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ARTICLE INFO ABSTRACT
Keywords: The recovery of valuable metals from waste battery materials and the thermal decomposition of
Spent lihtiun ion batteries PVC both require significant energy and material consumption. In this study, we propose an

Selective lithium extraction
Gas-solid reaction
Polyvinyl chloride

innovative strategy that integrates the lithium extraction process from spent LiNipgs.
Co0.15Al0.0502 (S-NCA) with PVC pyrolysis, resulting in a substantial reduction in energy con-
sumption and chemical additive. Various characterization techniques, including SEM, TEM, XRD,
and XPS, are employed to investigate the mechanism of gas-solid lithium extraction and provide
valuable insights into the migration pathway of lithium from S-NCA to soluble LiCl. The optimal
conditions for the process were determined as follows: a temperature of 600 °C, S-NCA/PVC mass
ratio of 1:4, and a baking time of 2 h, achieving a lithium extraction efficiency of 94.37 %. The
research provides valuable insights for the valorization of PVC thermal decomposition and
lithium extraction from NCA, presenting a novel approach for future applications.

1. Introduction

Energy serves as a crucial pillar for human societal development, providing convenience, and efficiency, and driving continuous
progress [1,2]. While traditional fossil fuels have been the primary energy source, their depletion and associated environmental
impacts have necessitated the exploration of greener and more sustainable alternatives [3,4]. Renewable energy sources such as
geothermal, wind, and solar power have emerged as viable options due to their wide availability and environmental friendliness [5-9].
However, their intermittent nature requires the development of efficient energy storage systems. Among these systems, lithium-ion
batteries have gained prominence due to their high energy density, low self-discharge rate, and extended lifespan [10,11].

With the rapid advancement of energy storage technology and the widespread adoption of electric vehicles, the demand for metals
like nickel (Ni), cobalt (Co), and manganese (Mn) has surged worldwide [12,13]. Lithium (Li), a critical component of lithium-ion
batteries [14,15], has experienced a significant increase in price as a result [16,17]. To address this challenge and maximize the
utilization of secondary resources, the recycling of waste lithium batteries has gained immense strategic importance [18,19].
Currently, research on selective lithium extraction predominantly centers around LiFePO4 due to its inherent value. However, the
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Fig. 1. Flowchart illustrating the recovery process of S-NCA batteries through a PVC thermal decomposition-based gas-solid reaction.

selective extraction of lithium from ternary lithium-ion cathode materials lags behind that of LiFePO4. Previous studies by Kong et al.
[20] employed NaClO as a reducing agent for selective Li leaching in an acidic HCl environment, while Ma et al. [21] utilized ethylene
glycol for selective Li separation in a supercritical water system, yielding promising results. Despite these achievements, the scalability
and practicality of these methods remain open for discussion.

The HCI system encounters significant challenges related to equipment corrosion during acid leaching, and the use of ethylene
glycol and ultra-pure water systems in Ma et al.’s approach raises concerns about increased recovery process costs. Zhang et al. [22]
proposed a study involving roasting and recovering Li from LiNixCoyMn,O> in a CH4 atmosphere, successfully generating LiCO3, NiO,
CoO, and MnO, effectively separating lithium. However, the use of CH4 poses inherent dangers, potentially leading to explosion risks
during the roasting process.

This manuscript focuses on the integration of waste lithium battery metal recovery with the thermal decomposition process of PVC.
PVC, a widely used plastic material, poses significant challenges in terms of disposal and recycling due to its abundant chlorine content
[20-22]. During the thermal decomposition of PVC, the chlorine is converted into hydrogen chloride (HCI) gas [23,24]. In this study,
we propose leveraging the generated HCI to achieve efficient and selective lithium extraction from waste lithium batteries, thereby
reducing overall recycling costs.

The integration of waste lithium battery metal recovery with PVC thermal decomposition presents a promising solution to address
two pressing issues simultaneously: the proper disposal of PVC waste and the efficient recovery of valuable metals from waste lithium
batteries. By combining these processes, we aim to capitalize on the environmental benefits of green energy sources while promoting a
circular economy in the battery industry [25]. This manuscript explores the potential of this integrated approach and discusses its
implications for achieving a more sustainable and cost-effective recycling system by applying the HCl generated from polyvinyl
chloride thermal decomposition. Overall, this study contributes to the ongoing efforts to bridge the gap between energy demand,
resource scarcity, and environmental preservation, paving the way for a more sustainable and efficient future.

2. Experimental section
2.1. Material synthesis

All reagents were purchased from Sinopharm Chemical Reagent Limited corporation (analytical reagent). Spent S-NCA electrodes
attached to current collector aluminum foil were obtained from Zhejiang Huayou Cobalt Co., Ltd (Zhejiang, China). A predetermined
quantity of S-NCA was thoroughly mixed with PVC using a planetary ball mill to ensure homogeneity. Subsequently, batches of 5g of
the mixture were subjected to roasting in a muffle furnace in the air atmosphere with a heating rate of 5 °C/min, while the generated
gases were efficiently absorbed by the fume hood ventilation system. Following roasting, the resulting product underwent water
leaching in deionized water at a controlled temperature of 60 °C, and subsequent analysis allowed for the determination of elemental
concentrations during the leaching process. The brand of the Muffle furnace is Kejing, the model is KSL-1100X, and the furnace body
size is (130*100%*100 mm). After the leaching, the residue is collected and the lithium-rich solution is used for the subsequent lithium
deposition step.

The leaching rate of the metal in S is calculated by eq (1):

cg XV
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Where 17, represents the leaching efficiency of the “s” element, m; and w; are the mass of the S-NCA and the content of element “s” in it,
¢s and V is the concentration of element “s” and volume of the leaching solution.

2.2. Material characterization

The X-ray diffraction (XRD, 2Empyrean 2, PANalytical) spectroscopy technique was employed to investigate the structural evo-
lution of the material. The microstructure and elemental distribution of the reaction were examined using scanning electron micro-
scopy (SEM, JSM-6360LV, JEO), transmission electron microscopy (TEM), and energy-dispersive X-ray spectroscopy (EDS).
Quantitative measurements of the precursor composition were conducted using inductively coupled plasma-optical emission
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Fig. 3. XRD patterns of the mixture and products after roasting at various temperatures (300-700 °C).

spectrometry (ICP-OES) with the ICAP7400 radial instrument from Thermo Fisher. The valence state of the elements was characterized
by X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific K-Alpha, China).

3. Results and discussion

Based on the process schematic of the lithium extraction reaction through PVC thermal decomposition synergy, as shown in Fig. 1,
PVC decomposes into HCI and hydrocarbon compounds during the heating process. Among them, HCl reacts with NCA under heating
conditions, generating soluble lithium salts and oxides. Further separation of nickel-cobalt-aluminum oxides and lithium carbonate
can be achieved through water leaching and sodium carbonate precipitation.

The recovery rate of various metals is an important indicator in the metal recovery process. Due to the formation of soluble lithium
salts and insoluble oxides when S-NCA is mixed with PVC during roasting, the mixture can be separated through water leaching.
Therefore, the recovery rates of various metal elements under different experimental conditions were studied. Firstly, the leaching
rates of Li, Ni, Co, and Al at temperatures ranging from 400 to 700 °C are shown in Fig. 2a. As the temperature increases from 400 °C to
600 °C, the leaching rate of Li increases from 75.36 % to 94.37 %. However, as the temperature continues to rise to 700 °C, the leaching
rate of Li decreases significantly. This may be due to the loss of Li caused by other components of PVC decomposition being carried into
the air. At all temperatures, the leaching rates of Ni, Co, and Al remain low, so 600 °C was chosen as the roasting temperature for S-NCA
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Fig. 4. XPS spectra of products reacted at 600 °C for 0, 1, 3 h a Survey spectra; b high-resolution C 1s spectra; ¢ high-resolution Li 1s spectra; d high-
resolution Ni 2p spectra.

and PVC.

In traditional roasting experiments, longer roasting time can achieve better results. However, considering energy consumption and
time costs, it is necessary to explore the shortest roasting time. The results at different roasting times are shown in Fig. 2b. When the
roasting time increases from 1 h to 3 h, the leaching rate of Li reaches its maximum at 2 h. The low leaching rate of Li at 1 h can be
attributed to an incomplete reaction, while the Li loss at 3 h is not due to an incomplete reaction. Based on the above conditions, the
optimal roasting conditions for PVC and S-NCA can be determined as follows: temperature of 600 °C, S-NCA/PVC mass ratio of 1:4, and
roasting time of 2 h.

Furthermore, the mass ratio of the mixed raw materials will greatly determine the leaching rates of the metal elements. The roasting
experiments were conducted with different mass ratios of the two raw materials. The relevant data are shown in Fig. 2c. Interestingly,
the leaching rate of Li shows a peculiar trend. When the mass ratio of S-NCA: PVC increases from 1:3 to 1:4, the leaching rate of Li
increases significantly. However, as the proportion of PVC continues to increase, the leaching rate of Li decreases. This can be
attributed to the excess gas produced by PVC decomposition carrying away some Li. The leaching rates of Ni, Co, and Al are very low in
the leaching process. The S-NCA/PVC mass ratio of 1:4 is economical and practical.

In order to study the phase transformation of S-NCA during roasting, XRD analysis was performed on the roasting products at
different temperatures. From Fig. 3, it is clear that the peak of S-NCA is evident under the roasting condition of 300 °C, and a small
amount of LiCl is formed, indicating that the structure of S-NCA is not destroyed at this temperature. Since LiCl easily absorbs moisture
from the air, a portion of LiCl in the roasting product may exist in the form of LiCl-H,0. When the temperature rises to 400 °C, the
intensity of the NCA characteristic peak decreases, and NiO phase gradually forms. In previous studies [26,27], the reduction of NCM
was followed by the formation of NiO, indicating that the experiment was successful. In addition, since the raw material used is
LiNig gCog.15Al0.0502, the generated product is mainly NiO and contains a small amount of Co, so Ni-Co-O is used instead in this paper
[27].

At a roasting temperature of 500 °C, the NCA peak becomes weaker, and the peaks of LiCl and NiO begin to appear. This suggests
that further decomposition and phase transformation of S-NCA have occurred, resulting in the formation of lithium carbonate and
cobalt oxide compounds. As the temperature reaches 600 °C, the S-NCA peak disappears completely, indicating complete decompo-
sition of S-NCA. The major phases observed in the roasting product are LiCl-H50, LiCl, and NiO. This confirms the successful con-
version of S-NCA into lithium carbonate and cobalt-nickel oxides under these conditions. Additionally, the XRD analysis of the roasting
product at 600 °C shows the absence of PVC-related peaks, indicating that PVC has been completely decomposed and eliminated
during the heating process. This further supports the efficiency of the PVC thermal decomposition synergy method for lithium
extraction. The possible reaction is as follows:

LiNi.Co,Al,0, + (CHCI — CH,), + O, - LiCl+ Ni,Co,Al.O + C.H, 0,

To gain insights into the elemental transformations during the S-NCA and PVC roasting process, X-ray Photoelectron Spectroscopy
(XPS) analysis was conducted under the optimal conditions, except for the variation in roasting time. The temperature was set at
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600 °C, and the duration was varied from 0 h to 3 h to elucidate the reaction mechanism more effectively. Fig. 4a presents the XPS full
spectra of different reaction stages, highlighting the corresponding characteristic peaks of O 1s, C 1s, Cl 2p, and Li 1s, confirming the
release of lithium species. The carbon signals primarily arise from the deposition of carbonaceous compounds.

Further analysis focused on three key elements: Li, C, and Ni. The C 1s spectra revealed the presence of C=0 chemical bonds at
288.66 eV, with respective contents of 13.79 %, 10.71 %, and 9.09 % at 0, 1, and 2 h (Fig. 4b). However, after 3 h of roasting, the C=0
peak disappeared, replaced by C-O and O-C=0, indicating the formation of carbonate compounds on the product surface. In the case
of Li, the Li 1s spectra indicated the presence of a small amount of Li;CO3 on the product surface during the 0-2 h process, accounting
for approximately 14 % of the total Li species. This suggests that the initial form of lithium is LiCl. However, with an extended roasting
time of 3 h, there was a noticeable change in the LioCOs-to-LiCl ratio, with Li;CO3 occupying approximately 56.82 % of the total Li
species. This increase can be attributed to the evaporation of LiCl and its subsequent conversion into Li;COs, which aligns with the
results obtained from the 3-h leaching process (Fig. 4c). Moreover, the leaching rate of Al exhibited a slight increase after 3 h of
roasting. This finding suggests a possible reaction equation (2):

6LiCl+3C + ALO; + 30, = 3Li,CO; + 2AICI, 2)

In the case of Ni, the Ni 2p spectra revealed an increasing content of Ni2" on the product surface with prolonged roasting time, from an
initial content of 23.07 %-64.52 % (Fig. 4d). This indicates the transformation of Ni species in NCA to NiO during the roasting process.
After 3 h, almost all Ni on the product surface existed as Ni>*, which can be attributed to the oxidation of NiO to Ni** over an extended
duration in an air atmosphere. These results further support the understanding of the transformation mechanism during the roasting
process (Fig. 4d).

SEM analysis was performed on the products obtained after 0 h and 2 h of roasting at 600 °C under the optimized conditions. The
SEM images revealed significant particle fragmentation in the S-NCA particles during the initial stage of roasting (0 h) (Fig. 5a).
However, at 1h, spherical S-NCA particles with good uniformity were observed, indicating that the reaction between S-NCA and PVC
caused structural damage to some NCA particles, while others retained their original morphology, which is advantageous for subse-
quent reuse (Fig. 5b and c). The SEM analysis of the products after 2 h of roasting displayed a large number of intact spherical NCA
particles (Fig. 5¢). EDS mapping further conform the existence of Ni, Cl, and O at different reaction time (Fig. 5d and e).

The combustion products at 0 h and 2 h were subjected to TEM analysis to examine their microstructure. Prior to TEM analysis, a
dispersion process was applied, leading to the detachment of substances adhering to particle surfaces while retaining a small amount.
In the Oh product images, the main body comprises NiO, with a pasty LiCl layer on the surface. Focusing on this region causes the LiCl
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reacted at 600 °C for 0 h; g mechanical diagram for Li * extraction from S-NCA under PVC roasting.

substance to disappear (Fig. 6a and b). HRTEM at the particle edges reveals clear lattice fringes with a spacing of 0.42 nm, corre-
sponding to the (003) crystal plane of NMA that has not undergone lithium removal (Fig. 6¢). After a 2 h reaction, the decomposition of
the peripheral LiCl phase during the shooting process was similarly observed (Fig. 6d, e). Simultaneously, high-resolution images of
the particles show the absence of distinct (003) crystal planes, indicating a more thorough lithium removal reaction (Fig. 6f).
Combining SEM analysis, a plausible lithium removal mechanism was proposed (Fig. 6g). In the heating environment, the decomposed
HCl reacts with NCA in a gas-solid reaction. Lithium gradually leaches out from the lattice, forming a thermodynamically stable LiCl
phase on the surface, ultimately resulting in nickel-cobalt-aluminum oxide enveloped by LiCl.

Overall, the XPS, SEM, EDS, and TEM analyses provided valuable insights into the elemental transformations and morphological
changes occurring during the S-NCA and PVC roasting process. These findings contribute to a better understanding of the reaction
mechanism and offer guidance for optimizing the process conditions and product quality.

4. Conclusion

In conclusion, this study proposed a selective lithium extraction strategy using PVC plastic pyrolysis atmosphere. The efficient and
selective lithium leaching was achieved by utilizing the HCI gas generated from PVC pyrolysis in a gas-solid reaction with S-NCA
material. The gas-solid lithium extraction mechanism was elucidated through SEM, TEM, XRD, XPS, and EDS characterizations at
different reaction stages. Under the optimized conditions of a roasting temperature of 600 °C, S-NCA/PVC mass ratio of 1:4, and a
roasting time of 2 h, a lithium extraction efficiency of 94.37 % was achieved. This work provides a novel approach for the valorization
of PVC pyrolysis and lithium extraction from S-NCA, opening up new avenues for future research in these areas.
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