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Abstract

:

In this paper, mechanical stirring and ultrasonic treatment are used to separate graphite electrode materials from copper foils in recycling spent lithium-ion batteries (LIBs). Firstly, the effects of ultrasonic power (60–180 W), ultrasonic time (1–8 min), stirring speed (420–2000 rpm), and stirring time (1–8 min) on the abscission rate of active material on copper foil were studied. It was found that the peeling-off ratio of electrode material under ultrasonic treatment was 91.34% compared with stirring treatment (84.22%). The removal of electrode material from copper foil during stirring was mainly through mechanical scrubbing. As a comparison, the generation of the microjets induced by ultrasound, the local high-temperature and high-pressure environment, and the free radicals during ultrasonic treatment are the key factors to further improve electrode material removal efficiency. An integrated ultrasound-mechanical stirrer technique can achieve a high-efficient separation performance (approximately 100% peeling-off ratio) of anode electrode materials from copper foils. The effects of mechanical stirring speed, temperature, and treatment time on the peeling-off ratios of the ultrasound-mechanical stirrer-assisted system were investigated. Finally, the results of XRF (X-ray fluorescence spectrometer), XRD (X-ray diffraction), and SEM-EDS (scanning electron microscopy coupled with energy dispersive X-ray spectroscopy) showed that the as-separated graphite electrode material had high purity and contained almost no copper foil impurities. Numerical simulation analyses briefly showed that the difference between pressure and ultrasonic temperature changes in the boundary between different anode layers (graphite on copper foil in aqueous solution) was the main effective factor in the considerable separation of graphite from copper anode foil under ultrasonic-assisted delamination.
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1. Introduction


The manufacturing of lithium-ion batteries faces the dilemma of resource depletion due to the substantial consumption of metals such as lithium, cobalt, nickel, and manganese [1,2,3]. Due to the rapid increase in demand for lithium-ion batteries and modernization, proper disposal processes for the spent lithium-ion batteries (LIBs) are crucial to reduce their environmental impact and improve waste management [4,5].



The pretreatment of spent LIBs can be categorized into various processes, including discharge, dismantling, comminution, classification, separation, dissolution, and thermal treatment [6]. Effective exfoliation of electrode materials, including the liberation between the electrode material and current collector (copper/aluminum foils) and the liberation among electrode material particles, is the pivotal precondition for improving the recovery efficiency of electrode materials [7].



Chemical and physical methods are frequently employed to liberate electrode materials from foils, and mechanical crushing is another common technique for separating the anode-active material from aluminum foil in spent LIBs. This method can concentrate the cathode material in the fine-grained material and the aluminum foil in the coarse-grained material through crushing and shearing [8]. However, the electrode material obtained by crushing often contains organic pollutants such as vinyl carbonate and PVDF on its surface [9]. Several effective methods, such as the heating process, the organic solvent dissolution method, low-cost deep eutectic solvents, and oxidation treatment can be used to remove organic binders [7,10,11,12,13,14,15]. In comparison to high-temperature pyrolysis and organic solvent dissolution methods, the oxidation process has the advantage of avoiding issues such as high energy consumption and environmental impact [16].



Ultrasonic treatment is a promising method for improving the liberation of cathode materials from aluminum foils [17]. The mechanical, chemical, and thermal effects induced by cavitation during ultrasound treatment can enhance leaching reactions and promote the oxidation of organic materials [18,19,20,21]. It should be noted that ultrasound treatment alone cannot achieve the complete liberation of cathode material from Al foil, even with relatively short treatment times and low input power in water, resulting in a shedding efficiency of only approximately 74%. Similarly, complete degradation of the organic binder in an aqueous medium requires an extended period of ultrasonic treatment. As the duration of ultrasonication is increased, shedding efficiency improves. However, it should be noted that the middle section of the aluminum foil begins to show “pinholes”, while the edge part begins to break [22]. Li et al. [17] reported that simultaneous employment of agitation and ultrasonic washing could almost completely separate all electrode materials from Al foils, but with the downside of serious erosion of the Al foil edges. These aluminum foils mixed into the cathode material are not conducive to the subsequent recycling and re-generation of the cathode material [6,7,22]. Inorganic and organic acids were employed to further enhance the peeling-off efficiency of the cathode material by ultrasound-assisted treatment [23,24,25]. In addition, oxidation processes (H2O2 and Na2S2O8) assisted by ultrasound are proposed to efficiently liberate cathode electrode materials from the Al foils [10,26,27,28,29]. The oxidation process is more efficient in degrading organic binders than organic/inorganic acids. The cathode materials and foils obtained from the ultrasound-oxidation treatment can retain their original states because only the PVDF binders are degraded without the destruction of other components.



Generally, the recycling of SLI batteries is relatively complex, involving multiple technologies, complete pollution risks, and technical defects, which necessitates exploration for new methods with more environmentally friendly procedures and higher efficiency. Ultrasonication has been widely applied in the recycling of SLI batteries. A large number of papers have been published on the liberation of Al foils from cathode materials, which emphasize the challenge of separation due to the strong bonding capacity of organic binders, mainly composed of polyvinylidene difluoride (PVDF) [30]. As a comparison, there are rare systematic studies on the liberation of anode materials from the Cu foils as anode electrodes. Natarajan et al. [31] reported that ultrasound treatment for 120 min could achieve the separation of graphite material from the Cu foil. The excessively long ultrasound treatment leads to a larger amount of energy consumption [32], making the decrease in treatment time in the absence of ultrasound important for industrial application. It should also be noted that due to the acoustic attenuation effect, the ultrasonic cavitation intensity gradually decreases as the distance from the probe increases [33].



Thus, the combination of mechanical agitation and ultrasound is proposed to achieve a higher level of reaction and separation with a relatively lower ultrasound input power. According to Ferrero and Periolatto [34], the combination of ultrasound and mechanical agitation resulted in a significant reduction in treatment time required to achieve a 100% exhaustion level of dye-stuffs. This can be attributed to the efficient convective movements, which ensured a rapid supply of dye molecules onto the fiber surface. Additionally, studies have shown that the combination of ultrasound and agitation stirring can improve various processes, such as the emulsification of crude glycerol and bio-oil [35], plant extraction [36,37,38,39], wood dyeing [34], and degradation of aqueous organic pollutants in water [40].



However, there is currently a lack of systematic studies on the application of this combination for liberating electrode materials from metal current collectors, such as Cu and Al foils. It is worth noting that organic binders used in cathodes have a weaker bonding capacity than those used in anodes. As compared to cathode separation, the complete liberation of anode material from Cu foil through ultrasound-assisted treatment can be achieved in water using a short ultrasonication time and low ultrasound power, thereby reducing the erosion of the metal foil.



The existing literature has mainly focused on the recycling of cathode materials and other valuable materials, while there is a lack of published literature on the recycling and reuse of graphite materials from spent LIBs [30,41,42]. To address this gap, this study presents a systematic investigation on the separation of graphite from the Cu electrode foil of spent LIBs using ultrasound and mechanical agitation.




2. Materials and Methods


2.1. Materials and Preparations


Spent ternary LIBs (18,650 type) used in cars were collected from battery recycling stations located in Xuzhou, China. The batteries were discharged using a 20% NaCl solution for 24 h, and then washed with tap water. The spent LIBs were dried and manually disassembled, and the graphite-covered anode electrodes were cut into pieces of size 1 cm × 1 cm using scissors (Figure 1).




2.2. Peeling-Off Tests (Ultrasonication and Mechanical Stirring)


A peeling-off system (Figure 2). The mechanical stirrer used was a JJ-1B constant speed electric blender manufactured by Changzhou Aohua Instrument Co., Ltd. (Changzhou, China), equipped with a leaf-type agitator paddle (M1304 w standardized). The engineering and operating properties of the mechanical stirrer were described in our previous work [43]. The peeling-off experiment process began by placing the required mass of cut Cu electrodes in a flask, followed by adding the required volume of water to the flask. The electric mixer was then extended into the flask, and its speed and treatment time were adjusted to achieve maximum peeling-off efficiency. For all peeling-off tests, 1 g of cut Cu electrodes was dispersed in 200 mL of water in a 250-mL Erlenmeyer Flask.



A Skymen JM-07D-40 ultrasonic cleaner, operating at an ultrasound frequency of 40 kHz, was procured from Skymen Cleaning Equipment Shenzhen Co., Ltd. (Shenzhen, China). The ultrasound power and treatment time were adjusted to optimize the peeling-off efficiency. The distance between the bottom of the paddle and the flask was maintained at 0.1 cm. All experiments were performed at room temperature (25 °C), unless otherwise stated. Following the peeling-off test, the Cu electrodes were washed, dried at 60 °C, and weighed. The dried graphite material was obtained after 12 h of drying, after which no further reduction in the measured mass was observed. To ensure the reliability of the experimental results, all peeling-off experiments were repeated three times. The peeling-off ratio of the graphite electrode material was calculated using Equation (1) [15]:





  Peeling-off   ratio   =      m 1     m 1    +    m 2     



(1)




where m1 (g) stands for the mass of the peeled-off graphite and m2 (g) is the mass of the residual graphite on the surfaces of the Cu foils.




2.3. XRF, SEM-EDS, and XRD Measurements


The samples were characterized using an X-ray fluorescence spectrometer (XRF, Bruker S8 Tiger, Bruker, Germany), and the carbon content (C) in graphite was determined. The spectrometer was equipped with a Soller optical system, an X-ray tube with a Rh anode, and an 8-mm collimator mask suitable for measuring small-sized samples.



The peeled-off graphite samples were analyzed using a scanning electron microscope (SEM FEI QUANTA 250, FEI Company, Hillsboro, OR, USA) incorporated with an Energy Dispersive X-Ray Spectrometer (EDS). The SEM images were obtained at 20 kV accelerating voltage. To enhance the surface conductivity, all samples were sputtered with a gold layer before conducting the SEM experiments. The SEM and EDS images were combined to produce more distinctive results.



The sample was analyzed by the X-Ray diffraction method (D8 Advance, Bruker Company, Germany). XRD patterns were obtained with a D/MAX-2500 pc powder diffractometer using Cu-Kα (λ = 1.54 Å) radiation generated at 40 kV and 40 mA at China University of Mining and Technology. The samples for XRD analysis were measured from 5° to 50° (2θ) with a step size of 0.02° (2θ) and a counting time of 0.2 s per step. The detailed operating process of the XRD measurements was described in a previous work [44].




2.4. Simulation Process


The hypothetical geometry of a piece of the anode part is shown in Figure 3. To gain a better understanding of the delamination mechanism of graphite (G) from the copper (Cu) anode surface, the multilayer anode material was subjected to ultrasonic mechanical waves in a simulated environment to investigate the structural changes induced by ultrasonic effects. These effects are only simulated to qualitatively justify the mechanism.





3. Results and Discussion


3.1. Mechanical Stirring Treatment


Figure 4 illustrates the effects of mechanical stirring speed and stirring time on the peeling-off ratios of the graphite. The peeling-off ratio significantly increased from ~43% to ~86% with the increase in stirring speed (Figure 4a). It was visually observed that there is a significant increase in maximum height of the liquid inside the Erlenmeyer flask, indicating the increase in the size of vortex and the enhancement in the macroscopic flow motion. Furthermore, it was demonstrated that the shear intensity was promoted at higher mechanical stirring speed, resulting in azimuthal velocities (plane circles around the vertically-oriented impeller shaft) [45]. Thus, at high speed, the high shear was helpful in the exfoliation of graphite from the Cu foil surface, and the intensified convention promoted the transfer of the liberated graphite.



The peeling-off ratio was found to increase as stirring time increased (Figure 4b) at a constant stirring speed of 2000 rpm. After 5 min of stirring, the peeling-off ratio remained stable at approximately 86%. While mechanical agitation treatment was able to liberate graphite from the Cu foil surface, a portion of the graphite remained bonded to the Cu foil surface. This limitation is attributed to fact that the maximum shear effect induced by mechanical stirring was not high-efficient to completely destroy the bonding interaction between graphite and the Cu foil surface.




3.2. Ultrasound Treatment


Ultrasound treatment was independently used to further enhance the peeling-off ratio. Figure 5 illustrates the effects of ultrasonication power and time on the ratio. As shown, an increase in ultrasound power led to a significant increase in the ratio from ~35% to ~91% (Figure 5a). Moreover, the ratio was further increased to ~95% with an increase in ultrasonication time from 5 min to 8 min (Figure 5b).



The ultrasound-assisted treatment produced a significantly higher peeling-off performance (~95%) compared to the mechanical agitation treatment (~86%). The increase in the peeling-off ratio was attributed to the increase in the frequency of ultrasound cavitation events. The greater ultrasound input power can decrease the threshold of transient cavitation, leading to an increase in the number of collapsed bubbles and faster microjets [33]. Experimental results in Figure 6 demonstrate that the measured cavitation intensity increased with the increase in ultrasound power intensity [46].



Acoustic cavitation can produce both isotropic and anisotropic bubble collapse, resulting in shock waves and microjets (Figure 7). Compared to the mechanical agitation, ultrasound-induced transient cavitation (bubble collapse) can generate microjets with a speed of around 110 m/s, along with a strong impact force, resulting in a collision density as high as 1.5 kg/cm2, local high temperature (1000 s of Kelvin) and high pressure (100 s of atmospheres) [18]. Moreover, the generated radicals can also act as oxidants to promote the liberation process. Similar enhancement phenomena have been observed in the ultrasound-assisted liberation of cathode materials from Al foils [10,26,27,28,29]. In aqueous reactions, the formation of free radicals in an acoustic field is described as follows [47]:


    H   2   O →   H   +   +   O H   −    



(2)






    H   +   +   H   +     → H   2    



(3)






    O H   −   +   O H   −     → H   2     O   2    



(4)






    H   +   +   O H   −     → H   2   O  



(5)







The free radicals generated during the acoustic cavitation can decompose the organic binders present between the graphite electrode material and the Cu foil. The number of generated radicals is controlled by the temperature inside the collapsing bubbles, which can be increased by enhancing sonication power, exceeding external pressure, and reducing external (solution) temperature. This can lead to the creation of more radicals and further promote the liberation process [48].
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Figure 7. Diagram of (a) shock wave and (b) microjet generated by cavitation bubble collapse. Remodified from Kim et al. [49]. 






Figure 7. Diagram of (a) shock wave and (b) microjet generated by cavitation bubble collapse. Remodified from Kim et al. [49].
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3.3. Ultrasound-Assisted Treatment Coupled with Mechanical Stirrer


The combination of ultrasound and mechanical agitation (referred to as ultrasound-mechanical stirrer) tests were performed with an ultrasound power of 182 W and mechanical impeller speed of 2000 r/min. Figure 8 shows the effect of treatment time on peeling-off ratio for the ultrasound-assisted treatment coupled with mechanical stirrer. Under different treatment times, the peeling-off ratio for the ultrasound-mechanical stirrer was significantly increased compared to ultrasound and mechanical stirring treatment alone (Figure 8). With the increase in the treatment time from 1 min to 8 min, the peeling-off ratio of ultrasound-mechanical stirrer increased from ~87% to ~98%. The ultrasound-mechanical stirrer was able to produce a relatively high peeling-off ratio in a short time of 1 min, which is attributed to the synergistic effect of mechanical agitation convection and acoustic cavitation phenomena.



The results presented in Figure 9 indicate that the peeling-off rate of the ultrasound-mechanical stirrer was highly dependent on the stirring speed. At a lower stirring speed of 400 rpm, the peeling-off rate was significantly improved by the presence of ultrasound (~100%) compared to that of mechanical stirring alone (~43%). This improvement can be attributed to the physical and chemical effects induced by ultrasonic cavitation. Figure 10 shows the effect of temperature on the peeling-off rate of the ultrasound-mechanical stirrer. It was observed that high-efficient separation can be achieved at a low temperature of 30 °C. However, with an increase in the temperature, there was a slight decrease in the peeling-off rate. This decrease can be attributed to the deterioration of the cavitation intensity at a relatively high temperature, which can be attributed to the changes in saturated vapor pressure, viscosity, and gas content [33,48,50].



The combination of ultrasound and mechanical stirring provides a synergistic effect that enhances the peeling-off rate of graphite electrode material from copper foil. The microjet generated by ultrasound, the local high-temperature and high-pressure environment, and the generated free radicals promote the separation of the graphite electrode material and copper foil at the micro-scale level. Mechanical stirring improves the convection intensity of the fluid in the conical flask, facilitating the rapid transfer of the peeled-off graphite electrode material from the surface of the copper foil. This allows the remaining graphite electrode material that is closely bonded with the copper foil to be fully exposed to the ultrasonic field, further improving the peeling efficiency. The combined effects of ultrasound and mechanical stirring result in a peeling-off rate of approximately 100% for the ultrasound-mechanical stirrer.




3.4. XRD, XRF, and SEM Analysis of Liberated Graphite Electrode Material


Figure 11 presents the comparative XRD patterns for the fresh graphite material in its pristine state and the spent LIB graphite material liberated from Cu foil. The XRD pattern of the fresh graphite material is taken from the literature [51]. The XRD analysis showed high-intensity peaks near 26.5, consistent with the XRD pattern of standard graphite (Figure 11). This peak corresponds to the diffraction peak of the crystal plane of graphite 002, indicating that the graphite material exhibits typical graphite characteristics and good crystallinity [51,52]. The absence of the stray peaks further proved the purity of the graphite electrode material liberated from Cu foil.



The Bragg equation was used to calculate the interlayer spacing (d002) [52]:


  2   d   002   s i n   θ   = λ  



(6)







The wavelength (λ) by Cu Kα radiation was 0.15418 nm. The diffraction angles (θ) of the 002 peaks for pristine state and spent LIB graphite electrode materials in Figure 11. were 26.5770° and 26.4991°, respectively. The calculated interlayer spacing (d002) for pristine state and spent LIB graphite electrode materials were 0.3351 nm and 0.3361 nm, respectively. The conclusion can be drawn that the interlayer spacing (002) of the spent LIB graphite electrode material increased compared to the pristine state. This increase in interlayer spacing can be attributed to the transport behavior of lithium ions between the carbon layers of the graphite electrode during the charging and discharging process of LIBs [41,53].



Meanwhile, the XRF results presented in Table 1 show that the graphite electrode material had a high carbon content (C) of 99.85%. Additionally, the SEM images of the liberated graphite electrode material (Figure 12) showed that the particles were smaller than 50 μm, which is consistent with the particle size reported by Nazari et al. [51] for pristine graphite material (with an average size (d90) of 36 μm). Therefore, it can be inferred that the ultrasound-mechanical stirrer effectively dispersed the graphite particles.



The EDS measurement was coupled with SEM to evaluate the possibility of Cu foil contamination on the liberated graphite electrode material. Figure 13 presents the SEM-EDS result of the liberated graphite electrode material. As shown in Figure 13, oxygen element (15.07 Wt.%) was mostly distributed in the conductive substrate comparted to the graphite particle surface, indicating that the graphite material did not contain oxygen element. Although there was a trace of Cu on the surface of graphite material particles, the signal of the Cu element was also detected on the conductive substrate. Therefore, it was concluded that the liberated graphite electrode material had good purity with no significant contamination from the Cu foil.




3.5. Numerical Simulation


Numerical simulation analyses revealed that the main effective factor in the separation of graphite from copper anode foil under ultrasonic-assisted delamination was the difference between pressure and ultrasonic temperature changes in the boundary between different anode layers (graphite on copper foil in aqueous solution), as shown in Figure 14. Although the pattern of stress and pressure changes varied in the directions of particles near the ultrasonic source, the analysis still showed structural changes in the boundary of the anode layers due to the different properties of attached layers of copper and graphite, which appeared to be the main reason for the increase in graphite separation from the anode. Therefore, in addition to facilitating mass transfer, stirring can have a significant effect on increasing stresses and intermittent ultrasonic pressures in different directions, thus increasing the time and efficiency of separation of graphite from the copper surface.



Figure 15 shows the graphical analysis of displacement changes caused by compressive stresses from ultrasonic irradiation for different directions of the anode-layered segments compared to the radiation source. The figure highlights the importance of mixing and ultrasonic synchronicity in achieving efficient graphite separation. Changes in the direction and magnitude of compressive stresses and displacements caused by varying the angle of different layers of the anode electrode (copper-graphite) relative to the ultrasonic source can improve graphite separation efficiency. This directional change can be achieved through appropriate mixing and stirring. In addition, the figure shows that, without ultrasonic irradiation, the compressive stress and strain are negligible. However, as the frequency of ultrasonic irradiation increases, the density of stress and resulting strain distribution also increase, which can enhance the time and efficiency of separation.





4. Conclusions


Overall, the study investigated the peeling-off ratio of graphite anode material from Cu foils using mechanical stirring and ultrasound treatments, as well as the combined effects of these processes. XRD, XRF, and SEM-EDS were used to characterize the liberated graphite anode material, which demonstrated good purity. Numerical simulations were used to understand the mechanisms behind ultrasonic and agitation-mediated delamination of anode electrode layers. The results showed that the use of agitated stirring along with low-frequency and energy ultrasonic (40 kHz, 50 W) can provide near-complete recycling (more than 98% graphite recovery) of these valuable materials. The study suggests that combining ultrasonic and mixing agitation can lead to an inexpensive and scalable high-volume method for recycling added value from discarded lithium-ion batteries. Future work will include further studies on the details of the simulation method.
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Figure 1. The schematical diagram of the preparation of the cut Cu electrodes. 
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Figure 2. Diagram of the peeling-off experimental system of the cut Cu electrodes in (a) a mechanical stirrer, (b) an ultrasonic cleaner, and (c) the combined process of a mechanical stirrer and an ultrasonic cleaner. 
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Figure 3. A piece of an anode electrode for qualitative simulation purposes. 
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Figure 4. Effects of mechanical stirring speed ((a) 5-min stirring time), and stirring time ((b) 2000 r/min) on peeling-off ratios of the graphite. 
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Figure 5. Effects of ultrasound power ((a) 5-min ultrasonication time) ultrasonication time ((b) 182 W ultrasound power) on peeling-off ratios of graphite. 
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Figure 6. Effect of power intensity on cavitation intensity in a 40 kHz ultrasonic cleaner (25 °C, 15 L water) (modified from [46]). 
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Figure 8. Effect of treatment time on peeling-off ratio of ultrasound-mechanical stirrer. 
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Figure 9. Effect of mechanical stirring speed on peeling-off ratio of ultrasound-mechanical stirrer. 
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Figure 10. Effect of temperature on peeling-off ratio of ultrasound-mechanical stirrer. 
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Figure 11. Comparisons of the XRD patterns of unused (pristine state) and used graphite electrode materials. 
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Figure 12. SEM image of the liberated graphite electrode material (the right image is an enlarged image of the red area). 
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Figure 13. SEM-EDS result of the liberated graphite electrode material. 
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Figure 14. Numerical simulation of layered copper-graphite anode material at various directions toward ultrasonic irradiation source. Rotation of the surface of chunks of anodic material: (a) with the proximity of graphite to the ultrasonic source, (b) with the proximity of copper to the ultrasonic source. 
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Figure 15. Increasing the density of displacements and acoustic compressive stresses as a function of increasing the frequency of ultrasonic irradiation (a) 0 kHz (without ultrasonics), (b) 10 kHz, (c) 20 kHz, (d) 30 kHz, (e) 40 kHz, and (f) 50 kHz. 
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Table 1. XRF analysis of the liberated graphite electrode material (Wt. %).
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	C
	Cu
	Mo
	S
	Zr
	Ru
	Fe





	99.85
	0.06
	0.031
	0.022
	0.017
	0.015
	0.005
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