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Abstract

The recycling of waste resources, such as spent catalysts, primarily involves leaching and extracting metal components via
smelting. These metal components are then recovered as salts, such as sulfates and nitrates. When crystallization occurs during
the calcination of the recovered salts, the salts are converted into oxides, which are then reduced to form metals or ceramic
materials. Common reducing agents used in oxide reduction include hydrogen and carbon, and metal powders are obtained upon
reduction. Carbide synthesis can occur if the recycled element is a transition metal and carbon is used as the reducing agent.
Despite being ceramic materials, transition metal carbides exhibit excellent conductivity owing to their metallic bonding.
Recently, MXene, a two-dimensional transition metal carbide, has gained attention for electromagnetic wave shielding,
secondary battery electrodes, and water purification owing to its electrical conductivity and large surface area. This study
developed a process for synthesizing high-value MXene materials from waste resources. The properties of these MXenes were
evaluated to confirm the potential of using waste resources as raw materials for MXenes.
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Table 1. Thermodynamic properties for hydrogen reduction
reactions of V,0s and TiO,>?

Temp. (K)| Reaction | AG® (J/mol) K, Pio/Puzo
200 o) 1847719 | 8.6x10"° 258.8
) 3911482 | 2.9x10% | 5.9x10"
000 1) 170380.9 | 1.3x10™° 95.0
) 3841804 | 5.0x10% | 1.4x10"
1000 1) 1607053 | 4.0x10% 47.7
) 3774592 | 1.9x10% 7.2x10°
1100 1) 1547227 | 4.5x10% 29.5
) 370937.7 | 2.4x10™ 6.4x10°
1200 1 1493747 | 3.1x10 20.0
) 364418.8 | 1.4x107° 8.5%x107
1300 (1) 144558.8 | 1.6x10™% 14.5
) 357867.3 | 4.2x10° 1.5%10’
1400 o) 140189.6 | 5.9x10% 11.1
) 351460.8 | 7.7x10™* 3.6x10°
1500 1 136195.1 | 1.8x10™ 8.9
) 3451753 | 9.5x10™ 1.0x10°
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Fig. 1. Process for recycling of waste resources including transition metals (V, Ti).
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Table 2. Thermodynamic properties for carbothermal re-
duction reactions of V,0s and TiO,>¥

Temp. (K)| Reaction | AG® (J/mol) K, Pco (atm)
200 3) 103325.6 | 1.8x107 0.05
4) 261757.1 | 8.1x10™"® | 2.8x10”
(3) 19340.6 0.08 0.6
900 14 7
) 2272434 | 6.5x10 2.5x10
(3) -59968.4 1356.9 42
1000 " P
4) 192957.9 | 8.3x10 9.1x10
1100 (3) -135561.8 | 2.7x10° 19.4
) 158885.6 | 2.9x10°® 0.0002
1200 3) 2104547 | 1.4x10° 68.0
) 1250112 | 3.6x10° 0.002
1300 3) -2847182 | 2.8x10" 194.1
) 913202 | 0.0002 0.01
1400 (3) -358414.9 | 2.4x10" 472.7
) 57799.0 0.007 0.08
1500 3) -431599.3 | 1.1x10" 1014.0
4) 244351 0.1 0.4
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Fig. 2. Phase evolution after high energy milling and carbothermal reduction of (a) V,0s and (b) TiO,.
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