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FIGURES
Fig. 1.1: A schematic of proposed processing route for battery waste
Fig. 2.1. Relative frequency distribution of LIB electrode powder vs
diameter (in um) for particle size analysis
Fig. 2.2: XRD pattern of the cathode active material of spent LIBs along
with the identified phases
Fig. 2.3: SEM-EDAX with elemental analysis of cathode active
material of spent LIBs
Fig. 2.4: SEM-EDAX analysis with mapping of constituent elements in
cathode material of spent LIBs
Fig. 2.5. Relative frequency distribution of NiMH battery electrode
powder vs diameter (in um) for particle size analysis
Fig. 2.6: XRD of the spent Ni-MH battery electrode powder
Fig. 2.7: SEM-EDAX of the spent NiMH battery electrode powder
Fig. 2.8: SEM-EDAX analysis with mapping of the constituent elements
in the spent Ni-MH battery material
Fig. 3.1: Eh-pH diagram for [a] Li-H,O, [b] Ni- H,O, [¢] Co- H,O and
[d] Mn- H,O system at 298 K
Fig. 3.2: Effect of acid concentration on the leaching of cathode active
material (a) HCI, (b) HySO4, 368 K, 50 g/L pulp density, 240 min.
Fig. 3.3: Effect of time on the leaching of metals using 1 M H,SO, at
368 K and 50 g/L pulp density.
Fig. 3.4: Effect of stirring speed on the recovery of metals from cathode
active material using 1 M H,SOy4 at 368, 50 g/L PD and 240 min
Fig. 3.5: Effect of pulp density on the leaching of cathode active
material using 1 M H,SO4 at 368 K in 240 min.
Fig. 3.6: Effect of temperature on the leaching of cathode active
material using 1 M H,SOy4 at 50 g/L in 240 min.
Fig. 3.7: Recovery of Li, Co, Ni and Mn from spent cathode active
material at various temperatures using 1M H,SOy4 at 50 g/L in 240 min
Fig. 3.8: Chemical controlled kinetic model for the leaching of metals
(a- Li, b-Co, ¢-Ni, d-Mn) in temperature range (308 -368 K)
Fig. 3.9: Diffusion controlled kinetic model for the leaching of metals
(a- Li, b-Co, c-Ni, d-Mn) in temperature range (308-368 K)
Fig. 3.10: Empirical model for kinetics of leaching metals (a- Li, b-Co,
c-Ni, d-Mn) in temperature range (308-368 K)
Fig. 3.11: Arrhenius plot for empirical kinetic model applied for lithium,
cobalt and nickel
Fig. 3.12: XRD pattern of the residues obtained in leaching at 368 K
and 50 g/L PD in 60 min (a), 120 min (b), and 240 min (c).
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Fig. 3.13: SEM-EDAX analysis of head sample (A) and residues in 60
min (B), 120 min (C) and 240 min (D) leaching with 1 M H,SO4 at 368
K and 50% PD

Fig. 3.14: Effect of NaHSOj; concentration on the leaching of metals
from cathodic powder in 1 M H,SO4 at 368 K and 20 g/L pulp density in
240 min.

Fig. 3.15: Effect of time on the leaching of metals using 1 M H,SO4 and
0.075 M NaHSOs; at 368 K and 20 g/L pulp density.

Fig. 3.16: Effect of pulp density on the leaching of cathode active
material using 1 M H,SO4 and 0.075 M NaHSO; at 368 K in 240 min.
Fig. 3.17: Effect of temperature on the leaching of metals from the
cathode material using 1 M H,SO4 and 0.075 M NaHSOj3 in 240 min at
20 g/L pulp density.

Fig. 3.18: Effect of temperature on the recovery of different metals from
LIBs at different time intervals

Fig. 3.19: Chemical controlled kinetic model for the leaching of metals
(a- Li, b-Co, c¢-Ni, d-Mn) by NaHSO3-H,SOy4 in temperature range (308-
368 K)

Fig. 3.20: Diffusion controlled kinetic model for the leaching of metals
(a- Li, b-Co, c-Ni, d-Mn) by NaHSO3-H,SO4 in temperature range (308-
368 K)

Fig. 3.21: Empirical model for the leaching of metals (a- Li, b-Co, c-Ni,
d-Mn) by NaHSO3-H,SO4 in temperature range (308-368 K)

Fig. 3.22: Arrhenius plot for the leaching of the metals from LIBs in the
temperature range 308-368 K

Fig. 3.23: SEM-EDAX analysis of residue at 240 min with mapping of
constituent elements

Fig. 3.24: Effect of concentration of H,O, on leaching of Li, Co, Ni and
Mn from cathode active material using 1M H,SO4, 20 g/L pulp density
at 368 K in 240 min

Fig.3.25: Eh-pH diagrams (368 K) for H,O; system: (a) Li-SOu, (b) Co-
S04, (c) Mn-SOy4, (d) Ni-SOy, in presence of other elements

Fig. 3.26: Effect of pulp density on the leaching of metals using 1 M
H,S04 and 5% H>0, at 368 K in 240 min.

Fig. 3.27: Effect of time on the leaching of metals using 1 M H,SO4 and
5% H,0, at 368 K and 50 g/L pulp density.

Fig. 3.28 Effect of temperature on leaching of metals in the presence of
H,05 as the reductant at 50 g/L pulp density and 1 M H,SOj in 240 min.
Fig. 3.29: Empirical model in leaching of metals (a- Li, b-Co, c-Ni, d-
Mn) by H,0,-H,SO4 in temperature range (308-368 K)
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Fig. 3.30: Arrhenius plot for the leaching of Li, Co, Ni and Mn from
cathode active material of LIBs at 368 K in presence of H,O,

Fig. 3.31: XRD analysis of residue after treatment of spent cathode
powder in 1 M H,SO4 and 5% H,0, in (a) 1 h, (b) 2 h at 368 K and 50
g/L pulp density

Fig. 3.32: SEM-EDAX of leach residue with H,O, in (a) 60 min, (b) 120
min at optimized conditions

Fig. 3.33: Effect of amount of sulfuric acid during baking on the
recovery of metals during leaching at 25% PD, 95 °C in 120 min.

Fig. 3.34: Effect of baking temperature on the recovery of metals during
leaching at 25% PD, 95 °C in 120 min.

Fig. 3.35: Effect of baking duration on the recovery of metals during
leaching at 25% PD, 95 °C in 120 min.

Fig. 3.36: Effect of leaching temperature on the recovery of metals by
water leaching of baked cathode active material in 60 min and 25% PD.
Fig. 3.37 Effect of pulp density on the recovery of metals by water
leaching of baked cathode active material in 60 min and 75 °C.

Fig. 3.38: Effect of time on the recovery of metals water leaching of
baked cathode active material at 75 °C. 25% PD

Fig. 3.39: Effect of addition of glucose on 2™ stage leaching of leach-I
residue

Fig. 3.40: Effect of temperature on 2" stage leaching of leach-I residue
using 1 M H,SO4 + 0.5 M HNO; and 2 % glucose.

Fig. 3.41: Effect of time on 2™ stage leaching of leach-I residue using 1
M H,S0O4 + 0.5 M HNOj and 2 % glucose.

Fig. 3.42: Effect of pulp density on 2™ stage leaching of leach-I residue
using 1 M H,SO4 + 0.5 M HNO; and 2 % glucose.

Fig. 3.43: XRD phase analysis of (a) baked cathode material; (b) 1%
stage water leached residue; (c) 2™ stage acid leached residue in 60 min
at 50 °C; (d) 2™ stage acid leached residue in 120 min at 50 °C.

Fig. 3.44: SEM-EDAX analysis of untreated (a) and baked (b) cathode
active material

Fig. 3.45: SEM-EDAX analysis of leach-I residue after water leaching
of baked material

Fig. 3.46: SEM-EDAX analysis of residue obtained after leach-II (2™
stage leaching) in 60 min

Fig. 3.47: Flowsheet of process intensification by acid baking followed
by leaching to extract metallic values from LIB cathode materials

Fig. 3.48: Cobalt oxalate synthesized at pH 1.5 using oxalic acid (a-
XRD; b-pink precipitate of CoC,04.2H,0; c-FESEM of tubular rod like
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Co-oxalate; d-EDAX of Co-oxalate)

Fig. 3.49: Manganese carbonate synthesized at pH 7.5 (a-XRD; b-brown
precipitate of MnCO;; c-FESEM showing microspheres of Mn-
carbonate; d-EDAX of MnCO3)

Fig. 3.50: Nickel carbonate synthesized at pH 9 (a-XRD; b-light green
NiCOs;; c-FESEM of flakes of nickel carbonate; d-EDAX of NiCOj;
powder)

Fig. 3.51: Lithium carbonate synthesized at pH 13-14 (a-XRD; b-
picture of Li,COs; c-FESEM of agglomerates of Li-carbonate; d-EDAX
of L12C03)

Fig. 3.52: A general flow-sheet developed for extraction and
precipitation of Li, Mn, Ni and Co from waste lithium ion batteries

Fig. 4.1: Effect of acid concentration (a) HCI and (b) H,SO4 on the
leaching efficiency of spent Ni-MH battery powder

Fig. 4.2: Effect of time on the leaching efficiency of electrode powder
Fig. 4.3: Effect of pulp density on the leaching efficiency of spent Ni-
MH battery powder

Fig. 4.4: Effect of temperature on the leaching efficiency of spent Ni-
MH battery powder

Fig. 4.5: Effect of temperature on the leaching efficiency of different
metals from electrode powder at different time intervals

Fig. 4.6: Chemical controlled kinetic model of leaching for (a) nickel (b)
cobalt (c) iron (d) manganese and (e) zinc in the temperature range 305-
348 K.

Fig. 4.7: Diffusion controlled kinetic model of leaching for (a) nickel (b)
cobalt (c) iron (d) manganese and (e) zinc in the temperature range 305-
348 K.

Fig. 4.8: Arrhenius plot for the leaching of the metals from electrode
powder in the temperature range 305-348 K

Fig. 4.9: SEM-EDAX analysis of residue at 30 min with the mapping of
constituent elements

Fig. 4.10: SEM-EDAX analysis of the residue at 60 min of leaching
with the mapping of constituent elements

Fig. 4.11: Effect of acid concentration on the leaching of REMs from
spent battery powder

Fig. 4.12: Effect of time on the leaching of metal from the electrode
powder of spent batteries.

Fig. 4.13: Effect of pulp density on the leaching of metals from the spent
Ni-MH battery powder.

Fig. 4.14: Effect of temperature on the leaching of REMs from spent
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battery powder

Fig. 4.15: Eh-pH diagram of (a) La-S-H,O system at 298 K, [La] =0.02
M; (b) La-S-H,O system at 323 K [La] =0.002 M; (c¢) Ce-S-H,0 system
at 298 K, [Ce] = 0.031 M; (d) Ce-S-H,0 system at 348 K,[Ce] =0.031 M
Fig. 4.16: Effect of temperature on the recovery of rare earth metals
from NiMH battery powder at different time intervals

Fig. 4.17: Kinetics of leaching of REs together as a group (a) Effect of
temperature (b) Chemical control kinetic model in temperature range
305-348 K (c) Arrhenius plot

Fig. 4.18: Chemical controlled kinetic model of leaching of (a) Nd (b)
Sm (c) Pr and (d) Ce at different temperatures.

Fig. 4.19: Arrhenius plot for the leaching of the rare earth metals from
Ni-MH in the temperature range 305-348 K.

Fig. 4.20: XRD of the (a) leach residue at 30 min; (b) leach residue at 60
min

Fig. 4.21: SEM-EDAX of the electrode powder sample (a); residue in 30
min (b) and residue in 60 min (c)

Fig. 4.22: XRD phase analysis of mixed rare earth salts.

Fig. 4.23: FESEM image of mixed rare earth precipitates at pH~1.8

Fig. 4.24: A general flow-sheet developed for extraction and recovery of
base and rare earth metals from the spent nickel metal hydride batteries
Fig. 4.25: Effect of baking parameters on the recovery of metals in
water leaching at 20 g/L PD, 75 °C in 120 min, (a) amount of sulfuric
acid; (b) baking temperature; (c) baking time on all metals; (d) baking
time on individual rare earths

Fig. 4.26: Effect of temperature on leaching of (a) base metals, (b) rare
earth metals from baked electrode material with 20 g/L PD in 60 min
Fig. 4.27: Effect of pulp density on leaching of (a) base metals, (b) rare
earth metals from baked electrode material at 75°C in 60 min

Fig. 4.28: Effect of time on leaching of (a) base metals, (b) rare earth
metals from baked electrode material at 75°C, 100 g/L PD in 60 min

Fig. 4.29: XRD phase analysis of (a) baked electrode material; (b) 1%
stage water leached residue

Fig. 4.30: SEM-EDAX analysis of untreated electrode material

Fig. 4.31: SEM-EDAX analysis of baked electrode material

Fig. 4.32: SEM-EDAX analysis of leach-I residue after water leaching
of baked material

Fig. 4.33: SEM-EDAX analysis of residue obtained after leach-IT (2™
stage leaching) in 60 min
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