statistical model; (3) formulate a mathematical model for
the response variables: Percent Voltage Drop Er, Residual Voltage Percent Et, and Discharge
Rate Ed using Design-Expert®; and (4) validate the actual model equations by exploring
optimization studies provided by the software.
    The study is vital in providing completely discharged LIBs safe from possible dangers such as
spontaneous combustion, short-circuiting, and explosion. Furthermore, the findings in this
study will add to the existing body of knowledge on optimizing the discharging process in spent
LIBs.
    This research is limited to using 18650-type LIBs in the discharging process, which will be
placed in a jig to secure the set-up while the process is ongoing. Using RSM, the factors (input
variables) will include the following: (1) Concentration of NaCl as Electrolyte, which impacts the
ionic conductivity of the electrolyte, balancing low mobility and unwanted side reactions; (2)
Discharging Time, which determines the extent of residual energy depletion and operational
costs; and (3) Zinc Powder Ratio with NaCl electrolyte, which enhances electron transfer
efficiency as a catalyst. 
    Meanwhile, the response variable is the residual voltage percentage Et; percentage voltage
drop Er; and Discharge Rate Ed. Voltage drop is measured to determine how much energy is
successfully dissipated, ensuring that the battery is neutralized before recycling. Residual
voltage is quantified for safety, as it measures the remaining stored energy, preventing
potential hazards such as short circuits or thermal runaway. The discharge rate is assessed to
understand how quickly the battery loses voltage, which is essential for optimizing process time
and ensuring that the discharging method is both practical and scalable for industrial
applications.
    The Data Acquisition and Control Interface (DACI) is employed to read voltage Vt at time t
and graph the data for the study. The experimental design, utilizing Response Surface
Methodology (RSM), is conducted through Design-Expert® software, specifically using the
Central Composite Design (CCD).
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     2.1         Materials and Resources 

    To ensure repeatability, all the batteries used in this study are 18650-types with an initial
voltage of ~3.7V. The number of batteries that will be used for the discharging trials is based on
the number of input variables in the Design-Expert® software. A discharging jig (Figs. 2 and 3) is
used for the process and has stainless steel electrodes (SS316L). The reagents in the study
include NaCl (Technical Grade; Chem Vest Commercial Trading) as electrolyte and Zn powder 

2         MATERIALS AND METHODS



(Analytical Grade, 95%; Techno Pharmchem India) as metal catalyst. A Data Acquisition and
Control Interface (DACI) used in complementary with the Low Voltage DC and AC Electrical
Machines Software (LVDAC-EMS) are used for the recording of real-time data for the voltage of
the discharging process. 
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 Table 1. Conditions for the Benchmark experiments on S/L ratio.

     2.2        Preliminary and Benchmark experiments

2

3 33

3

   Studies on the use of metal-catalyzed electrolytes in the discharging of LIBs, although already
present, lack details on the optimum S/L ratio for the Zn powder and NaCl solution (S/L Ratio).
Therefore, it is vital that baseline numerical data on the S/L ratio of the Zn powder to the NaCl
solution is established as one of the independent variables determined for the discharging
optimization. The basis for the other numerical input variables (i.e., NaCl Concentration and
Time) are based on studies conducted by M. M. Torabian, M. Jafari, and A. Bazargan [33]. Table
1 shows the summary of the benchmark discharging experiments as the basis for the S/L ratio
of the Zn powder and NaCl Solution. 
    Aside from numerical input variables, categorical variables were also considered, such as
the agitation of the slurry to ensure the availability of Zn powder as a catalyst in proximity to
the electrodes. The benchmark experiment is shown in Table 2.

 Table 2. Benchmark experiments for agitation through magnetic stirring.

     2.2       Setting up the Design of Experiment (DoE) through Design-Expert®
using Central Composite Design (CCD)
    The Central Composite Design (CCD), the most common response surface, will be used in
the DoE using Design-Expert®. CCD is based on a factorial design that has both central points
and axial points to examine variables at three levels, thus enabling correct estimation of the
quadratic terms for the response. The experimentation required from the information of an
accurately planned factorial experiment makes CCD suitable as the DoE of this study [47]. The
input (independent) variables in this study about the CCD using Design-Expert® are: (1)
Concentration of NaCl as Electrolyte, A; (2) Discharging Time, B; and (3) Zinc Powder Ratio with
NaCl electrolyte (S/L Ratio), C. The response variables are: (1) percentage voltage drop Er; (2)
residual voltage percent Et; and (3) Discharge Rate Ed.
     In setting up the DoE through the Design-Expert® software using CCD, the input variables'
factor levels (i.e., high, low, center). The highs and lows for the NaCl Concentration and Time are
based on the results of the study conducted by M. M. Torabian, M. Jafari, and A. Bazargan [33].
Consequently, the high and low values for the S/L ratio and the inclusion of agitation as a
categorical variable are based on the benchmark experiments conducted in preparation for
setting up the DoE. 
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     2.3         Design and Fabrication of Discharging Jig

 A discharging jig was designed and fabricated using a plastic container that can house three
(3) sets of discharging set-ups holding four (4) 18650 Batteries, as shown in Fig. 1. The
electrodes used in the discharging jig are SS316L Stainless Steel to address possible corrosion
issues despite the external discharging setup.

     2.4         Electrolyte and Catalyst Preparation

 A stock solution of 20% NaCl solution is prepared using rock salt and deionized water. Once
completely dissolved, it was filtered to extract the unwanted particles that could affect the
discharging process. The solution was diluted as specified by the DoE generated by the Design-
Expert® software. Zinc Powder-NaCl Solution (S/L ratio) was also prepared in compliance with
each experimental run generated by the Design-Expert® software. The Zinc Powder in the NaCl
Solution mixture is then transferred into the jig to prepare for discharging. The connection of the
discharging jig to the DACI is set according to Fig. 2. 

 Fig. 1 Proposed design for the discharging optimization of 18650-type Li-ion batteries.

 Fig. 2 Schematic diagram from Proteus for the Discharging setup using DACI.



 Upon completing the set-up, the discharging process is recorded through the reading of
voltage in real-time by DACI. This reading is also recorded and is graphed automatically in the
computer connected to DACI through the LVDAC-EMS software. Fig. 3 shows that three groups
of four 18650 batteries are in a holder and can be simultaneously discharged. However, for the
study, it will only be discharging one battery per holder which would total three batteries at a
time, representing the number of replicates per experimental run that will be produced by the
DoE. 
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 Fig. 3 3D rendering of the battery holders for the external discharging the 18650 batteries.

     2.5         Discharging Optimization Process

After the discharging process, the residual voltage percent Et, percentage voltage drops Er, and
discharge rate Ed are computed for each trial and is recorded in the response columns of the
factorial table generated by the Design-Expert® software using CCD. Statistics analyses (i.e.,
Sequential Model of Sums, Lack of Fit Test, R squared, ANOVA) available in the software were
utilized to understand the behavior of the variables—both input and response. The Design-
Expert® software will also provide the optimized mathematical model (coded and actual
equations), for RSM, in the form:

     2.6         Statistical Analyses and Mathematical Modeling 

One feature of the Design-Expert software is its capacity to produce desirability functions. The
desirability function in Design-Expert software was implemented in this study as part of the
optimization process to balance multiple response variables. The principles of Response
Surface Methodology (RSM) and Central Composite Design (CCD) were followed. The
desirability function allowed each response—Percent Voltage Drop (Er), Residual Voltage
Percent (Et), and Discharge Rate (Ed)—to be transformed into a normalized scale ranging from
0 (undesirable) to 1 (highly desirable).

     2.7         Model validation through optimization studies using the desirability
function in Design-Expert®



    Specific optimization goals were assigned to each response variable, such as maximization,
minimization, or targeting a specific range, and these goals were converted into individual
desirability scores. The scores were then aggregated into a composite desirability function,
enabling the simultaneous evaluation of all responses. This approach facilitated determining
optimal conditions for the independent variables by maximizing the composite desirability
score.
   Implementing the desirability function ensured that trade-offs between competing responses
were accounted for, allowing a systematic design of space exploration. This provided a robust
framework for multi-objective optimization.

7 Journal of Emerging Technologies and Innovations JETI
Vol. 1 no. 1 (2024)

Mosqueda, K. I.

3         RESULTS AND DISCUSSIONS

This section presents the results of the optimization study on the discharging process of
lithium-ion batteries (LIBs) using zinc powder as a catalyst, as analyzed through Response
Surface Methodology (RSM). The experimental data were obtained using a Central Composite
Design (CCD) and were evaluated to determine the influence of independent variables—NaCl
concentration, discharging time, and zinc powder in NaCl solution—on key response variables:
Percent Voltage Drop (Er), Residual Voltage (Et), and Discharge Rate (Ed). Statistical analyses,
including ANOVA and model diagnostics, were employed to assess the significance of the
factors and their interactions. The findings provide insights into the relationships between
variables, enabling the development of predictive models for process optimization and laying
the groundwork for efficient LIB recycling.

   A summary of the factor set-up and coded values is presented in Table 3 reports on the
factor set-up and coded values for the Central Composite Design (CCD) used in the study. It
defines three independent variables critical to optimizing the discharging process of lithium-
ion batteries: NaCl concentration (A), discharging time (B), and zinc in NaCl solution (C). Each
factor is expressed with its corresponding units, minimum and maximum values, coded low
(-1), coded high (+1), and the mean value. NaCl concentration (A) varies between 9.27 wt.% and
22.73 wt.%, with a coded low value of 12 wt.% and a coded high value of 20 wt.%, and a mean
value of 16 wt.%. This range captures the effect of electrolyte concentration on discharging
efficiency. On the other hand, discharging time (B) ranges from 49.77 minutes to 100.23
minutes, with coded values set at 60 minutes (-1) and 90 minutes (+1) and a mean of 75
minutes. This range ensures the capture of time-dependent effects on voltage drop and
discharge performance. And finally, Zinc in NaCl solution (C) is tested within 0.39 wt.% to 2.41
wt.%, with coded values of 0.80 wt.% (-1) and 2.00 wt.% (+1) and a mean of 1.40 wt.%. This
variable evaluates the catalytic influence of zinc on the discharging process.
    The factor set-up and coded values for CCD are essential because they ensure that the
design space comprehensively explores the variables' linear, quadratic, and interaction effects,
enabling efficient optimization of the discharging system [48].
    For NaCl concentration, a coded high value is set at 20% as [33] showed that no significant
changes in the discharging activity were observed beyond this electrolyte concentration. A
coded low value of 12% is also chosen since it was also shown that this concentration reflects
an effective LIB discharging because of the sufficient ionic strength that enhances the
discharging activity [49]-[50]. Further, a coded low value of 60 mins and a coded high value of
90 minutes are set for the input variable time as this is also reflected that an efficient
discharging happens at this range, including the 75 mins as the center point. 
   Regarding the range for the S/L Ratio, the high value of 2% and low value of 0.8% are set for
the benchmarking experiments. As shown in the behavior of different S/L ratios in Fig. 4, there
are no significant differences in the percent residual voltage, and the 2% S/L ratio showed a
high discharge rate in the first 30 minutes, which is preferable as it could minimize the time
needed to fully discharge an LIB [51]-[53]. Moreover, agitation as a categorical variable in the
study was not included, as it shows in Fig. 5 that there is no significant difference in the percent
residual voltage. In fact, the experimental run with a 1% S/L ratio (not stirred) performed the
best out of the trials. 

     3.1         Factor Set-up and DoE from Design-Expert using Central Composite
Design
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 Fig. 4. Discharging behavior of benchmark experiments on Zn-NaCl S/L ratio with no stirring
using 20% NaCl concentration: (a) 0.5%; (b) 1.0%; (c) 1.5%; (d) 2.0%; (e) 3.0%; (f) 5.0%.

 Fig. 5.  Discharging behavior of benchmark experiments on inclusion of categorical variable on
agitating the slurry at 20% NaCl concentration: (a) 0.5% S/L ratio (no stirring); (b) 0.5% S/L ratio

(with stirring); (c) 1.0% S/L ratio (no stirring); (d) 1.0% S/L ratio (with stirring).

 Table 3.  Factor Setup and Coded values for CCD.
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 Upon confirming the coded values for all the input variables, the software generated a DoE
containing 19 runs. The generated DoE shown in Table 4 is systematically structured to explore
the design space comprehensively and efficiently. Randomization was incorporated into the
design, as evidenced by the differing standard (Std.) and run orders, to mitigate systematic
biases and ensure the reliability of results. Replicated center points were included, such as in
Runs 2, 4, 8, 12, and 17, to assess the experimental error and improve the statistical robustness of
the analysis. These center points also enhance the precision of the model, providing a solid
foundation for estimating curvature and validating the reproducibility of the experimental
setup.

 Table 4.  Factor Setup and Coded values for CCD.

    Studies [54]-[56] have shown that during the discharge of lithium-ion batteries (LIBs), when
the anode and cathode interact with a salt-containing electrolyte (e.g., NaCl), electrochemical
reactions occur within the electrolyte circuit. The battery's voltage drop is attributed to the
water electrolysis process, where water molecules are split into hydrogen (H₂) and oxygen (O₂)
gases. In the external discharging of 18650 lithium-ion batteries in an aqueous NaCl solution,
incorporating zinc powder significantly influences the electrochemical processes and
enhances the efficiency of energy neutralization. This setup, involving SS316L electrodes
submerged in a slurry of NaCl electrolyte with zinc powder, facilitates controlled redox reactions
at the electrodes while taking advantage of the catalytic activity of zinc to optimize the
discharging process. The interaction of these factors not only accelerates the reactions but
also provides insights into the implications for material durability and process sustainability.

     3.2         Electrochemistry of the Discharging Process using NaCl electrolyte
with Zn Powder Catalyst

     3.2.1         Reaction at the cathode
    At the cathode, reduction reactions dominate, with the primary reaction involving the
reduction of water molecules:



   This reaction produces chlorine gas (Cl2), a toxic byproduct. Although this reaction is less
thermodynamically favorable than oxygen evolution, it often dominates due to the high
chloride ion concentration in NaCl solutions. The prominence of this reaction highlights the
aggressive nature of the electrolyte at the anode. Simultaneously, the zinc powder in the
electrolyte undergoes oxidation:

  This reaction results in the formation of hydrogen gas (H2), observed as bubbles at the
electrode surface, and hydroxide ions (OH−), which increase local alkalinity. The availability of
electrons from the external circuit drives this reaction, making it the primary driver of gas
evolution at the cathode.
    In the presence of dissolved zinc ions (Zn2+) another significant reduction reaction occurs:
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   Here, zinc ions are reduced back to metallic zinc, which may deposit near the cathode or
disperse in the electrolyte. This reaction provides an additional pathway for electron
consumption, enhancing overall discharge efficiency. The reduction of zinc ions competes with
the reduction of water, depending on local concentrations and electrode potential.

     3.2.2         Reaction at the Anodes
    Oxidation reactions at the anode are equally crucial in the discharge process. Water and
chloride ions participate in these reactions, depending on the conditions:

    This reaction results in the production of oxygen gas (O2) and protons (H+), which decrease
the local pH near the anode. The evolution of oxygen gas is typically observed in less
concentrated chloride environments.
     In high chloride environments, chloride oxidation becomes favorable:

 This reaction contributes electrons to the circuit, increasing the electron flow and facilitating
other oxidation reactions. The cycling of zinc between its ionic and metallic states stabilizes the
redox environment, improving the overall discharge efficiency.

     3.2.3         Electrolyte Dynamics
     The NaCl solution acts as a medium for ion transport and a source of reactive species. The
dissociation of NaCl:

 provides chloride ions (Cl− for oxidation at the anode and sodium ions (Na+) for charge
neutrality. The ionic conductivity of the NaCl solution ensures efficient electron flow between
the electrodes, reducing resistance in the system. The addition of zinc powder increases the
ionic strength of the solution through the dissolution of zinc ions (Zn2+). However, the formation
of zinc hydroxide (Zn(OH)2) in alkaline conditions near the cathode can limit the long-term
stability of the electrolyte. Zinc facilitates faster reaction rates by acting as a redox mediator,
reducing overpotentials for water electrolysis and chloride oxidation, which leads to increased
gas evolution rates, especially in the early stages of discharging. The reversible cycling of zinc
between its metallic and ionic states stabilizes the electrolyte, mitigating localized charge
imbalances and improving the consistency and uniformity of the discharge process. At the
anode, zinc oxidation competes with chloride and water oxidation, partially protecting the
SS316L electrode from aggressive chloride attack, although pitting corrosion remains a concern
due to high chloride concentrations. Overall, the presence of zinc enhances the system's
discharge efficiency by providing additional redox pathways, ensuring that the battery's stored
energy is neutralized more effectively and reducing the time required for complete discharge.
However, zinc's catalytic activity amplifies the production of hydrogen and chlorine gases,
necessitating proper gas management systems to handle these byproducts safely and 



prevent hazardous accumulation. Nevertheless, it is essential to note that the possibility of
chlorine gas formation at the anode is limited by ion transport and diffusion factors,
particularly at lower salt concentrations.
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    A summary of the initial voltage (V0) and final voltage (Vt) is shown in table 5 with 19
generated runs by the software using CCD. As the design of the discharging jig suggests, three
batteries can be simultaneously discharged and are considered the triplicates per
experimental run of the DoE, labeled E1, E2, and E3 representing each of the discharging slots. 

     3.3         Voltage Profiles following the Experimental Runs of the DoE

 Table 5.  Average V0 and Vt for each of the DoE generated experimental run with coded values
of the factors.

    Still in Table 5, an average of the initial voltage V0 and final voltage Vt after time t in minutes
es assigned for each of the discharging runs according to the DoE. This approach enables a
more accurate and comprehensive reflection of the discharge behavior across various
experimental conditions. By meticulously assigning and monitoring each experimental run, this
technique ensures that the resulting data is both reliable and representative. Consequently, it
allows for the discernment of subtle variations and patterns in discharge behavior, thereby
enhancing the overall robustness and validity of the study's findings.



    It can also be observed in Table 5 that the final voltage for all the experimental runs is well
below 2.5 V, which is a threshold that is required to process 18650 batteries for recycling. These
values for the final voltage are also below the safe state of charge (SOC), which is 40%-60% of
the 18650 batteries’ full capacity at ~3.7V. For batteries below the safe SOC, further processing,
such as recycling, is preferred because these batteries are less likely to pose risks like thermal
runaway or fire hazards during handling [57]-[58]. It can further be observed that residual
voltage is still present ~1.4V to ~1.7V, and no further discharging happens, despite the different
conditions for the independent variables for each of the experimental runs. This can be
attributed to the fact that some secondary batteries (e.g., 18650-type) have cut-off voltage
and discharge protection circuits. 
    Cutoff voltage is defined as the voltage of a battery wherein no further discharging happens
(considered fully discharged) to prevent it from entering a deep discharge state (over-
discharging) which could cause internal short circuit and capacity degradation [59]. Deep
discharge can be avoided using discharge protection circuits in the battery, which can be
present in LIBs such as 18650 batteries. Pushing the discharge below the cutoff voltage could
lead to deep discharge, which is not ideal for batteries intended for recycling. When a battery is
deeply discharged, the residual lithium can become more difficult to extract efficiently. This is
because the electrochemical processes used in recycling, such as electrochemical leaching
and electrodeposition, are less effective at recovering lithium from batteries that are not within
an optimal voltage range[60]-[64]. 
    Another explanation for the terminated discharging avoiding complete voltage depletion
and the presence of residual voltage for each run is the nature of the discharging setup. The
study was externally discharging the battery, meaning no direct contact on the batteries’
electrodes to the zinc-catalyzed NaCl electrolyte. The external discharging method was used
because the battery electrodes could corrode when in contact with the NaCl electrolyte, as
studied by R. Farzana, R. Rajarao, P. Ranjan Behera, K. Hassan, and V. Sahajwalla [65]. This is
also not an ideal condition as it could damage the electrode materials, making it more difficult
to recover valuable metals like lithium and cobalt during the recycling process. Furthermore,
corrosion can lead to solid residues and by-products forming, which can complicate the
recycling process and require additional steps to manage [66].
 In this study, the external discharging method terminates the discharge process when the
current approaches zero, signifying that the battery has expended most of its energy. As the
battery discharges, its voltage steadily declines. When the voltage drops to a certain level, the
current diminishes and eventually reaches ~0.0V. This occurs because the battery can no
longer sustain a sufficient potential difference to drive the current through the circuit.
Consequently, the discharge process naturally stops, leaving behind a residual voltage. This
behavior is illustrated in Fig. 6. The graph illustrates a steady decrease in current over time,
eventually reaching a point where it approaches zero. At this stage, the voltage stabilizes at a
residual level, indicating that the discharge process has ceased. This discharging method
effectively prevents over-discharge, thereby mitigating risks such as thermal runaway or
internal damage to the battery. Similar observations have been reported in other studies
utilizing external discharging methods. These methods halt the discharging process at low
current levels, ensuring that the state of charge (SOC) remains within safe limits, which is
crucial for safe recycling practices [67].
    The Design of Experiments (DoE) generated by the software was meticulously followed and
implemented, ensuring that the relationships and mathematical models were accurately
represented. The voltage profiles obtained from different experimental runs demonstrated
varied behaviors corresponding to the differing experimental conditions. These profiles provide
valuable insights into the relationships between the variables under study.
    Notably, some replicates and runs exhibited noise and fluctuations, which are indicative of
the inherent variability in the experimental setup and conditions. These variations will be
discussed in detail in subsequent sections to better understand their impact and to refine the
experimental approach further.
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    Fig. 7 shows the runs with similar values for each input variable which are the median coded
values (typically coded as 0) for all factors, referred to as center points. Center points are
experimental runs where each input variable is set to its median or middle value, typically
coded as 0 in the design matrix. For example, within a coded range of -1 to +1, the center point
is represented by 0 for each variable. Center points are integral to experimental designs like
those used in Central Composite Designs (CCD) in this study. Their primary function is to
estimate pure error by replicating runs at identical settings, thereby enhancing the precision of
statistical analysis and error estimation. Additionally, center points are pivotal in detecting
non-linearity in the response surface, providing critical insights into whether a quadratic model
more accurately describes the system's behavior. These designs achieve improved balance,
robustness, and reliability by incorporating replicated center points, ultimately strengthening
the overall model [68].
    The voltage profiles from the experimental runs provide critical insights into the discharging
behavior of LIBs within a system optimized through RSM using a Central Composite Design
(CCD). Each profile illustrates the changes in residual voltage over time under varying
experimental conditions, where the independent variables include NaCl concentration,
discharging time, and Zn powder concentration. These patterns are instrumental in
understanding the dynamics of the discharging process, thereby facilitating the development
of a robust optimization model for safe and efficient battery recycling.
    The voltage profiles obtained from the experimental runs in Fig. 7 (A, run 2; B, run 4; C, run 8;
and D, run 17), despite identical conditions for NaCl concentration, discharging time, and Zn-
NaCl solution ratio, reveal variations in the behavior of residual voltage over time. These
differences, though subtle, provide information into the underlying electrochemical dynamics
and potential factors influencing the discharging process. Each voltage profile generally
exhibits a sharp initial drop, followed by gradual stabilization near ~1.5 V. This pattern reflects
the discharging process of lithium-ion batteries, where the rapid initial voltage decline
corresponds to high reaction rates driven by the battery’s starting voltage (~3.7 V) [69]. 
The stabilization phase indicates the battery approaching a fully discharged state, where
residual voltage is minimized. While this trend is consistent, differences in the voltage drop's
steepness, stabilization timing, and fluctuations during the discharge process suggest
additional influences at play[70]. The variability in voltage profiles, despite identical conditions
for NaCl concentration, discharging time, and Zn-NaCl solution ratio, can be attributed to
several factors: (1) Electrode Surface Inconsistencies, where SS316L electrodes used in the study
may exhibit surface inconsistencies such as micro-corrosion, uneven passive layer formation, 
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     3.3.1         Voltage profiles of runs with center points

 Fig. 6.  Voltage and Current behavior for the discharging of Run 4 (center point) of the DoE.



 or differences in the surface area exposed to the electrolyte which alter local current density
and reaction rates, affecting the voltage profile; (2) Electrical Connection Variability, where
minor inconsistencies in the electrical connection between the electrodes and the battery
terminals may introduce variability in the overall circuit resistance, leading to slight differences
in the rate of voltage drop across runs [71]; (3) Zinc Powder Distribution, where the distribution
of zinc powder within the electrolyte can vary even though S/L ratio of the slurry is constant.
Uneven dispersion or agglomeration of zinc particles can lead to localized variations in
catalytic activity, resulting in differing reaction kinetics across the material. This non-uniform
distribution can cause certain areas to exhibit higher or lower catalytic efficiency, impacting
the overall performance and consistency of the reaction process [72]. Runs with better zinc
dispersion may exhibit faster initial voltage drops due to enhanced electron transfer rates,
whereas runs with agglomerated zinc might show slower discharge behavior; (4) Localized
Ionic Strength and pH Changes: Despite identical NaCl concentrations, localized changes in
ionic strength and pH near the electrodes can influence the voltage profiles. For instance, the
reduction of water at the cathode produces hydroxide ions, increasing local alkalinity and
potentially leading to the formation of zinc hydroxide (Zn(OH)₂). This precipitation can
temporarily impede reaction kinetics, introducing fluctuations in the voltage profile. Similarly,
the evolution of gases (hydrogen at the cathode and oxygen or chlorine at the anode) may
alter local electrolyte dynamics, further contributing to variability; and (5) Battery Internal
Differences: Even among batteries of the same type, slight differences in internal resistance,
state of charge, or manufacturing tolerances can influence discharging behavior [73]-[74]. A
battery with higher internal resistance or a partially degraded cell may exhibit a slower voltage
decline compared to a newer or less degraded battery under identical conditions [75].
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 Fig. 7.  Voltage profiles of experimental runs in DoE with center points: (A) Run 2; (B) Run 4; (C)
Run 8; and (D) Run 17.



   Voltage profile variability highlights replicates' critical role in experimental designs. These
replicates are essential for capturing the system's natural variability, allowing for accurate
estimation of pure error and detecting subtle trends that might otherwise remain hidden. By
addressing sources of variability, such as improving electrode consistency and ensuring
uniform zinc dispersion, the reproducibility and reliability of experimental results are
significantly enhanced. Importantly, all replicates in runs 2, 4, 8, and 17 consistently remained
below the safe state of charge (SOC) of approximately 2.5 V and did not exceed the preferred
cutoff voltage range of 1.4 V to 1.7 V for 18650 batteries. This consistency is a strong indicator of
the effectiveness of the discharging process and is particularly advantageous for recycling,
ensuring that the batteries are safely discharged and optimally prepared for processing. These
results affirm the robustness of the methodology and its potential for reliable application in
battery recycling.
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     3.3.2         Effect of NaCl Concentration
     A comparison of the voltage profile and discharge behavior on the axial points (± α; run 7
and run 9) of input variable A (NaCl concentration and the center points (runs 8 and 17) is
shown in Fig. 7. Fig. 8A (Run 7, -α), representing the lowest level of NaCl concentration, has
demonstrated a slow and gradual decline in voltage. This behavior indicates that a lower ionic
strength in the electrolyte reduces the system's ability to transport ions efficiently, which in turn
slows the electrochemical reactions responsible for discharging [76]-[78].

Fig. 8. Voltage profiles of experimental runs to compare the effect NaCl concentration
evaluating the runs with axial points on A) run 7 (Factor A= -α) and B) run 9 (Factor A= +α) and

the center point for C) run 8 and D) run 17 (Factor A=0; Factor B=0; Factor C=0)

     As a result, the voltage has stabilized at a later stage of the discharge process, signaling
inefficiency in neutralizing the battery’s residual energy. This highlights the challenges posed by
low NaCl concentrations in achieving rapid and complete discharge. In contrast, Fig. 9B (run 9,
+α), corresponding to the highest level of NaCl concentration, has exhibited a steeper initial
decline in voltage and an earlier stabilization phase. This profile reflects the enhanced ionic
conductivity provided by a high NaCl concentration, which facilitates faster electron transfer
and accelerates the reaction kinetics [79]. The efficiency of this run underscores the importance
of optimizing electrolyte composition to ensure effective energy neutralization. The stark
differences between the voltage profiles of Figs. 8A and 8B (runs 7 and 9) have illustrated the
critical role of NaCl concentration in influencing the discharging process.



The profiles for Figs. 8C and 8D (runs 8 and 17), which have represented center points (A=0,
B=0, C=0), have provided an intermediate perspective. The initial decline in voltage has been
faster than in Fig. 8A (run 7) but slower than in Fig. 8B (run 9), reflecting the balanced ionic
strength of the electrolyte at median NaCl levels. Both runs have exhibited consistent
stabilization phases, highlighting the reproducibility of the system under these conditions. The
behavior observed  in Figs. 8C and 8D (runs 8 and 17) has served as a baseline for
understanding the average performance of the discharging process and offers a reliable
benchmark for assessing variability across the design.
    When comparing the extreme Fig. 8A (run 7) and Fig. 8B (run 9), to the center points Figs. 8C
and 9D (runs 8 and 17), more information can be deduced. The efficiency of discharge has
improved significantly with higher NaCl concentrations, as demonstrated by the rapid voltage
decline and earlier stabilization in Fig. 8B (run 9). Conversely, the slower voltage decline in Fig.
8A (run 7) has highlighted the inefficiency of lower ionic strengths. Meanwhile, the center points
have exhibited moderate behavior, suggesting a balanced impact of NaCl concentration, time,
and Zn powder concentration. The consistency between Figs. 8C and 8D (runs 8 and 17) further
confirms the robustness of the experimental set-up and highlights the stability of the system
under average conditions.
     These observations have important implications for the study’s objectives. First, the inclusion
of extreme and center-point runs in the design validates the experimental approach, ensuring
that the RSM-CCD captures both linear and non-linear effects of NaCl concentration. Second,
the profiles reveal a clear relationship between NaCl concentration and discharging behavior,
with runs at higher concentrations significantly enhancing the process efficiency. Finally, the
voltage profiles provide critical data for developing a mathematical model to predict response
variables such as Percent Voltage Drop (Er), Residual Voltage (Et), and Discharge Rate (Ed). For
instance, the steep declines in Fig. 8B (run 9) and Fig. 8C (run 8) correspond to higher Er and Ed,
while the delayed stabilization in Fig. 8A (run 7) reflects a higher Et.
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 Fig. 9.  Voltage profiles of experimental runs to compare the effect time evaluating the runs
with axial points on A) run 1 (Factor B= -α) and B) run 5 (Factor B= +α) and the center point for

C) run 8 and D) run 17 (Factor A=0; Factor B=0; Factor C=0)

     3.3.3         Effect of Time



     The graph profiles another input variable B (time) and provides an important report on its
effect in the discharging of LIBs. Fig. 9A presents run 1, with the shortest discharging time (-α),
Fig. 9B (run 5), with the longest discharging time (+α), and Figs. 9C and 9D (runs 8 and 17),
serving as center points (Factor B=0), were fundamental for this investigation. A rapid initial
voltage decline was observed, followed by stabilization at a relatively high residual voltage
exhibited by Fig. 9B (run 5). This early voltage drop indicates an efficient start to the discharge
process. However, the limited duration highlights areas for improvement in fully neutralizing the
residual energy. This insight is valuable for enhancing battery preparation methods for
recycling. The results from Fig. 9B (run 5) underline the potential for optimizing discharging
durations to achieve better outcomes. Conversely, Fig. 9A (run 1) demonstrated a gradual
voltage decline, ultimately stabilizing at a much lower residual voltage. The extended
discharging time facilitated a more thorough process, ensuring most of the residual energy
was neutralized. This emphasizes the benefits of longer discharging durations, highlighting their
role in achieving complete energy dissipation and safe battery recycling. The results from Fig.
9B (run 5) emphasize the efficiency and effectiveness of extended discharging times in
meeting the study's objectives [80].
     Figs. 8C and 8D (runs 8 and 17), which served as the center points for all variables, exhibited
intermediate behavior compared to Figs. 9A and Fig. 9B (runs 1 and 5), respectively. The initial
voltage decline in these runs was faster than in Fig. 9A (run 1) but slower than in Fig. 8B (run 5),
with stabilization occurring at a moderate residual voltage. The consistency of these profiles
underscores the robustness and reproducibility of the experimental design, offering a balanced
perspective on the discharging process under median conditions. These center-point runs
serve as benchmarks for understanding average system performance, reinforcing the study's
reliability. When comparing the axial points—Figs. 8A and Fig. 8B (runs 1 and 5)—to the center
points, Figs. 9C and 9D (runs 8 and 17), the critical influence of discharging time on the process
becomes evident. Fig. 9B (run 5), with the longest duration, achieved the lowest residual
voltage, ensuring the most complete discharge. In contrast, Fig. 9A (run 1) stabilized at a higher
residual voltage, demonstrating the need for optimizing shorter discharging times. The center-
point runs, meanwhile, provides a reliable baseline for evaluating system behavior, balancing
efficiency and completeness. The consistency between Figs. 9C and 9D (runs 8 and 17) further
validates the experimental setup's robustness.
      The distinct behaviors across the runs confirm the appropriateness of the RSM-CCD design,
which systematically explores the effects of extreme and median values of discharging time.
By capturing these variations, the design enables a comprehensive analysis of time as an
independent variable. The comparison also highlights the relationship between discharging
time and efficiency, with  longer times facilitating more complete energy dissipation and
shorter times presenting opportunities for optimization [68].
     Additionally, the voltage profiles provide critical data for formulating a predictive model for
response variables such as Percent Voltage Drop (𝐸𝑟), Residual Voltage (𝐸𝑡), and Discharge
Rate (𝐸𝑑). Runs with longer discharging times, like Fig. 9B (run 5), exhibited higher 𝐸𝑟 and lower
𝐸𝑡, reflecting their efficiency in completing the process. In contrast, shorter discharging times,
as seen in Fig. 9A (run 1), resulted in lower 𝐸𝑟and higher 𝐸𝑡. The discharge rate (𝐸𝑑) is evident in
the slope of the initial voltage decline, with Fig. 9A (run 1) showing a rapid early discharge and
Fig. 9B (run 5) demonstrating a steadier, extended discharge process.
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     3.3.4         Effect of Zinc-NaCl Solution Ratio (S/L Ratio)

     The solid-to-liquid (S/L) ratio is one of the variables being studied on its possible impacts on
the discharging efficiency of lithium-ion batteries (LIBs) through influencing catalytic activity
and ionic mobility. This section examines the effects of varying S/L ratios, highlighting the
differences between extreme and center-point conditions to better understand its role in
optimizing the discharging process for recycling as shown in Fig. 10. Figs. 10A and 10B (runs 14
and 6) correspond to the lowest (C = -α) and highest (C = +α) coded levels of the S/L ratio,
respectively, while Figs. 10C and 10D (runs 8 and 17) serve as center points (C = 0) for all
variables. A comparative analysis of these profiles highlights the role of the S/L ratio in
optimizing discharging efficiency and completeness.
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 Fig. 10.  Voltage profiles of experimental runs to compare the effect of S/L ratio evaluating the
runs with axial points on A) run 14 (C= -α) and B) run 6 (C= +α) and the center point for C) run

8 and D) run 17 (Factor A=0; Factor B=0; Factor C=0)

     Fig. 10A (run 14) exhibited a sharp initial voltage decline, indicating an effective start to the
discharging process. However, the stabilization phase occurred earlier with a higher residual
voltage, suggesting that the lower S/L ratio reduced the catalytic efficiency of the zinc powder.
The limited catalytic activity at this ratio likely resulted in incomplete energy dissipation,
leaving more residual energy  in the battery. This behavior highlights the challenges posed by
insufficient zinc powder levels in sustaining the discharging process for a complete reaction.
      In contrast, Fig. 10B (run 6), corresponding to the highest coded level (C = +α), showed a
more gradual voltage decline with a prolonged stabilization phase. The higher concentration of
zinc powder enhanced catalytic activity, allowing the discharge process to continue over a
longer period and achieve a lower residual voltage. However, the slower initial voltage decline
may be attributed to potential drawbacks such as increased viscosity or agglomeration of zinc
particles in the solution, which can create localized resistance and reduce ionic mobility.
Despite these limitations, the extended stabilization phase demonstrated the ability of a high
S/L ratio to facilitate a more complete discharge.
     Figs. 10C and 10D (runs 8 and 17), representing the center points (𝐶 = 0), displayed
intermediate behavior between the extremes of Figs. 10A and 10B (runs 14 and 6). The initial
voltage decline was faster than in Fig. 10B (run 6) but slower than in Fig. 10A (run 14), while the
stabilization phases occurred at similar residual voltages. These profiles suggest balanced
catalytic efficiency and ionic mobility under median conditions. The consistency observed
between Figs. 10C and 10D (runs 8 and 17) highlights the reproducibility of the experimental
design and provides a reliable baseline for evaluating the effects of extreme S/L ratios.
        A comparison of the behavior of the axial points with the center points reveals important
trends. At the lowest S/L ratio, Fig. 10A (run 14) achieved a rapid discharge initiation but failed to
sustain the reaction for complete energy dissipation. Conversely, in the highest S/L ratio, Fig. 10B
(run 6) extended the discharge process for a more thorough reaction but started with a slower
rate. The center points struck a balance between these extremes, achieving consistent and
efficient discharge without significant limitations. This comparison underscores the critical role
of the S/L ratio in determining the efficiency and completeness of the LIB discharging process.



      The behavior of these runs has significant implications for the study’s objectives. The profiles
validate the effectiveness of the RSM-CCD design in capturing the effects of varying S/L ratios,
with the inclusion of extreme and center-point runs providing comprehensive coverage of the
experimental space. The observed trends confirm the importance of the S/L ratio as an
independent variable and highlight the interplay between catalytic efficiency and ionic
mobility in optimizing the discharging process.
     Furthermore, these voltage profiles provide critical data for modeling response variables
such as Percent Voltage Drop (𝐸𝑟), Residual Voltage (𝐸𝑡), and Discharge Rate (𝐸𝑑). For instance,
Figs. 10B and 10C (runs 6 and 8) exhibited higher 𝐸𝑟, indicating greater discharging efficiency,
while Fig. 10A (run 14) showed lower 𝐸𝑟, reflecting less energy dissipation. Similarly, the
stabilization phases at lower residual voltages in Figs. 10B and 10C (runs 6 and 8) highlighted
improved energy dissipation compared to the higher residual voltage in Fig. 10A (run 14). The
initial slopes of the profiles also revealed faster discharge rates in Fig. 10A (run 14), while Figs.
10C and 10D (runs 8 and 17) represented moderate rates, providing a balanced perspective on
the discharging process.
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      This uniformity, even under varying conditions, highlights the reliability and safety of the
discharging process, ensuring that the batteries are discharged to a level suitable for recycling.
The consistent residual voltages across triplicates also underscore the robustness of the
methodology, demonstrating its capacity to deliver repeatable and effective results in
preparing LIBs for safe and optimal recycling. These findings reinforce the potential of this
approach for practical applications in battery recycling processes.

 Table 6.  Summary of the generated DoE with the corresponding values of the responses
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        In addition to examining the influence of the input variables on the voltage profile during
the discharging process of LIBs for battery recycling, the study aimed to clarify the interactions
and relationships between the input variables: (A) NaCl concentration; (B) time; and (C) zinc-
NaCl solution ratio (SL ratio), and the response variables: (1) percent voltage drop (Er); (2)
residual voltage percent (Et); and (3) discharge rate (Ed). These interactions were further
quantified through statistical analysis of the models generated based on the response variable
values obtained from each experimental run.
        For each of the experimental run, the response variables are calculated as follows [34]:
              (1)Percent Voltage Drop (in %), Er
           Signifies the percentage reduction in voltage during the discharge process, is
determined using the following formula:

     3.4         Input-Response Variable Relationships and Statistical Model
Analyses

             (2) Percent Residual Voltage (in %), Et
                     The residual voltage, which represents the percentage of voltage that remains in the
battery after discharge, is calculated as follows:

              (3) Discharge Rate (in V/min), Ed
                       The discharge rate measures the speed at which the battery loses voltage over
time. This also signifies the energy released during the discharge process, with a greater
voltage drop indicating a more complete discharge. It is determined by dividing the change in
voltage by the duration of the discharge process:

 Where:
             V0 is the initial voltage of battery before discharge, V
             Vt is the final voltage of the battery after discharge, V
             T is the time of discharge for each run, min

           A summary of the DoE with results of the experimental runs is presented in Table 6. 

     3.4.1         Analysis of each Response Variable with respect to the input
variables

Response Variable 1: Voltage Drop
     A higher voltage drop indicates a more substantial reduction in the battery’s charge,
minimizing residual energy and preparing the battery for safe recycling. The impact of the input
variables—NaCl concentration (A), discharging time (B), and S/L ratio (C)—on the voltage drop
emphasizes significant trends and optimal conditions for the discharging process. Higher NaCl
concentrations generally increase the voltage drop, as observed in runs like run 9 (A = 22.73%,
Voltage Drop = 58.4%) and run 5 (A = 16%, B = 100.23 mins, Voltage Drop = 59.2%). This enhance-



-ment can be attributed to the improved ionic conductivity provided by the electrolyte,
facilitating more efficient electron transfer [81]-[82] during the discharging process [83].
Conversely, lower NaCl concentrations, such as in run 7 (A = 9.27%, Voltage Drop = 56.65%),
reduce ionic strength and hinder electrochemical reactions, resulting in slightly lower voltage
drops. Hence, higher NaCl concentrations (A > 16%) are preferred for maximizing the
discharging process efficiency.
      Discharging time (B) significantly influences the percentage voltage drop. Longer times, as
seen in run 5 (B = 100.23 mins, Voltage Drop = 59.2%) and run 17 (B = 75 mins, Voltage Drop =
58.68%), allow for more energy dissipation, leading to higher voltage drops [84]. In contrast,
shorter discharging times, such as in run 1 (B = 49.77 mins, Voltage Drop = 53.42%), do not
provide adequate time for complete energy dissipation, resulting in lower efficiency. Therefore,
longer discharging durations (B > 75 mins) are optimal for ensuring thorough and effective
energy reduction.
      The S/L ratio (C), representing the zinc powder-to-electrolyte ratio, has a significant effect
on the voltage drop. Moderate S/L ratios, around 1.4% to 2%, consistently yield higher voltage
drops, as seen in run 8 (C = 1.4%, Voltage Drop = 59.32%) and run 10 (C = 2%, Voltage Drop =
53.06%). These values reflect a balance between sufficient catalytic activity and optimal ionic
mobility. However, extremely low (C = 0.39%, run 14, Voltage Drop = 56.77%) or high (C = 2.415%,
run 6, Voltage Drop = 54.93%) ratios result in suboptimal voltage drops, as they either limit
catalytic efficiency or increase viscosity and resistance. Thus, moderate S/L ratios (C = 1.4% −
2.0%) are preferred for achieving efficient catalysis and ionic mobility.
    Maximizing the voltage drop is crucial for ensuring the safety and efficiency of the
discharging process. A substantial voltage drop ensures that the battery is discharged to a
safe state of charge (SOC), minimizing the risk of residual energy causing thermal or chemical
hazards. Additionally, lower residual energy levels enhance the efficiency of recycling
processes, as less energy dissipation is required during subsequent handling. 

Response Variable 2: Residual Voltage, %
       The percent residual voltage, which signifies the remaining energy in lithium-ion batteries
(LIBs) post-discharge, was systematically evaluated under varying conditions of NaCl
concentration (A), discharging time (B), and solid-to-liquid (S/L) ratio (C). These parameters
were assessed for their influence on minimizing residual voltage, a critical metric for ensuring
safety and enhancing the efficiency of recycling processes. The concentration of NaCl was
observed to significantly influence the residual voltage of discharged LIBs. Runs involving higher
NaCl concentrations consistently exhibited reduced residual voltage, with values as low as
40.8% recorded at 16% NaCl (run 5). This effect is attributed to the enhanced ionic strength
provided by elevated NaCl levels, which facilitates improved conductivity of the electrolyte and
accelerates electron transfer[79]. Conversely, lower concentrations, such as 9.27% (run 7),
resulted in elevated residual voltages of 43.35%, indicating suboptimal ionic mobility. These
findings underscore the importance of maintaining NaCl concentrations above 16% to achieve
effective energy dissipation during discharge.
      Discharging time demonstrated a proportional relationship with the reduction of residual
voltage. Extended discharging periods, exemplified by 100.23 minutes (Run 5), yielded the
lowest residual voltage of 40.8%. Shorter discharging durations, as observed in run 1 (49.77
minutes), were associated with significantly higher residual voltage (46.58%), indicative of
incomplete energy dissipation. The results suggest that discharging times exceeding 75
minutes is essential to ensure the thorough depletion of stored energy, thereby enhancing the
safety and readiness of LIBs for subsequent recycling processes.
        The S/L ratio, defined by the proportion of zinc powder to electrolyte, was found to critically
impact the discharging efficiency. Moderate ratios, ranging between 1.4% and 2%, achieved the
most effective reduction in residual voltage, with values as low as 40.68% (run 8, 1.4%). This
balance ensures sufficient catalytic activity while mitigating the adverse effects of excessive
viscosity or particle aggregation. Both lower (0.39%, run 14) and higher (2.415%, run 6) ratios led
to higher residual voltages, at 43.23% and 45.07%, respectively, due to either insufficient cataly-
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-tic presence or hindered ionic mobility. Maintaining the S/L ratio within the 1.4% to 2% range is
therefore recommended for optimal performance.
        Minimizing residual voltage is crucial to reduce the thermal and chemical risks associated
with leftover energy during battery handling and recycling. Batteries discharged under optimal
conditions show reduced energy storage, which diminishes the potential for hazardous
reactions and ensures safer transportation and processing. Additionally, lower residual voltages
improve recycling efficiency, as they require minimal extra energy for battery recovery
preparation. The study identifies that NaCl concentrations over 16%, discharging durations
exceeding 75 minutes, and solid-to-liquid ratios between 1.4% and 2% are optimal for
minimizing residual voltage. These conditions facilitate efficient energy dissipation, promote
operational safety, and streamline LIB recycling. The findings highlight the significance of
carefully balancing these parameters to optimize the discharging process and align with
sustainable recycling objectives.

 Response Variable 3: Discharge Rate, V/min
     The discharge rate, quantified as the rate of voltage reduction (V/min), is a crucial
parameter for assessing the discharging efficiency of lithium-ion batteries (LIBs). A higher
discharge rate indicates more rapid energy dissipation, which is critical for ensuring battery
safety and readiness for recycling.  NaCl concentration impacts the discharge rate by
enhancing the ionic conductivity of the electrolyte. Higher concentrations, as seen in run 10 (A =
20%, Discharge Rate = 0.031 V/min) and run 19 (A = 20%, Discharge Rate = 0.031 V/min), improve
ionic mobility and reaction kinetics, leading to increased discharge rates. On the contrary, lower
concentrations, such as in run 7 (A = 9.27%, Discharge Rate = 0.027 V/min), result in reduced
ionic conductivity and slower electrochemical reactions. Therefore, higher NaCl concentrations
(A ≥ 16%) are preferred for promoting efficient energy dissipation.
        The duration of the discharge process also plays a vital role in determining the discharge
rate. Shorter discharging times, such as in run 10 (B = 60 mins, Discharge Rate = 0.031 V/min),
are associated with higher discharge rates due to rapid energy release within a condensed
timeframe. In contrast, longer discharge times, as seen in run 5 (B = 100.23 mins, Discharge Rate
= 0.020 V/min), facilitate a more gradual discharge, resulting in lower rates. Optimal
discharging times (B ≈ 60 mins) balance the need for rapid discharge with sufficient time for
effective energy dissipation.
       The S/L ratio, which represents the proportion of solid to liquid in the electrolyte, affects
catalytic activity and ionic mobility. Moderate S/L ratios, such as those in run 3 (C = 2%,
Discharge Rate = 0.032 V/min) and run 8 (C = 1.4%, Discharge Rate = 0.028 V/min), yield higher
discharge rates by ensuring efficient catalytic activity and maintaining ion mobility. Extreme S/L
ratios, like C = 0.39% in run 14 (Discharge Rate = 0.027 V/min) or C = 2.415% in run 6  (Discharge
Rate = 0.026 V/min), lead to lower discharge rates due to insufficient catalytic activity or
increased resistance from particle aggregation. Thus, moderate S/L ratios (C = 1.4%−2%) are
ideal for balancing catalytic efficiency and ionic mobility.
        To ensure the efficient and safe discharging of lithium-ion batteries (LIBs), it is crucial to
maximize the discharge rate. A high discharge rate allows for rapid energy dissipation, reducing
the time required to reach a safe state of charge (SOC) and minimizing the risks associated
with residual energy. Achieving this involves optimizing certain conditions, specifically higher
NaCl concentrations (≥ 16%), moderate discharging times (around 60 minutes), and solid-to-
liquid ratios between 1.4% and 2%. These optimal conditions promote rapid energy dissipation
while maintaining safety and efficiency, ensuring that LIBs are effectively discharged and
prepared for recycling. By carefully balancing these variables, the discharging process can be
made more effective, enhancing overall performance and providing consistent, reliable results
for battery preparation.



       One important part of this study is to be able to quantify the relationships between the
variables of the study. Statistical model analysis is essential for comprehending the
relationships between input and response variables in experimental studies, especially when
optimizing the discharging process of lithium-ion batteries (LIBs). This analysis elucidates how
variables like NaCl concentration, discharging time, and S/L ratio affect outcomes such as
voltage drop, residual voltage, and discharge rate, thereby guiding data-driven decision-
making and optimizing performance. Models like response surface methodology (RSM)
quantify the impact of each input variable, revealing key understandings such as the
enhancement of ionic conductivity by NaCl concentration and the quadratic effects of
discharging time. Crucially, statistical models capture interaction effects between variables,
such as the synergistic or antagonistic impacts of NaCl concentration and S/L ratio on
discharge rate. Validation metrics like R², adjusted R², and predicted R² ensure the model's
reliability in explaining data variability and predicting outcomes, facilitating efficient
extrapolation to new variable combinations and saving resources.

Response Variable 1: Percent Voltage Drop
       The Fit Summary highlights the model fit for the response variable and is summarized in
Table 7. Among the evaluated models (Linear, 2FI, Quadratic, and Cubic), the linear model is
suggested based on its p-value (0.2596), indicating a better fit without significant overfitting or
aliased parameters. When terms are aliased, it means that there is no unique mathematical
way to separate their effects because they overlap entirely with other terms or combinations of
terms in the model. The insignificant lack-of-fit (p-value = 0.2911) further supports the Linear
model's appropriateness, ensuring the reliability of its predictions. Although the adjusted R2
(0.0744) and predicted R2 (-0.2330) are relatively low, these  values reflect the complexity of
the interactions between variables and highlight areas for potential refinement in future
studies.
        In Table 8, the Sequential Model Sum of Squares provides insights into how additional
terms influence the model's predictive capacity. The Linear model remains robust, as adding
interaction (2FI) or higher-order terms (Quadratic and Cubic) does not yield significant
improvements in the F-value or p-value. This suggests that the Voltage Drop is largely
governed by independent effects of the input variables rather than complex interactions or
non-linear relationships.
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     3.4.2          Statistical Model Analysis of Response Variables

 Table 7.  Fit Summary of the Response 1: Voltage Drop



        Fit Statistics in Table 9 further validated the choice of the Linear model. With a standard
deviation of 2.19 and an R2 value of 0.2286, the model provides a reasonable explanation for the
variance observed in the data. Although the predicted R2 is negative (-0.2330), this could be
attributed to noise in the dataset or limited sample size. Further, this indicates that there is
limitation with respect to the predictive ability of the model, specifically when applied to
typically new and unseen data such as tested range (±α) of the factors (A, B, and C) considered
in the study [85]. Despite this, it is also important to note that the Adequate Precision value
(3.9852) is just below the threshold of 4, indicating sufficient signal-to-noise ratio for the
model's applicability. This fundamentally  indicates that the model has enough signal to
capture meaningful relationships between the input variables (NaCl concentration, discharging
time, Zn powder in NaCl solution) and the response variables (voltage drop, residual voltage,
discharge rate)[86].
       From the ANOVA results in Table 10, it is evident that discharging time (Factor B) has the
most significant effect on Voltage Drop, with a relatively low p-value (0.0629). This aligns with
observed trends in the data where extended discharging times (e.g., run 5 with 100.23 mins)
correspond to higher Voltage Drops (59.20%). Meanwhile, NaCl concentration (Factor A) and S/L
ratio (Factor C) exhibit less direct impact, with p-values of 0.3503 and 0.8106, respectively. 
        However, their combined influence contributes to the overall optimization. The experimental
results validate the statistical analysis, providing details into the influence of input variables on
voltage drop during discharge. For NaCl concentration (Factor A), runs 7 (low at 9.27%) and 9
(high at 22.733%) exhibited minimal variation in voltage drop (56.65% and 58.40%, respectively).
This consistency indicates that the electrolyte's conductivity is sufficiently enhanced across the
tested range, minimizing its influence as a limiting factor.
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 Table 8.  Sequential Model of Sum for Response 1: Voltage Drop

 Table 9.  Lack of Fit Test for Response 1: Voltage Drop



       Discharging time (Factor B) significantly impacted the voltage drop, with run 5 (100.23
minutes) achieving the highest voltage drop of 59.20%. This underscores the importance of
sufficient time to ensure complete energy discharge, enhancing safety and effectiveness in
battery recycling. For the S/L ratio (Factor C), runs 3 (high at 2.0%) and 14 (low at 0.39%)
demonstrated moderate differences, highlighting the catalytic effects of zinc powder. This
suggests that the S/L ratio can be fine-tuned to optimize catalytic activity without significant
performance variations. 
         These findings emphasize the critical roles of time and catalyst optimization in achieving
maximum voltage drop, ensuring safe and efficient discharging. The results support a
systematic approach to optimizing the discharging process for lithium-ion batteries, paving
the way for effective recycling. This suggests that the model assumptions hold true, and the
variations in voltage drop across the experimental runs are adequately captured. The color-
coded points, reflecting different voltage drop values, align with the expected range of
variability. On the other hand, the predicted vs. actual plot (Fig. 12) reveals a reasonable
agreement between the observed and model-predicted voltage drop values. While there is
some scattering around the line of equality, the clustering of points near the diagonal implies
the model's capability to capture trends effectively. This alignment reinforces the utility of the
model for identifying optimum discharging parameters.
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 Fig. 11.  The normal plots of residuals for Response 1: Voltage Drop

 Fig. 12.  Predicted vs. Actual Plot for Response 1: Voltage Drop



      Furthermore, the residuals vs. NaCl concentration plot (Fig. 13) shows evenly distributed
points across the range of NaCl concentrations, with no apparent trend. This indicates that  
NaCl concentration does not significantly bias the model's predictions, consistent with the
minimal impact of Factor A observed in the experimental results. 
      The results validate the DoE approach by confirming that the model sufficiently explains
variations in voltage drop across the experimental conditions. Longer discharging times (Factor
B) consistently resulted in higher voltage drops, highlighting time's critical role in achieving
optimal discharging. The S/L ratio (Factor C) also influenced the voltage drop, underscoring its
catalytic role in optimizing the discharging process. Overall, the diagnostic plots affirm the
model's suitability for exploring the discharging process and provide a foundation for optimizing
lithium-ion battery recycling protocols. The insights gained are pivotal for fine-tuning
operational parameters to achieve efficient and safe discharge.

26 Journal of Emerging Technologies and Innovations JETI
Vol. 1 no. 1 (2024)

Optimizing Conditions for the Discharging of Lithium-ion Batteries catalyzed by
Zinc Powder through Response Surface Methodology 

 Fig. 13.  Predicted vs. NaCl Concentration Plot for Response 1: Voltage Drop

 Response Variable 2: Percent Residual Voltage
       Given the binomial and inverse nature of percent voltage drop and percent residual
voltage, a statistical relationship and some correspondence in the plots are not unexpected.
The observed behaviors suggest that as the percent voltage drop increases, the percent
residual voltage similarly decreases, which aligns with fundamental electrochemical principles.
This inverse relationship can significantly influence the interpretation of model fits, ANOVA
results, and subsequent optimization strategies in battery discharge studies. 
            In the fit summary for response variable 2 similar values and trends are observed as seen
in Table 11. A linear model is identified as the best fit for analyzing residual voltage, according to
the fit summary. An adjusted R2 value of 0.0744 indicates a weak explanation of variability in the
response by the input factors. However, the model's utility is not negated, as the p-values for
lack of fit are non-significant (0.2911), indicating that the model fits the data within statistical
thresholds. The low R2 value suggests that factors beyond the scope of the experiment might
influence residual voltage, calling for additional exploration in future studies. Consequently,
Table 12 showing the Sequential Model of  Sum Squares also indicated that the linear model
exhibits a p-value of 0.2596, indicating that none of the factors significantly impact residual
voltage. The absence of significant higher-order interactions (as observed in the quadratic and
cubic models) suggests a straightforward relationship between variables, reinforcing the
selection of the linear model. Further, the ANOVA (Table 13) and Fit Statistics (Table 14) of the
response variable 2 indicates that Factor B (discharging time) approaches significance (p =
0.0629), suggesting that extended discharge times contribute to lower residual voltage. Factors 



A (NaCl concentration) and C (S/L ratio) exhibit p-values far from significance, confirming
minimal influence on residual voltage. 
       This trend aligns with experimental runs where time was critical for achieving optimal
battery discharge levels; and despite the low adjusted R2 and predicted R2 values, the
adequate precision of 3.9852 meets the reliability threshold for this type of study. This ensures
that the model predictions, while limited, remain credible within the context of the design
space.
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 Table 11.  Fit Summary for Response 2: Residual Voltage

 Table 12.  Sequential Model Sum of Squares for Response 2: Residual Voltage

        Variations in NaCl concentration, as observed in runs 7 (low concentration) and 9 (high
concentration), did not significantly alter residual voltage percentages, indicating that the
electrolyte's conductivity remains effective across the tested range. run 5, with a discharging
time of 100.23 minutes, exhibited the lowest residual voltage at 40.8%, underscoring the
importance of longer discharging times for thorough depletion. Meanwhile, runs with high (run
3) and low (run 14) S/L ratios reflect only minor fluctuations in residual voltage, suggesting that     
the S/L ratio is less critical compared to discharge time.
        These insights highlight the robustness of the Design of Experiments (DoE) in defining the
influence of key factors. Although the statistical significance is modest, the model reliably
identifies discharge time as the most impactful variable, guiding further optimization efforts.
Consequently, these results will inform the refinement of discharging protocols to ensure
lithium-ion batteries are safely and efficiently prepared for recycling.
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 Table 13.  ANOVA for linear model Response 2: Residual Voltage

 Diagnostic Plots for Percent Residual Voltage
        Fig. 14 shows that in the normal probability plot for percent residual voltage, the residuals
align closely with the expected normal distribution. Minor deviations exist, yet the plot indicates
that residuals are mostly normally distributed, thereby validating the linear model's
assumptions. The color gradient from blue to red reflects the range of residual voltage,
emphasizing a well-spread but systematic variability. Further, the model predictions align
closely with experimental results as seen in the predicted versus actual values plot (Fig. 15).
Although not perfect, the model captures the general trend effectively, as evidenced by the
slight scattering around the ideal line. The color-coding indicates that higher residual voltages
(orange and red) are predicted slightly less accurately, suggesting potential areas for model
refinement or further optimization of significant factors.
     The plot of externally studentized residuals against NaCl concentration in Fig. 16 shows
consistency across NaCl levels, with minimal outliers. Residuals generally fall within acceptable
thresholds, confirming the model's robustness in predicting percent residual voltage across
varying NaCl concentrations. Despite a relatively low Adjusted R² (0.0744), the model offers
meaningful insights, especially when viewed alongside the diagnostic plots. The design of
experiments (DoE) results suggests that discharging time (Factor B) significantly influences
percent residual voltage. For instance, longer durations, such as run 5 (100.23 minutes), yield
lower residual voltages, underscoring the importance of sufficient discharge time.
        Overall, the statistical model aligns predictions with experimental results and demonstrates
utility in optimizing lithium-ion battery discharging for recycling. This model highlights the
potential for further accuracy refinement and emphasizes the importance of time in improving
discharging outcomes.

 Table 14.  Fit Statistics for Response 2: Residual Voltage
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 Fig. 14.  Normal plot of residuals for Response 2: Residual Voltage

 Response Variable 3: Discharge Rate
         Table 15 presents that the linear model is recommended due to its significant sequential
p-value (< 0.0001) and acceptable lack-of-fit p-value (0.2190). The adjusted R² value of 0.9547
and predicted R² value of 0.9343 confirm its strong predictive power, demonstrating reliability in
capturing the relationships between input variables and the discharge rate. 
This is in support of the ANOVA for the Linear Model (Table 16) that indicates statistical
significance (p-value < 0.0001), showing that the factors effectively explain variability in
discharge rate. Factor B (Discharging Time) is the most impactful variable, with a highly
significant p-value (< 0.0001), suggesting that longer discharging times are critical for
achieving higher discharge rates. Factors A (NaCl concentration) and C (Zn in NaCl solution)
show less influence, as their p-values exceed the 0.05 threshold. The Fit Statistics (Table 17)
further displays the robustness of the model, with a low standard deviation (0.0010) and an
Adequate Precision value of 38.7137, confirming a strong signal-to-noise ratio suitable for
optimization. 
 Table 6 (summary of DoE) supports these inferences, showing that runs with longer
discharging times (e.g., run 5 with 100.23 minutes) exhibit relatively stable discharge rates. This
suggests that optimizing discharging time enhances process efficiency. Despite some variabi- 

 Fig. 15.  Predicted vs. Actual values for Response 2: Residual Voltage
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 -lity in other factors, the model effectively predicts discharge rate trends and provides a
reliable framework for refining the discharging process. This ultimately shows that the model
highlights discharging time as the key factor influencing discharge rate. Its high predictive
accuracy and statistically significant findings provide a solid foundation for optimizing lithium-
ion battery discharging processes, ensuring safe and efficient recycling operations.

Diagnostic Plots for Discharge Rate
      The normal probability plot for residuals (Fig. 18) illustrates a close alignment with the
theoretical normal distribution, as most data points are situated near the diagonal line. While
minor deviations occur at the extremes, these do not significantly impact the model’s validity,
thereby confirming that the assumption of normally distributed residuals is satisfied. This
ensures that the model's predictions remain unbiased and reliable across the tested range,
despite the slight non-normality or potential outliers observed at the tails. In Fig. 19, the
predicted versus actual plot demonstrates strong agreement between the predicted discharge
rate and the actual experimental values. Data points are clustered around the diagonal line,
indicating minimal deviation between the predicted and actual discharge rates. This alignment
underscores the model's reliability and predictive accuracy. Though, there is a slight scatter
observed in a few data points—indicating some minor residuals remain unexplained—this
scatter suggests that while the model successfully captures most of the variability, it does not
account for every possible variation.

 Table 15.  Fit Summary for Response 3: Discharge Rate

 Table 16.  ANOVA for Linear Model for Response 3: Discharge Rate

 Table 17.  Fit Statistics for Response 3: Discharge Rate
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        These unexplained residuals might result from unaccounted experimental factors, inherent
noise in the data, or minor deviations in the experimental conditions. Despite these minor
discrepancies, the model still provides a consistent prediction framework for discharge rates,
highlighting areas for potential refinement and optimization in future experiments.
        The plot of externally studentized residuals against NaCl concentration (Fig. 19) reveals no
discernible pattern or trend, as the residuals are randomly distributed around zero. This
randomness indicates that the model does not systematically over- or under-predict the
discharge rate across different levels of NaCl concentration, supporting the assumption of
homoscedasticity. Homoscedasticity implies that the variance of residuals remains consistent
across the range of Factor A, in this case, NaCl concentration. The consistent variance ensures
that the model's predictive accuracy is not influenced by the concentration of NaCl, providing
reliable predictions regardless of this factor's level.
    Additionally, the absence of clustering or patterns in the residuals suggests that NaCl
concentration does not have a significant impact on the discharge rate. This observation
aligns with the ANOVA results, which indicated that Factors B (Discharging Time) and C (Zn in
NaCl solution) have more substantial effects on the discharge rate than NaCl concentration.
Consequently, the model's consistency and predictive reliability are further confirmed, as it
accurately captures the relationship between the discharge rate and the varying levels of NaCl
concentration, without being biased by this factor.

 Fig. 17. Normal Plot of residuals for Response 3: Discharge Rate

 Fig. 18. Predicted vs Actual Plot for Response 3: Discharge Rate
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        The diagnostic plots were collectively analyzed to confirm the assumptions of normality,
linearity, and homoscedasticity for the model. The findings indicated that the linear model
provides an accurate and reliable representation of the discharge rate, with minimal
systematic bias. The evaluation of these diagnostic plots also reinforced the statistical
insignificance of NaCl concentration as a factor, thereby shifting the focus toward the
optimization of other significant parameters such as discharge time (Factor B).

 Fig. 19. Residuals vs. NaCl Concentration for Response 3: Discharge Rate

        The comprehensive assessment of the diagnostic plots instilled confidence in the model’s
ability to generalize effectively, ensuring its utility in guiding process optimization. By confirming
that the model's assumptions are valid, it was ascertained that the predictions are unbiased
and reliable across the tested range. The minor deviations and potential outliers observed in
the plots did not undermine the model's validity, further supporting its robustness.
 The thorough examination of the diagnostic plots validated the linear model, highlighting the
importance of optimizing significant parameters like discharge time while confirming the
negligible impact of NaCl concentration. This comprehensive evaluation affirms the model's
efficacy in predicting discharge rates and guiding the optimization of lithium-ion battery
discharging processes for recycling operations.

 Summary
     The analysis of the statistical model reveals that Factor B (Discharge Time) is the
predominant factor significantly influencing the system's performance, particularly concerning
key response variables such as Voltage Drop and Discharge Rate. This finding suggests that the
duration of the discharge process is critical in achieving optimal outcomes and should,
therefore, be prioritized during process optimization.
       The analysis indicates that variations in NaCl concentration (Factor A) have a relatively
minimal impact on the response variables. This observation suggests that, within the tested
range, the electrolyte's conductivity is sufficiently enhanced, and further changes in
concentration are unlikely to yield substantial improvements. The stability in the performance of
NaCl concentration implies that this factor is already operating within a functional range that
supports the process efficiently.
          To leverage this insight, it is recommended that the NaCl concentration be maintained at
a stable, optimal baseline level to ensure consistent electrolyte performance. Additional studies
might explore concentrations beyond the tested range to confirm this trend or uncover new
behaviors at extreme levels. However, significant efforts to adjust this factor may not be warran-
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 -ted at this stage.
      Factor C, the solid-to-liquid ratio, exhibits a moderate influence on Voltage Drop and
Residual Voltage but has limited impact on Discharge Rate. This finding suggests that, while
this factor does not drive the system's overall performance, it can serve as a secondary tuning
parameter. By carefully adjusting the solid-to-liquid ratio, subtle catalytic effects and material
interactions may be optimized, leading to incremental improvements in specific response
variables. 

 Table 18.  Summary of coded equations for all response variables

 Table 19.  Summary of actual equations for all response variables

          For Factor C, targeted investigations are recommended to identify the most cost-effective
and operationally efficient ratio. This approach would allow process optimization to minimize
waste or reduce costs while ensuring that other critical parameters, such as Voltage Drop,
remain within desirable ranges. 
       The dominance of Discharge Time (Factor B) highlights its importance within the overall
system. Efforts should be focused on pinpointing the exact discharge durations that maximize
Voltage Drop and Discharge Rate without compromising the stability of the system or
increasing energy costs. Since Factors A and C show less influence, they should be treated as
supporting parameters to the optimization of Factor B. Their ranges can be narrowed down
based on the current findings to reduce experimental variability and ensure consistent results
in future trials.

     3.5         Mathematical models for the response variables 
          One of the objectives of the study is to produce a mathematical model for each response
variable with respect to the input variable identified. In design expert, two types of equations
are generated namely: (1) Coded Equations and (2) Actual Equations. 
        Coded equations use normalized variables to allow for unbiased comparisons of factors'
importance and simplify sensitivity analysis, highlighting significant impacts during
optimization. They enable researchers to identify dominant factors and interactions without the
influence of units an scales. On the other hand, actual equations retain the variables' original
units, making them essential for practical applications. They allow practitioners to adjust
process parameters precisely, ensuring optimal operation based on specific requirements
[68], [87].  The combination of coded and actual equations provides a comprehensive appro-



-ach: coded equations aid theoretical analysis, while actual equations ensure practical
implementation, bridging experimental design and real-world application effectively [88].
          A summary of the coded equations is presented in table 18. Across all response variables,
time (B) was identified as the dominant factor across all responses, significantly influencing the
outcomes. For Percent Voltage Drop, Time (B) exhibited the highest positive coefficient,
indicating that longer discharge times effectively increase the voltage drop. Similarly, for
Percent Residual Voltage, Time (B) showed the strongest negative influence, suggesting that
extended durations reduce the residual voltage more effectively than the other factors. In
contrast, NaCl concentration (A) and Zn in NaCl solution (C) demonstrated smaller coefficients,
indicating their relatively less impact on the responses. Although these factors contributed to
changes in the outcomes, their effects were overshadowed by the influence of Time (B). For
Discharge Rate, the coded equation revealed minimal variations, with all factors, including Time
(B), displaying small coefficients. This finding suggests that the discharge rate is less sensitive
to the tested factor levels compared to the other responses.
         Subsequently, Table 19 shows the summary of the final equation in terms of actual factors.
For Percent Voltage Drop, a positive correlation with all three factors is observed. Zn in NaCl
solution exhibits the strongest influence, as indicated by the coefficient (+0.241088), followed by
time (+0.079427) and NaCl concentration (+0.087742). This implies that increasing these factors
enhances the voltage drop, with Zn in NaCl solution having the most significant impact. Percent
Residual Voltage shows an inverse relationship for all factors, reflected by negative coefficients.
The strongest effect is again from Zn in NaCl solution (-0.241088), significantly reducing residual
voltage. Time (-0.079427) and NaCl concentration (-0.087742) also contribute to the reduction,
though to a lesser extent. For Discharge Rate, the factors have negligible effects, as evidenced
by the small coefficients for NaCl concentration (-0.000055), time (-0.000348), and Zn in NaCl
solution (-0.000327). This indicates that these factors do not substantially impact the discharge
rate within the experimental range. 
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 Table 20. Summary of criteria of the case study variables and its goals

 Table 21. Summary of Top 10 Solutions on the optimized study with the set criteria
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       The critical role of Zn in NaCl solution in influencing both percent voltage drops, and
residual voltage is highlighted, necessitating prioritization of adjustments to this factor for
optimizing battery performance. Its dual effect—enhancing voltage drop and reducing residual
voltage—underscores its importance. Time is identified as the second most influential factor for
both voltage drop and residual voltage. Its significance in ensuring effective discharge is
emphasized, with longer durations potentially providing more complete discharge. However,
this must be balanced against operational constraints. The minimal impact of NaCl
concentration and the discharge rate equation suggest that changes to this factor or response
within the tested range might have limited effects. Therefore, it can be maintained at practical
levels without compromising performance.
      The primary difference between coded and actual equations lies in their purpose and
scaling. Coded equations standardize factor levels to a range of -1 to +1, highlighting the
relative importance of factors within the experimental design. This approach identifies time
(Factor B) as the dominant factor due to its significant impact across the design space.
Conversely, actual equations retain the original units of the factors, emphasizing real-world
applicability. In this context, Zn in NaCl solution (Factor C) appears most influential, as reflected
by its scaled coefficients. 
      This difference arises from the scaling and normalization in coded equations versus the
real-world interpretation of actual equations. Coded equations are useful for theoretical
insights and understanding the importance of factors, while actual equations are more
practical for predicting outcomes and implementing adjustments in real-world scenarios. Both
perspectives are complementary. Time (Factor B) is crucial for optimizing discharge processes
in experimental analysis, while Zn in NaCl solution (Factor C) should be prioritized in real-world
applications due to its substantial influence on Percent Voltage Drop and Residual Voltage. This
dual approach ensures a comprehensive strategy for both experimental design and practical
implementation.

     3.6         Model validation through optimization studies using desirability
functions in Design-Expert® 

     Another feature of the Design-Expert® is that optimization studies—in response to the
interpretations of the statistical model analyses—can be done to check whether the assigned
conditions for optimizations have high desirability. In these optimization case studies, the
researcher will have to set the constraints and establish goals (maximize, minimize, target, in
range, equal to) for the variables (factors and responses). A summary of the constraints for the
optimized study is summarized in Table 20. 

 Table 22. Desirability scale as defined by Harrington



       The goals for each of the variables are set in reference to the findings of the statistical
model analysis and relationships of the variables. For these factors, it has been determined that
NaCl concentration (A) should be maintained within range due to its minimal impact on the
responses. Ensuring it stays within practical limits supports efficient operations without
compromising performance. Time (B), identified as the dominant factor, should be maximized
to enhance the Percent Voltage Drop and reduce Percent Residual Voltage, both of which are
critical for battery performance. Similarly, Zn in NaCl solution (C) should also be maximized to
leverage its strong positive influence on Voltage Drop and its negative impact on Residual
Voltage, making it a key variable for optimization.
      Regarding the responses, the goal for Percent Voltage Drop is to maximize it, as a high
voltage drop reflects effective discharge, which is crucial for safe recycling and optimal
functionality. The goal for Percent Residual Voltage is to minimize it, ensuring the discharge
process is nearly complete, thereby reducing inefficiencies and energy remnants. The
discharge rate should remain within range, as it shows minimal sensitivity to the factors, and
maintaining it within practical bounds avoids operational disruptions.
    To implement these goals, the optimization strategy involves integrating them into a
desirability function within Design-Expert software. Relative importance is assigned to each
goal, prioritizing critical objectives like maximizing Voltage Drop and minimizing Residual
Voltage. Numerical optimization is then conducted to identify the combination of factors that
achieve the highest overall desirability while adhering to operational constraints and ensuring
practical applicability. The top ten solutions (out of 68) with the highest desirability are
summarized in Table 21. 
        In the software, desirability is an objective function that quantifies how well a solution meets
the defined optimization criteria, ranging from 0 (undesirable) to 1 (optimal). During numerical
optimization, the software searches for a combination of factor levels that maximizes the overall
desirability function, ensuring the best possible outcome for multiple responses. When
optimizing multiple responses simultaneously, Design-Expert integrates all individual desirability
values into a single composite function, enabling a  balanced solution that best satisfies the
predefined objectives [89].
       This approach is consistent with the desirability function introduced by Derringer and Suich
early in the 1980’s which was then commonly used in optimization for processes or studies
involving simultaneous responses to be optimized. In this method, each set of responses
obtained by applying an experimental design is transformed into dimensionless values called
individual desirability (di), which are then aggregated into a single response called overall
desirability (D). Consequently, an experimental condition that best meets the user's needs with
respect to the evaluated responses is likely to be identified through this approach[90].
     The set goals for each variable have produced an optimal factor level of: 20wt.% NaCl
concentration; 90 mins discharge time; and 2wt.% Zinc in NaCl solution slurry for the discharging
process and resulting to a predicted response of: 57.197% voltage drop, 42.803% residual
voltage, and 0.021 V/min of discharge rate with a desirability of 0.846 or 84.6%. In this context,
the desirability function aggregates the individual desirability for each response, based on their
respective optimization goals. A desirability of 0.846 indicates that the selected conditions meet
the optimization criteria very well and are considered acceptable and excellent[90] as reflected
in Table 22, although they may still achieve perfect alignment with all the specified goals. These
variations in responses are remarkably reflected in the actual results in run 15 of Table 6 where
the exact same conditions (20wt.% NaCl concentration; 90 mins discharge time; and 2wt.% Zinc
in NaCl solution slurry) produced the following response of: 56.22% voltage drop, 43.78% residual
voltage, and 0.021 V/min. The comparison of the predicted values and the values is summarized
in Table 23 and Fig. 20.
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     3.6         A.  Model validation through optimization studies using desirability
functions in Design-Expert® 
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      The actual responses validate the model and its statistical predictions. The small
differences between predicted and actual values are within an acceptable range, supporting
the reliability of the model for making predictions under similar experimental conditions. The
deviation in the actual Voltage Drop (56.22%) and Residual Voltage (43.78%) compared to
predictions is minimal (less than 2%). This small deviation is expected in experimental setups
due to inherent variability and noise in the data. Such deviations are within acceptable error
margins, particularly when considering the high desirability of 0.846, which indicates the
optimization process used in Design-Expert is reliable and consistent with the statistical model
analyses.

 Table 23. Summary of the predicted values from the optimized conditions generated by the
Design-Experts desirability function vs. actual values from run 05 of the DoE, at 84.6%

desirability

 Fig. 20. A bar graph showing the comparison of the predicted and actual values to validate the
generated actual equation for the responses: voltage drop, residual voltage, and discharge

rate.



         The optimization of the discharging process for lithium-ion batteries using zinc powder as
a catalyst was successfully achieved through Response Surface Methodology (RSM). A robust
Design of Experiment (DoE) was developed using Central Composite Design (CCD) of the
Design-Expert® software, incorporating NaCl concentration, discharge time, and Zn in NaCl
solution as independent variables. on key parameters: Percent Voltage Drop (Er), Residual
Voltage Percent (Et), and Discharge Rate (Ed). The DoE effectively captured the voltage profiles
of experimental runs, demonstrating the interplay between the factors and their influence on
the discharging process.
          It was revealed through statistical analysis that discharge time (B) is the dominant factor
in driving Percent Voltage Drop and Residual Voltage, as highlighted by coded equations. In
real-world applications, Zn in NaCl solution (C) emerged as the most impactful variable,
significantly enhancing Voltage Drop and minimizing Residual Voltage, as shown by the actual
equations. NaCl concentration (A) had a smaller but consistent influence, supporting its
maintenance within practical operational ranges. The lack of significant synergistic or
antagonistic effects simplified the optimization process, enabling a focus on independent
factor contributions.
     Coded and actual model equations for Percent Voltage Drop, Residual Voltage, and
Discharge Rate were successfully formulated using Design-Expert® with respect to the results of
the 19 experimental runs as DoE. The actual models have provided reliable predictions with
minimal deviations from actual experimental results. 
    These models were validated through the conduct of optimization studies using the
software’s desirability function where goals were set to for the factors and responses producing
solutions with corresponding desirability. Based on the goals set, the optimal conditions for the
discharging process were identified and translated to a less than 2% variation in the actual
values for the response with a desirability of 0.846. solidifying the reliability of the models in the
tested range.
      Considering these conclusions, future studies should explore the scalability and industrial
applications of the proposed discharging setup. Scaling up the discharging process may face
challenges such as increased electrolyte volume, uneven electrode reactions, and operational
inefficiencies in continuous processing. These can be addressed by: (1) integration with
advanced recycling processes; (2) investigations into alternative catalysts; (3) real-time
monitoring systems, can further enhance discharging efficiency; (4) design external
discharging set-up flexible to different battery formats (e.g., cylindrical, pouch cells, prismatic,
etc.). Additionally, expanding the study to other LIB chemistries and battery types would
broaden the applicability of the findings of the optimization studies.
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