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Abstract

The disposal of hazardous waste of any form has become a great concern for the industrial
sector due to improved environmental awareness. The increase in usage of hydroprocessing catalysts
by petrochemical industries, and lithium-ion batteries (LIBs) in portable electronics and electric
vehicles will soon generate a large amount of scrap and create significant environmental problems.
Like general electronic wastes, spent catalysts and LIBs are currently discarded in municipal solid
waste and disposed of in landfills in the absence of policy and feasible technology to drive alternatives
enough policy and feasible technology. Such inactive catalyst materials and spent LIBs exhibit not
only hazardous heavy metals but also toxic and carcinogenic chemicals. Besides polluting the
environment, these systems (spent catalysts and LIBs) contain valuable metals such as Ni, Mo, Co,
Li, Mn, Rh, Pt, and Pd. Therefore, the extraction and recovery of these valuable metals has significant
importance. In this review, we have summarized the strategies used to recover valuable (expensive)
as well as cheap metals from secondary resources — especially spent catalysts and LIBs. The first
section contains the background and sources of LIBs and catalyst scraps with their current recycling
status, followed by a brief explanation of metal recovery methods such as pyrometallurgy,
hydrometallurgy and biometallurgy. The recent advancements in these methods are critically
summarised. Thus, the review provides a guide for the selection of adequate methods for metal
recovery and future opportunities for the repurposing of recovered materials.

Keywords: Metals recovery, Heavy metals, Spent catalysts and Li-ion batteries, Hydrometallurgy.
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1. Introduction

The second half of the 20" century has witnessed enormous advancements in catalysis for the
refining and petrochemical industries, as well as Li-ion batteries (LIBs) for portable devices (mobile
phones, laptops, cameras, etc.) and large-scale energy storage systems (electric vehicles and
renewable sources). In the former case, the main categories of catalysts belong to heterogeneous
catalysis, and contain sulphur, metals, acid and bifunctional catalysts with lesser degree of oxide
phases [1]. Catalysts are crucial in the production of gasoline, diesel fuel, jet fuel, heavy
hydrocarbons, petrochemicals and plastics in the petroleum distillation and petrochemicals industry.
Due to the lack of regeneration and reactivation technologies for deactivated catalysts, the spent
catalysts are discarded as solid waste [2-4]. Although spent refinery catalysts correspond to about 4
wt.% of the overall refinery waste [5], they are classified as one of the most hazardous wastes
generated in petroleum refineries. The main catalytic solid-waste contains various metals including
V, Co, Ni, Mo, Al and Fe, and nonmetallic components such as sulphur, oil and carbon that are a
threat to the environment [6].

Similarly, the usage of LIBs as power sources for devices ranging from mobile phones to
electric vehicles (EV) is increasing at an alarming rate, which leads to a vast amount of waste at their
end-of-life [7-9]. For instance, global sales of EVs were at 2 million units in 2018, and could reach
140 million by 2030 — once countries attain the Paris climate agreement to reduce greenhouse gas
emissions [9]. As LIBs continue to electrify our world, it is estimated that over 11 million tonnes of
spent LIBs will be discarded through to 2030, and less than 5% of them are being recycled so far [10].
In addition, the increased production of LIBs will impose an extra burden on crucial element
resources (Li, Ni, and Co), which will result in increased prices of raw materials. Due to high prices
of raw materials, the global LIBs recycling market was valued at about $1.78 billion in 2017 and is
expected to reach $23.72 billion by 2030, suggesting a significant opportunity for the recovery of
valuable metals from spent LIBs [11-12]. In addition to metals, LIBs contain poisonous electrolytes
(lithium hexafluorophosphate, LiPFs) and carbonaceous materials.

The disposal of inactive catalyst materials and spent LIBs containing hazardous heavy metals
and toxic/carcinogenic chemicals has spurred an interest in recycling, and engenders acute effects on
the environment [13-14]. The improper disposal of spent catalysts and LIBs prominently affects soil
and underground water with the heavy metals like Co, Mn, and Ni [15-16]. Additionally, the
accumulation of spent catalysts and LIBs need to be recycled to capitalize on resources for new LIBs
— considering the shortage of raw materials (e.g. Co, Ni, Mn, Li, and Cu). Due to the infancy of spent
catalysts and LIBs — unlike other solid waste — nearly all recovery or recycling technologies and
processes persist up to the laboratory test. Few recent review articles have provided a summary of

recycling or recovery technologies and processes for catalysts and spent batteries [17-18]. Most of
3
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the reviews are focused on the recycling of portable batteries, involving collection, sorting, processing
and associated recovery technologies. However, an independent review of the summary of recent
advances in metal recovery technologies for spent catalysts and LIBs has not been presented.
Generally, physical, chemical, and combinations of physical and chemical processes are
commonly used in recycling processes for spent catalysts and LIBs. Physical processes include
mechanical separation, thermal treatment, mechanochemical processing, and dissolution processing.
The present review begins with an introduction to different metal recovery methods such as
pyrometallurgy, hydrometallurgy and biometallurgy with their merits and demerits. A brief summary
of the recovery of nickel, cobalt, lithium, manganese and other metals from spent sources using
leaching, extraction, precipitation, ion exchange, bio-adsorbent and solvent extraction methods is
provided. This comprehensive summary will further guide researchers or industrialists in selecting of
suitable methods for metals recovery from secondary resources. The reason spent catalysts and LIBs
are grouped together in this review is their similar waste content as well as the utilisation of similar
metal recovery methods. In addition to recycling, the present review provides new opportunities for
the repurposing sector to recover materials for future applications such as LIB (back integrated),

supercapacitors, oxygen evolution reaction (OER), adsorption and photocatalytic studies.

2. Background: Spent catalysts and LIBs
2.1 Spent catalysts

Spent catalysts are the most important solid wastes of the petrochemical, fertiliser and oil
industries, and include a mixture of hazardous metal elements (such as Ni, Fe, Mo, Al and Co) and a
few organic pollutants [19]. Due to the deposition of metal sulphides/oxides and metal-organic
compounds during the reaction, the catalyst loses its activity as well as specificity [20, 21].
Conventionally, the spent catalysts were sent to landfill, however, due to severe environmental
impacts, adequate methods need to be developed to recover precious metals from this waste [22, 23].
In order to protect the environment, spent catalysts are not subjected to metal extraction by different
solublisation processes or repurposed for diverse applications [24]. Processing of spent nickel catalyst
technology, shown in the pre-treatment process Figure 1, involves crushing, screening and
incineration depending on the nature of spent materials [25]. In addition, metal recovery can be
achieved using different techniques — including pyrometallurgy, hydrometallurgy and bio-metallurgy
methods — which are described in the following sections. Further, the metals are concentrated and
purified using precipitation, cementation, extraction and ion exchange procedures, and recovered

using electrolysis and precipitation methods [26].
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2.2 Spent LIBs

The growing potential usage of Li-ion technology in automobiles and end-user electronics
could continue their dominance in the future, and augments the demand for battery materials and
resources. Energy demand in the battery sector was 102 Gigawatt hours (GWh) in 2017, and expected
to reach 709 GWh until 2026 [27]. Additionally, the global sales of EVs were 2 million units in 2018
and could reach 10.79 million units by 2025 as nations reduce their greenhouse gas emissions [28-
29]. This initiative will further boost the demand for resources including cobalt and lithium; and on
the other hand, will increase the volume of spent LIBs (Figure 2) [30]. In order to develop recycling
strategies, it is important to understand the structure, charge-storage mechanisms and components of
LIBs. In contrast to conventional batteries, lithium ions transport from one electrode to the other, and
electrodes are maintained at different potentials, generating electricity. In general, a LIB consists of
an anode, cathode, electrolyte, separator, outer casing and sealing parts, and occurs in cylindrical,
coin, prismatic and thin/flat pouch cell designs as shown in Figure 3. The anode is normally a graphite
material while various Li-based oxides/phosphides such as LiCoO», LiMn;0Os, LiFePOs, LiNij.x.
yCoxMnyO2 (NCM) are used as cathode materials. However, the major market is still occupied by
LiCoO; and LiNig33C0033Mno 3302 based cathode materials, which contain cobalt as a hazardous
heavy metal [21]. Li and Co are also more costly relative to other metals. In addition, Co and Li
content in LIBs is in the range of 2-7 wt. % and 5-15 wt. %, respectively, which are higher than those
in natural ores [26, 31]. Such diverse chemistries (cathode materials) and different cell designs pose
additional difficulties in LIB recycling.

A variety of research has been performed for theto develop recycling of LIBs to recover
battery components. However, to recover materials effectively, physical pre-treatment is typically
applied — where special streams of waste materials ensure that efficient separation for further
processing is obtained [31]. So far, researchers have proposed recycling and recovery of metals from
spent LIBs, however, we have proposed 3-R approach, Recycling, Recovery and Re-use. Figure 4
shows 3-R, a closed-loop approach for the recycling of spent LIBs. At pre-treatment stage, hazardous
materials are removed, and the LIBs’ components are separated. The secondary treatment stage is
concentrated on improving the dissolving the composition of spent LIBs and separation of the
components. Finally, a deep recovery stage is utilised to recover expensive and low-cost metal
products such as Mn, Li, Al, Co, and Fe, as well as plastics. Common metal products such as Al, Cu
and Fe are removed in the elemental state, while the rest of the metals are retrieved in a combined
state. The re-purposing of recovered metals (or wastes) from spent LIBs and catalysts is rarely

reported, however, some recent reports are summarised in the next section.
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3. Roadmap to the recovery of valuable metals from spent sources

Based on the literature, research into the recycling and recovery of metals from spent LIBs
and catalysts is becoming a hotspot and global concern. To date, three main methods have been
developed for the recovery of valuable metals from spent catalysts and LIBs — pyrometallurgy,
hydrometallurgy, and biometallurgy. Thermal treatment (pyrometallurgy) is a commonly used method
for the removal of carbon and organic moieties from the current collectors at certain temperature
conditions. Nevertheless, this method consumes a large amount of energy for heating, as well as
requiring a special set-up for the purification of toxic gases emitted by the combustion [32]. In
addition, pyrometallurgy accounts for the lowest recovery rate of all the treatment approaches. In
contrast, hydrometallurgical and biometallurgy are the most commonly preferred routes for the
recycling of spent catalysts and LIBs — due to advantages such as low energy consumption,
minimization of waste water, and a high percentage recovery of metals (57.25%) with high purity
[33-35]. This section provides a brief description of the different metal recovery methods and
summarizes their progress.
3.1 Pyrometallurgy

Pyrometallurgy is a conventional metal recovery method, which refers to the high-temperature
treatment of various wastes and recycling them via high-temperature chemical reactions. This process
contains several different steps, which include calcining, roasting, smelting and refining to recover
the metals. Recovery involves heat treatment of metal and ores comprising wastes to perform the
transformation of their physical and chemical states, which enables the extraction of valuable metals
[36].
3.1.1 Pyrometallurgy for the spend catalysts

To recover metals from spent catalysts, a variety of processing approaches have been proposed
[37], including pyrometallurgy followed by a hydrometallurgy process. To recover metals from spent
hydro-processing catalysts, techniques such as direct smelting, calcination and smelting, chlorination
and salt roasting have been applied [38]. Reagents such as NaOH, H>SO4, NH3, (NH4)2SO4 and oxalic
acid have also been utilised for metal recovery [39-41]. Busnardo et al [42] reported on the spent
catalyst leaching efficiency of Mo, Co, Ni, V and Al using oxalic acid solution with H>O» addition;
potassium bisulfate fusion between 350 and 600 °C; followed by water leaching. The effects of oxalic
acid concentration and H>O» on the rate of metal leaching were investigated, and it was found that
high metal recovery was achieved at 3M conc. of H>O» oxalic acid [43]. Typically, pyrometallurgy
recovery processing can be classified in three different categories such as high-temperature

incineration, vacuum carbon-thermal reduction and chlorination volatilization methods.
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3.1.2 Pyrometallurgy for spent LIBs

Pyrometallurgy can quickly remove organic compounds such as carbon powder, PVDF, and
plastics from spent LIBs. In brief, the method begins by dismantling full-size battery packs into
individual cells. After that, the battery cells are fed into a shaft furnace. In the shaft furnace, the battery
cells are heat treated in several temperature zones, namely, 1) pre-heating, 2) plastics pyrolysing and
3) smelting and reduction zone. In the pre-heated zone (or cold zone) of the furnace, the spent LIBs
are heated up to a temperature less than 300 °C, to release electrolyte vapour without explosion. In
the plastic pyrolysing zone, plastics from the spent batteries are destroyed and reduced. For this, the
temperature is maintained at ~700 °C. Due to the reduction of plastics, the energy consumption in
the next steps can be significantly reduced. In the last zone, the materials are smelted and form an
alloy with copper, cobalt, nickel, and iron, there is also formation of a slag containing lithium,
aluminum, silicon, calcium, and a part of iron.
3.1.3 High-temperature incineration

This process deals with the burning of wastes in an incinerator. In the incineration process,
calorific values are generated by charging the flammable non-metallic compounds, and metals can be
collected from the disposed residues. The purification of the metal extracted by the incineration
process is carried out in other refining processes [44]. Currently, this method is mainly employed for
the recovery of rare and precious metals — such as Au, Pt, Pd, and In — as well as Co from e-waste
and spent catalytic converters from automobiles. The high-temperature ignition method can separate
metals from non-metals, and rare earth metals are enriched in the residues — which can be further
extracted by electrolytic or fire refining. The Umicore (battery recycling industry) integrated smelter
and refinery is a good example of a high-temperature incineration process focused on the recovery of
rare and precious metals from waste electrical and electronic equipment (WEEE). Metals recovered
include Ag, Au, Pt, Pd, Rh, Ru, Ir, In, Se, and Te [45]. Initially, WEEE undergoes pre-treatment (such
as dismantling, shredding and physical processing) followed by smelting in the Isa Smelt furnace.
After smelting, nearly all the rare and precious metals are concentrated in the slag, which is further
refined to gain high-purity rare and precious metals, step by step.
3.1.4 Vacuum carbon-thermal reduction

In the vacuum reduction metal recovery method, metal oxides in the wastes are transformed
into metals using reducing agents via thermal routes. Typically, some wastes — such as LiCoO: in
spent LIBs, indium oxides in LCD screens, and germanium oxide in fly ash — are in the form of single
oxides at high concentrations, and can be easily extracted by this process. Li [46] and co-workers
have developed an eco-friendly, oxygen-free roasting and wet magnetic separation technology for the
direct recovery of Co, lithium carbonate and graphite from mixed electrode materials [46]. The

reaction was performed at below 1000°C for 30 min with excellent recovery rates of 95.72%, 98.93%
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and 91.05% for Co, Li, and graphite, respectively. Thus, the oxygen-free roasting and wet magnetic
separation processes involved in vacuum thermal reduction are promising for the recovery of the
individual products of cobalt, lithium carbonate and graphite from the mixture of LiCoO; and graphite
powders. In addition, it is essential to note that no toxic chemicals are utilized in the process,
signifying a green approach.

3.2.5 Chlorination volatilization method

This process deals with the heating of waste resources in the presence of chlorination agents
to generate the volatile chlorides trapped in soot and lotion. This is pursued by the metal recovery
process of hydrometallurgy. This technique was first implemented to recover Au from mines, and is
currently employed to extract metals from e-waste. Ma et al [47] utilized an efficient vacuum-
chlorination separation process. In this case, NH4Cl was used as chlorinated agent for the recovery of
In from spent LCD panels. The results recommended that the rough vacuum atmosphere concurrently
enhanced the recovery rate of In and decreased the effect of tin. Also, under different condensing
temperatures, indium chloride and ammonium chloride can be selectively recovered. Experimental
environments such as temperature, time, vacuum level and concentration of chlorinating agent
(NH4Cl) were optimised to improve the yield and purity of indium chloride. Thus, this method
successfully recovered highly pure indium chloride from the waste LCD panels with In recovery rates
01 98.02% and 99.50% purity of indium chloride.

In summary, pyrometallurgy is a promising metal recovery process for various waste
materials, which is pursued by additional refining methods. The method is relatively easy and has a
great capacity and broad range of applications, which additionally permits the calorific value of the
non-metallic parts of urban mines to be recycled. Therefore, this technology has been in exercise for
years, to recover valuable metals from waste. Nevertheless, the method is responsible to create a
sequence of environmental issues including emission of hazardous organic volatile compounds and
deadly smoke caused by the existence of halogenated flame retardants. Furthermore, it does not have
a wide variety and has less selectivity, consumes huge amount of energy and accounts for low metal
recovery. More significantly, the equipment is not cost-efficient, demanding large investment. Hence,
the process is not suitable for small and medium-sized enterprises.

3.2 Hydrometallurgy

Hydrometallurgy is the most common and industrially adopted method, which consists of two
important processes. These are dissolution and leaching of metals from waste; and their isolation,
extraction and purification. Initially, the metal compounds (oxides) are selectively dissolved using an
appropriate leaching agent, subsequently separated and purified using several different methods —
such as precipitation, ion adsorption, solvent extraction, ion exchange, electrochemical reduction and

other processes [48]. Various studies on metals recovery from spent catalysts and LIBs have been
8
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performed globally [49, 50] using hydrometallurgy methods. These are shown in Table 1 (with
different inorganic and organic acids). The following sections briefly describe the use of leaching to
recover metals from spent LIBs and catalysts using separation and purification methods.
3.2.1 Metal recovery using Sulfuric Acid (H2S04)
3.2.1.1 Sulfuric acid leaching from spent catalysts

In the hydrometallurgy process, inorganic acids are commonly as used as leaching agents for
the recovery of metals from spent catalysts. Sulfuric acid (H2SO4)-based leaching methods are the
most popular to isolate nickel (Ni) from the roasting-dissolving residue of a waste catalyst. It has
been reported that 93.5% of Ni in residue can be isolated by enabling the leaching conditions.
Conditions included: particle sizes 0.074—0.100 mm, H>SO4 acid concentration 30% (mass fraction),
temperature 80 °C, extraction time 180 min, mass ratio of liquid to solid 10, and stirring speed 800
r/min [51]. Al-Mansi et al [52] recovered around 99% of Ni from a spent catalyst, using 50% H>SO4
acid with a solid-liquid ratio of 1/12 for more than 5 h of leaching time at 100 °C. Some investigations
suggest that a low concentration of H2SOq is sufficient for the efficient recovery of Ni-metal [53]. For
instance, 99.6% Ni was recovered using dilute H2SO4 (3%) and a persulfate-based additive (0.5%) in
the very short time of 1 h. The utilization of a low concentration acid for efficient recovery is crucial
to reduce of environmental pollution. Nickel and vanadium are major components of catalytic waste,
and can be recovered by leaching with diluted H>SO4, then precipitated into metal compounds such
as nickel and vanadium oxides using NaOH [54, 55]. Similarly, nickel was extracted using 1-3 M
H>SO4 from spent Ni/Al,O3 catalyst with a particle size of 200 nm for petroleum refining. Nickel was
recovered electrochemically from the sulfate solution with 90% yield [56]. Spent silica-based catalyst
containing Ni was treated with a mixture of air and steam in ratios from 1:4-1:8 at 325-425°C, with a
steam partial pressure of 4-8 bars. The extracted Ni with 2N H>SO4 was saturated with SO, at 50°C
for 10 h, where the recovery of Ni was 95%. The effect of solid-state impurities such as Li>O and
Cr203 on the dissolution of NiO in H2SO4 solution at 60 °C was further investigated. It was observed
that the dissolution rate was decreased with the addition of Cr up to 1 M % Cr,03, however, the
addition of 1 M % Li;0 dramatically increased the dissolution rate. This might be attributed to the
modification of the defect structure of NiO by the Li" doping, which increases the surface
concentration of Ni**- SO4%", and their interaction enhances NiO dissolution. Various studies have
been performed to recover Co, Ni, Mo and Al,O3 from spent (HDS) catalysts [57-59]. The spent
catalyst is leached with concentrated H>SO4 in an autoclave at 473-573K and 1-35 atm H»S. After
separating Al>(SO4)3 products in an aqueous solution, the mixed sulphide was precipitated in residual
aqueous slurry and then oxidized in the autoclave at 293-473K and 1-35 atm O;. The slurry was
processed to form MoO3.H>O from the residual solution containing sulphates of nickel and /or cobalt

that was separated conventionally by electrolysis or ion exchange. The solid spent catalyst was
9
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crushed to the size range of 0.3-0.4 um and ground into powder. The obtained material was then dried
at 100-110°C. Among which, 50 gm of dried catalyst powder was placed into a flask and 250 ml of
80% H2SO04 acid was added slowly to the flask with boric acid and nickel chloride, for 50 min at 70
°C [60].

Alex et al. have developed a method for the recovery of nickel-bearing spent catalyst from
hydrogenation plants. The process involved reduction and roasting of the catalyst, followed by H>SO4
leaching for the dissolution of nickel, and its subsequent recovery as NiO [61]. By optimizing the
various process parameters, around 99% of pure NiO was extracted with an overall recovery of 83%.
Likewise, Parton et al. implemented H>SO4 leaching and selective precipitation for recovery of Ni, V,
Fe, and Mg hydroxide, with the carbonaceous material coming from fly ash [62]. In a similar study,
aqueous H2SO4 was used under atmospheric and O pressure to produce a leach liquor of sulfates of
both Ni and V [63]. Abdel and Rashad have studied the kinetic leaching of spent nickel oxide catalyst
[64] and extracted 94% of nickel, using a spent catalyst with particle size of 200-270 mesh. The
concentration of H2SO4 was maintained at 50%, at a temperature of 85°C for 150 min, with a constant
solid-liquid ratio of 1:20 g/ml. Leaching kinetics indicates that the chemical reaction at the surface of
the particles is the rate-controlling process. Leaching of spent commercial NiMo/Al,Os and
CoMo/AlO3—Si0; catalysts was performed in an aqueous substance containing fluoride ions under

mild experimental conditions for the recovery of Ni [65], which can be expressed as follows.

NiO + H2804 — NiSO4 + H,0 (1)
0-ALOs + 3H2S04— Al(SO4); +3HL,O  (2)
CoO+H,S04 — CoSO4+H,0 3)
MoO3+H;S04 — Mo0,S04+H,0 4)

3.2.1.2 Sulfuric acid leaching from spent LIBs

The extraction of metals from spent LIBs using H2SO4 and sodium metabisulphite have been
assessed and improved via several experiments, outlined by a techno-economic approach. The
optimum conditions for this process were obtained with an acid concentration of 2.5 M and a liquid-
solid ratio of 5 L/kg, at 40 °C for 2 hr [66]. The cathode material of LIBs was refined to extract Co-
and Li-based materials through the assessment of the chemical behaviors of these metals in various
oxidation states. The active substances were separated from the cathode, dissolved in H2SO4 and H>O»
solution, and then precipitated in the form of CoC204:2H20 [67]. The selective dissolution of metals
from the active material of cathode is a two-step process. In the first step, cathode powder (baked at
300 °C) is subjected to leaching using aqueous H2SO4 solution. This results in extraction of 78.6%
Li, 80.4% Co in 60 min at 75 °C and 25% pulp; recovery of Ni and Mn was low (<15%) in this step.

In the second step, reductive leaching with an acid mixture of H2SO4 and HNO3 with glucose is

10
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solubilised 67% Ni, 64.8% Mn in 45 min. After this two-step process, the overall recovery achieved
as follows: 93.2% Li, 90.52% Co, 82.8% Ni, and 77.7% Mn [68]. The leaching efficiency could be
improved with an ultrasonic-assisted acid leaching method using chemical reagents. This would
reduce reagent consumption, and consequently cause less environmental pollution. This strategy was
applied in a study to improve the effectiveness of acid leaching of Co from LiCoO; using H>SO4 with
mechanical stirring. The effect of ultrasound was significant when the concentration of H2SO4 is low
(<1.0 mol 1'1) [69]. In the acid-leaching step, the effectiveness of H2SO4 and H>O concentration in
the solution, leaching time, liquid-solid mass ratio, and reaction temperature on the leaching
percentage were examined — where leaching of the cathode material was performed with 2M H>SO4
and 10 vol.% H>0O; at 70 °C and 300 rpm. The liquid-solid mass was kept 30 ml/g. The leaching
efficiency achieved for Co 98.5%, Li 99.8%, Ni 98.6% and Mg 98.6% under optimum conditions
[70]. A sustainable method for recovering valuable metal from LIBs using ammonium chloride
(NH4Cl) has been proposed. The NH4Cl used in this process is reusable and has minor environmental
impacts. The effectiveness of different parameters — for example, H>SO4 concentration, NH4Cl
concentration, temperature, leaching time, and solid-to-liquid mass ratio — on the leaching
performance of Li, Ni, Co, and Mn was thoroughly investigated in this study [71]. Some similar
examples are given, as follows: Cyanex 272 (bis-(2,4,4-tri-methyl-pentyl) phosphinic acid) was
selected for Co recovery [72]. Selective separation of Al (I1I), Fe (I1I), Li (I), Mn (II), Co (1), Ni (II)
and Cu (II) via acid leaching of spent LiNio.46C00.2Mno 340> battery [73]. Recovery of Li and Co from
spent LiBs using H>SOsand H20:> with varying the process parameter [74]. The process parameters
were optimised by adjusting the concentration of leachant, density of the pulp, volume of reductant,
and reaction temperature. The optimum conditions were 2 M H2SO4 with 5% H20: (v/v) at a pulp

density of 100 g/l and 75 °C temperature — leading to the extraction of 99.1% Li and 70.0% Co in

60 min [75].
4LiCo0O; + 6H2SO04 — 4C0S0O4 + 2L12SO4+ 6H20 + O (5)
2LiCo02 + 3H2S04 + H202 — 2C0S04 + Li2SO4+ 4H20 + O (6)
4LiMnO; + 6H2SO4 — 4MnSO4 + 2Li12SO4 + 6H20 + O2 (7)
2LiMnO; + 3H2SO4 + H202 — 2MnSO4+ Lix2SO4 + 4H20 + O2 (8)

3.2.2 Metal recovery using nitric acid (HNO3)
3.2.2.1 Nitric acid leaching from spent catalysts

The leaching of spent catalysts using mineral acids such as nitric acid (HNO3) has been
investigated by several researchers. For instance, Sheik et al. studied the kinetics of HNO; acid
leaching on a spent NiO—AlO;s catalyst. The influence of process parameters on leaching — i.e.
reaction temperature in the range of 60-90°C, concentration of nitric acid in the range of 1.5-5M, and

average particle size in the range of 5-601 pm — was investigated. It was revealed that up to 90% of
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nickel was recovered. On the other hand, 90-98% Ni and NiO were recovered via the process of
carbonylation — where leaching was performed using HNO3 and HNO3-HCI mixture, and 65-99% of
the metal and oxide were extracted, based on the type of catalyst. Inefficient extraction via acid
treatment in certain situations was ascribed to the greater amount of NiAl,O4 and NiSiO3 —and the
resulting higher resistance to acid leaching [76]. Sheik et al. used HNO3 acid for extraction of Ni from
spent reforming catalysts. The recovery of Ni was completed using 2.1-6.3 M HNO;3 at a 90°C
temperature. The extraction was dependent on temperature, activation energies (2.8-6.7 Kcal/mol),
and was also dependent on the weight of the solid to be processed [77]. A dissolution rate of NiO in
HNO:s acid solution as a function of prior annealing temperature in air was investigated by Jones and
his coworkers. They observed that the dissolution rate decreased remarkably with annealing
temperatures from 500 to 1450 °C. Oxide annealed at temperatures below 700°C had a higher
dissolution rate, which was attributed to an excess concentration of point defects over thermodynamic
equilibrium concentration [78]. The three-stage counter current extraction of nickel from spent nickel
catalysts was performed using 1-3M HNOs for 1-3 h at 100 °C, with various proportions of spent
catalyst-to-acid ratios (from 1:3-1:7 (w/v)). The recovery of nickel was found to be 95.2%[79, 80].

The reaction mechanism with nitric acid leaching can be expressed as follows:

18 HCI + 4 HNO; + 3 Pt — 3H,[PtCle] + 4 NO + 8 H,0 (9)
7 HNO; + 3 Re — 3 HReO4 + 7 NO + 2 H,O (10)
NiO-ALO; + 2H,0 —> Ni (OH), ~ALO».H,0 (11)
HNO; + H,0— H;0" NOy- (12)
Ni (OH)>-ALO3.H20 + NOs+ H30"—Ni (NOs), .6H:0 (13)

3.2.2.2 Nitric acid leaching from spent LIBs

The cathode materials in spent LIBs can also be leached using nitric acid. For example, cobalt
was recovered from LiCoO; based cathode materials using nitric acid as a leaching agent and
hydrogen peroxide as a reducing agent. The rate and efficiency of recovery was assessed by varying
the concentration of nitric acid and the reaction temperature. The results revealed that the most
favorable leaching conditions were 30 min of leaching reaction, 3 M HNO; and leaching temperature
of 90°C — resulting in 98% cobalt recovery [81]. The recovery of cobalt metal reached 95% using
acid with a concentration of 1M HNOj3 and 1.7 vol % H>0,. However, in the past few years, HNO3
leaching techniques have rarely been used to extract valuable metals from electrical and electronic
waste [82]. An effective method for selective extraction of lithium to produce battery-grade Li2COs

includes nitration, selective roasting, water leaching and preparation of Li,COs3 [83].

LiCoO; + 4HNO3;— LiNO3+ Co (NO3)2 + NO + O+ H20O (14)
LiNiO; + 4HNO3— LiNOs3 + Ni (NO3)2 + NO + Oz + H2O (15)
12
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LiMnO; + 4HNO3;— LiNO3; + Mn (NO3)2 + NO + O, + H,O (16)
3.2.3 Metal recovery using hydrochloric acid (HCI)
3.2.3.1 Hydrochloric acid leaching from spent catalysts

Hydrochloric (HCI) is another mineral-leaching acid broadly used in the recovery of metals
from spent catalysts. Ganguli et al. have studied the recovery of Ni from spent catalysts using 32%
HCI at 70 °C. The leached liquor was treated with an oxidising agent to convert Ni** to Ni*" and pH
was adjusted to 8-8.5 to precipitate NiO. Later, NiO was leached using concentrated H>SOj4 to obtain
aqueous Ni sulphate, from which Ni was recovered with a 96% yield [57]. Welsh et al. have studied
the recovery of Mo, V, Al, Co and Ni from spent catalysts. The residues were chlorinated with a
gaseous mixture of Cl, HCl and 15 vol % water vapors, where Mo and V volatilised as oxychlorides
and Al as chlorides. Chlorination was performed at 200-400°C and absorption at 20-70°C. The Co
and Ni were recovered from the residue by water leaching in chloride form [84]. Chaudhary et al.,
developed two processes based on HCl leaching for Ni recovery, where the first method demonstrated
Ni-precipitation as solid NiCl, using HCl gas saturation of the solution. Repetitive leaching
precipitation cycles were investigated to understand its effects. It was observed that an increasing
number of cycles decrease the purity of the NiCl,. Anion exchange treatment was adopted for further
purification. In the second method, impurities such as Cu solution were removed from purified NiCl,
using a cementation process. The recovery of NiO in both methods was carried out by precipitating
Ni (OH)> followed by calcination — to achieve a compatible purity of NiO for a feasible smelting
process. This study reported 99% extraction of Ni from spent catalysts using HCI [85]:

NiO + 2HCI -»NiCl; + H,O (17)
a-Al,03 + 6HCl -2AICI3+ 3H.0 (18)

3.2.3.2 Hydrochloric acid leaching from spent LIBs

Researchers have shown the engineering repercussions of the recovery of value-added
material from industrially-collected spent LIBs. They have used HCl-assisted hydrometallurgical
processes followed by a mechanical process. Lithium, which is usually lost in the slag fraction, was
extracted via direct leaching [86]. The battery powder was leached in a 500 mL, three-necked, round-
bottomed flask using concentrated HCI, and the overall concentrations of all metal ions (Ni%*, Co*",
and AI**) were identified. To maintain an appropriate temperature for the process, a water bath was
used. The leaching parameters were selected very carefully, with a solid-liquid ratio of100 g/l, 4 M
acid concentration, and 60 min reaction time, and a temperature of 80 °C was maintained. During the
leaching process, an overhead stirrer was used to enable the agitation, while filter bag paper was used
to filter the leachate residue. Using Atomic Absorption Spectroscopy (AAS), the concentration of
Ni**, Co?*, and AI*" was used to determine the leaching efficiency [87]. A solution of 1.5 M HCI,

2.0% H20O> (volume fraction), with a solid-liquid ratio of 20 g/L was used to dissolve 93% of Co. The
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most effective recovery was achieved when the reaction time was 60 min and temperature was 90°C,
when compared with the other acids used in this study [88]. Likewise, researchers have investigated
the effects of process parameters on LiCoO; leaching with HCL. The dissolution of LiCoO> was
increased when process parameters such as temperature, time, HCI concentration, and solid-liquid
ratio increased. The study revealed that around 89% Li and Co were recovered from LiCoO: by using
3.5 % of H>O as a reducing agent [89]:
LiCoO2 + 8HCI — 2LiCl + 2CoCl; + 4H20 + Cl» (19)

3.2.4 Metal recovery using ammonia solution (NH4OH)
3.3.4.1 Ammonia solution leaching from spent catalysts

Several researchers have proposed the use of ammonia solution (NH4OH) and its salt solutions
to extract metals including Ni, Mo, V and Co from spent catalysts. For example, Mo, V and Ni metals
were leached by (NH4)>COs solution from spent catalysts with an excellent recovery efficiencies of
~90% and 60-70%, respectively, at 150°C. Likewise, Millsap and Reisler reported the extraction of
metals using Ni-Mo/Al>O3 spent catalysts, which was performed by first roasting Mo and Ni, and
then leaching with a NH4OH and (NH4).CO3 solution to leave AlOs; as waste. Finally, nickel
carbonate was recovered by draining excess NH3 from the leaching solution while the Mo and Ca-
molybdate were recovered by a solvent extraction and precipitation method [90]. The use of NH4OH
solution to extract metals from waste catalysts is also discussed in some patents from Chevron
Research Company [91, 92]. For instance, Hubred et al. extracted around 85% Mo, 45% Co, 75-85%
V and 75-80% Ni from decoked hydroprocessing catalysts — by using aqueous solutions of
(NH4)2CO3 or (NH4)2SO4 as leachants. The pH of NH4OH solution was in the range of 9.5-11 at 85-
95 °C extraction temperature. The extraction of Ni and Co was strongly affected by temperature and
time for decoking and leaching. The Co recovery was strongly influenced by leaching time — with
maximum recovery in 5-10 min, which subsequently decreased. The extraction of aluminum was
unsatisfactory (<0.1%) during the whole process. The separation of individual metals from leaching
solutions such as mixed metals was attained using extracting solvents. Using a separation method
with quaternary amine at a pH of 10.4, V and Mo were extracted from Ni and Co solution, and then
LIXesN and LIXs1 were used for the extraction of Ni and Co [83]. In connected research, Marcantonio
et al. recovered Ni, V, Mo and Co from end-of-life hydroprocessing catalysts using ammonia solution,
(NH4)2CO3, (NH4)2S04 salts and H20». The extent of metal extraction was significantly affected by
the concentration and pH of the reagents, where V and Co recovery was considerably enhanced by
the use of H>O» , while that of Ni and Mo was not affected by H>0O,. Remarkably, Mo, Ni, V and Co
of 93%, 80%, 88% and 78% were extracted using a leaching solution of 2M NH4OH, 0.5M
ammonium salt and 0.14M H>O» with pH of 10.4, respectively [94]. In a recent study, Marcantonio

used an ammonia pressure leaching technique with oxygen to generate ammonium molybdate,
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ammonium metavanadate (AMYV), and nickel ammonium sulphate from end-of-life hydroprocessing

catalysts containing sulphides of Mo, V and Ni. The reactions which occurred in the process are as

follows:
MoS; +4.502+ 6NH3 + 3H,0 — (NH4)2Mo0O4 + 2(NH4)2SO4 (20)
V2S3+ 702+ 8NH3 + 4H20 — 2NH4VO;3 + 3(NH4)2SO4 (21
NiS + 202+ 6NH3— Ni(NH3)6SO4 (22)

In this case, ammonium molybdate and nickel ammonium sulphate were left in the leaching
solution, while ammonium metavanadate was separated out as a solid from the leaching slurry that
was collected using filtration, and finally calcined to obtain V,Os. Moreover, the solution underwent
further extraction to separate Ni and Mo. Thus, the resultant products included V20Os, nickel sulphate,
and ammonium molybdate [95]. In a recent study, ammonium sulfate solution was used to leach Ni
from used hydrodisulphurised catalysts. Interestingly, by using leaching with a 2.6M (NH4)2SO4
solution, approximately 94% of Ni was recovered from the catalyst [96].
3.3.4.2 Ammonia leaching from spent LIBs

Comprehensive hydrometallurgical development has been established to achieve selective
recovery of Li, Co and Ni from the cathode scrap of spent LIBs. The selective recovery of Ni, Co and
Li in the first step is more than 98.6%. With a leaching solution of ammonia-ammonium sulphate and
sodium sulphite, around 1.36% Mn can be recovered. Such selective leaching of metals can be
achieved by optimising the effect of different parameters — including the composition of leaching
solution, time for leaching (0-480min), pulp density (10-50g/L), speed of agitation (200-700rpm),
and operating temperature (323-353K). In the leaching solution, primarily, Mn is reduced from
Mn** to Mn?*, followed by precipitation to form (NH4)>Mn(SO3)2-H20 residue — while Li, Co and Ni
are left as metal-ions or amine complex forms [97]. A ternary leaching solution of ammonium
bicarbonate, ammonium sulphate and ammonia was utilised to investigate the leaching performance
of Al, Ni, Li, Co and Cu obtained from cathode materials. In this case, ammonium sulphate acts as a
reductant, which improves the leaching efficiency of Co, Ni and Li, while ammonium bicarbonate
serves as a buffer in ammonia. To understand the leaching process, several parameters were optimised
viz. composition of leaching solution, time of leaching (from 0 to 300 min), speed of agitation (from
300 to 700 rpm), leaching temperature (from 40 to 90 °C), and finally ratio of solid-to-liquid (from
10 to 50 g/L). The complete recovery of Cu and Ni was achieved. However, Al was hardly separated,
and only 60.5% of Li and 80.9% of Co were recovered at the optimum solid-liquid ratio of 20 g/L
leaching ratio with high temperature and prolonged reaction time [98]. Similarly, Ku et al. [99, 100]
have developed a strategy to recover valuable metals from spent LIB cathode materials collected from
hybrid electric vehicles, using ammonia-based leaching solutions. Ammonium sulphite improves the

leaching kinetics of Co and Ni by acting as reductant, while ammonium carbonate acts as a pH buffer.
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In this process, complete recovery of Cu and Co was obtained, while very little separation of Al and
Mn was observed [99].
3.2.5 Metal recovery using organic acid leaching
3.2.5.1 Organic acid leaching from spent catalysts

Many researchers have studied organic acid leaching of spent hydroprocessing catalysts.
Beuther and Flinn compared the efficiencies of leaching metals including Co, V, Ni and Mo from
used hydrotreating catalysts using a range of organic acids, viz. malonic, tartaric acid, oxalic, citric,
salicylic, glycolic, succinic, phthalic and lactic. In this study, one percent of aqueous acid solution
was utilised at room temperature and atmospheric pressure. The highest efficiency for leaching was
observed for oxalic acid, where V, Mo, Co and Ni were recovered with 47%, 59%, 60% and 56%,
respectively, using 1 wt. % oxalic acid. Other conditions, such as the effect of reagent concentration,
were not investigated [101]. Marafi et al. implemented organic acids — including tartaric, citric and
oxalic acids — to selectively leach V, Ni and other metal contaminants present in spent residue hydro-
processing catalysts. Both coked (sulphide) and decoked (oxidic) leaching were carried out using
spent catalysts. The leaching of catalysts before decoking exhibited a greater selectivity for the
separation of metal (V) foulant; however, in this case, it is necessary to add oxidising agents — viz.
H>0,, AI(NO3) or Fe(NO3); — to increase the efficiency of organic acids [102,103]. Marafiet al.
compared the leaching efficiency of an aldehyde, four organic acids and water on the recovery of
metals from used hydrodemetallisation catalysts. Prior to leaching, the deposited coke on the catalyst
surface was removed at a temperature of 350-450 °C, using a combustion method in the presence of
4% O3 in Na2. The decoked solution exhibited 2.5 wt. % Fe, 4.4 wt %Mo, 5.9 wt % Ni, 11.6wt % V,
and the rest was AlOs. An ultrasonic bath with agitation was used to conduct the leaching
experiments at 50 °C. The leaching efficiency for the six reagents was found to be in the following
order: tartaric = citric >glyoxylic >lactic>glycolic acid > water >glyoxal [104-106].

Present research is focused on the optimisation of different parameters for the separation of
Al, Mo, V and Ni from hydrodisulphurised waste catalysts. For example, Mulak et al. studied the
effects of concentrations of oxalic acid and H>O», as well as speed of stirring, on the rate of nickel
leaching. The findings suggested that the addition of up to 3M H:20: to oxalic acid improved the
leaching efficiency of Al, Mo, V and Ni, and thereafter remained largely constant. The steady increase
in the efficiency of the recovery of Al, Ni, Mo and V was observed with increases in the concentration
of oxalic acid up to 0.5M, and slightly reduced with further increases. The maximum extraction of
metals from the used catalyst was estimated to be 90%, 94%, 65% and 33% of Mo, V, Ni and Al
respectively, using a 0.5M H2C>04 and 3 M H20: solution for 4 h [107]:

V205 + V203 +4H2C,04 — 4VOC204 +4H,0 (23)
V205 + 3H2C204 —2VOC204 + 3 H2O +2CO2 (24)
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3.2.5.2 Organic acid leaching from spent LIBs

Organic acid leaching is an effective hydrometallurgy method for the leaching of cathode materials
in spent LIBs. For example, Li and Co can be selectively leached using formic acid and H>O> with the
efficiency of 99.9 % and 99.9%, respectively by optimising the different parameters including leaching
time, stoichiometric ratio, H>O; concentration, temperature and the solid-to-liquid ratio [108].
Citric, malic and aspartic acid were utilized as leachants in with H2O2 where around 90% of Co and
Li can be extracted using citric and malic acids while in aspartic acid, it is considerably less [109]. In
this study, different acids (citric, oxalic, sulphuric, hydrochloric and nitric acid) as well as reducing
agents (H202, glucose and ascorbic acid) were implemented for recovery of metals from spent LIBs
[110]. The response surface methodology (RSM) was used to optimize the leaching parameters [111].
In addition, the effect of different reducing agents e.g. H>O2 [112], sodium thiosulfate [113], sodium
bisulphite [114], some carbohydrates viz. D-glucose [115] and ascorbic acid [116] were investigated.
Various organic acids were investigated as leachants such as succinic, citric, ascorbic and DL-malic
acid where their leaching efficiencies are comparable or even higher than strong acids, avowing the
secondary pollution caused [117]. The cobalt recovery from spent LIBs was performed using H>O»
as reducing agent with citric acid as leaching agent where the concentration of citric acid was varied
from O to 2 M, at reaction temperature of 50-80°C [118]. Naturally available organic acid as leaching
agents were developed to recover Li and Co from spent LIBs-cathode materials. For example,
succinic acid was utilized as leaching agent with H>O», which is basically a green recovery method

that involves pre-treatment, leaching with citric acid, precipitation and circulatory leaching [119].

3H2C204 + LiCoO2 — LiHC204 + Co(HC204)2 + 2H20 + 2CO2 (25)
4H>C204 + 2LiCo02 — Li2C204 + 2CoC204 + 4H20 + 2CO2 (26)
24LiNiO2 + CsH 1206 + 36H2SO4 — 24NiSO4 + 12Li2SO4 + 6CO2 + 42H20 27)

12NiMnOs3 + Cs¢H1206 + 24H2SO4 — 12NiSO4 + 12MnSO4 + 6CO; + 30H20 (28)
3.2.6 Metal recovery using alkaline leaching
3.2.6.1 Alkaline leaching from spent catalysts

A group of researchers utilized caustic soda solution for the leaching of spent catalyst and
treated the residue with sulphuric acid solution for the extraction of Ni [120]. In another study,
optimum leaching conditions were achieved for the recovery of nickel from Al,O3; support using
(NH4)2CO3 for 600 mm particle size at 80 °C [121]. Ni precipitation was carried out at alkaline pH
using 1M Na,COs solution. However, there are certain limitations to the leaching procedure described
in the literature [122]. An effort was made to extract Ni from the waste catalyst using an aqueous
solution of 15-23% ammonia at 60—-90 °C and a pH in the range of 7.5-9. Nickel was recovered as
Ni (NO3)2 however the ammonia used in the process is a toxic gas [123]. In the similar work, Al as

Na-aluminate was dissolved to leaching of the spent nickel catalyst with 50% caustic soda solution
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in autoclave at 150-175 °C [124]. The residue was treated with Nitric acid (1:1) at 60 °C to dissolve
the remaining nickel in the solution [125].

A few other studies have reported the leaching of the spent catalyst with aqueous alkaline
solution using NaOH or Na,COs [126]. One study reported a process for the recovery of Mo and V
selectively from unroasted waste hydroprocessing catalysts by using the mixture of aqueous alkaline
solution of Na;COs3 and H2O; where H>O> acts as an oxidizing agent. Mo and V recovery in this
process was about 99% and 85% respectively while the extraction of Ni, Co and Al,O3 were relatively
much lower. Recently, this research was enhanced by Park et al. for selective isolation of highly pure
MoOs from spent HDS catalyst utilizing the mixture of H>O> and NaxCOs. According to the results
obtained, the recovery of Mo was mostly conditional on the Na,CO3 and H,O> concentrations in the
reaction medium. These concentrations control the pH of the leach solution and carryover of
impurities such as Al, Ni, P/Si and V. The method was exothermic and Mo leaching efficiency
increased with a decrease in solid to liquid ratio. For the leaching of the spent catalyst at large scale
and under the optimum conditions (20% pulp density, 85 g/L Na>,CO3, 10 vol. % H20; and 1 h reaction
time); the recovery of Mo was attained 84%. The leach solution thus obtained was found to contain
(g/L): M022.0, Ni0.015 and A1 0.82, P 1.1, Si 0.094 and minor quantities of V 8 mg/L, As and Co <1
mg/L. Purification of the leach liquor using the carbon adsorption at a pH of around 0.75 followed by
the desorption of the adsorbed molybdate with 15% NH4OH produced a high purity ammonium
molybdate from which MoOs with 99.4% purity was obtained via calcinations [127]. Villarreal et al.
compared two solutions with different concentrations of caustic soda; one containing 10% and the
other containing 40%. The solution containing 10% recovered Mo and V 92% and 89%, respectively
by using leaching, whereas for the concentrated solution, the extraction was much lower at 79 and
72%, respectively [128].

MoOQOs + 2 NaOH — NaxMoO4 + H,0O (29)
MoS; + 6 NaOH + H20; + 4 O2 — NaxMoOg4 + 2 Na;SO4 + 4 H20 (30)
3.2.6.2 Alkaline leaching of spent LIBs

The research focused on optimising the hydrometallurgical pre-treatment process for Li-ion
battery cathode materials by changing the parameters such caustic soda concentration, the ratio of
solvent volume to the mass of the test sample (liquid-solid ratio (L/S)) and reaction time. The cathode
material retrieved from the used batteries collected from a local market was dried in an oven at 50°C
for 24 hours, subjected to alkaline leaching with 2, 3 or 4M NaOH solution, followed by filtration at
room temperature [129]. For a mixture of different types of spent Li-ion mobile batteries acid leaching
was performed using sulphuric acid and H>O: after alkali decomposition using NH4OH. In the alkali
decomposition step aimed at removing Al, Cu, Mn, Ni, Co, and Li, the effects of reaction time,

Ammonium hydroxide concentration, liquid/solid mass ratio and reaction temperature on the
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decomposition process are investigated. After alkaline treatment, the remaining metals are recovered
by leaching treatment of the alkali paste using H2SO4 and H20O: [130]. The recovery processes are
usually performed by utilizing the ammoniacal and/or acidic leaching processes, precipitation, and
thermal processes [131-135].
3.2.7 Two-stage leaching of spent catalysts

Many researchers argued that a two-stage leaching process is effective for the recovery of
valuable metals from the spent catalysts. Jong et al. reported a method where two-stage processes
were adopted. Firstly, the spent Ni-Mo/Al,O; catalyst leaching was carried out using caustic soda
solution to isolate Mo and portion of Al, however, the rest of the Al and Ni persisted in the solid. Mo
was then isolated by precipitation method using CaCl, from the alkali leach solution. The residue
obtained in the first stage was leached in the subsequent step with sulphuric acid to isolate Ni. After
obtaining the leachate by utilizing this step further treated with NH4OH and (NH4)2SO4 to have the
precipitation of Al and other metal impurities. At a pH value of~10, Ni was recovered via solvent
extraction. 81 to 91 wt. % recovery of Mo was achieved in NaOH leaching step. 92 to 98 wt. % of Ni
recovery was in the same step. In the second step of recovery, more than 84 wt. % of Mo and 99 wt.
% of Ni could be isolated and extracted [136].In many other studies, two-stage processes involving
first-stage leaching with an alkali and second stage leaching with an acid or ammonia or the other
way around have also been identified. Typically, spent catalyst comprises valuable metals such as
Mo, Co, Ni. These metals are layered on other materials like gamma-Al,Os.Current research proposes
a two-stage alkali/acid leaching process for the targeted separation and isolation of Mo and Co/Ni to
enable the downstream processing. Calcination of the spent catalyst was carried out at 500 °C prior
to the leaching process to eliminate C and S which also converted the sulphides of the metals to the
oxides. This process effectively recovered around 98% Mo, 93% Co and 90% Ni. An alkali-treated
solution when leached with sulphuric acid, isolate Mo, generated a solution rich in Ni, Co and Al. To
isolate Co and Ni, it is important to remove Al impurity [137]. A simple hydrometallurgical route is
suggested for the effective recovery of Ni from spent NiO/Al>O3 catalyst. The sulphuric acid leaching
achieved a Ni recovery of 99.5%. The leached solution was partially neutralized and the adding of
ammonia forms precipitation of nickel ammonium sulphate. The Ni in the supernatant was
concentrated by the extraction of the solvent utilizing D2EHPA and then disrobed back into
H>SOssolution to return to the stage of precipitation [138]. In the primary stage of alkali leaching,
insignificant amount of Co/Ni dissolution was observed (<0.1%). Likewise, Mo leaching was
insignificant (<0.3%) in the acid leaching of the second stage. Nonetheless, a major amount of Al was
leached in both stages. During the first stage, 12-14% and in the second stage, 55-65% Al was
leached [139, 140]. A pre-calcination process between the temperature of 400 and 500 °C followed

by leaching with H>SO4 was carried out on the spent catalyst [141]. Spent hydrodesulfurization (Co-
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Mo/y-Al203) catalyst generally comprises of valuable metals like Mo, Co, Al on a supporting
material, such as y-AlOs. In this research, a two stages alkali/acid process was performed to
investigate the leaching of Co, Mo and Al from Co-Mo/yAL>Os3 catalyst. The acid leaching of spent
catalyst, formerly treated by alkali solution to obtain Mo, yielded a solution that was rich in Co and
Al [142]. The aim of the research was to develop an environmental-friendly method for the extraction
of Ni, Mo, and V from the spent hydroprocessing catalyst from the processing plant waste. The two
stages leaching process recommended, where the initial stage is to separate Al2O3 and next stage
involves the isolation of other compounds of metal. The efficiency of leaching agents has been
reported to be dependent on the reagent concentration, leaching time and temperature during the
isolation of Mo, V, Ni, and Al from the refinery spent catalyst. The leaching agents investigated in
this study were NH4OH, (NH4)CO3 and (NH4)2COsand (NH4),S20s. The optimal leaching conditions
with the maximum possible recovery of Mo, Ni, and V metals were achieved [143]. Caustic leaching

of Ni-Mo-Al can be expressed as follows

MoOs3 + 2NaOH — Na;MoO4 + H,O (31)
AlLO; + 2NaOH — 2NaAlO2 + H,O (32)
Acid leaching of AL-Ni from caustic residue,

NiO +H2SO4— NiSO4 + H2O (33)
ALO+ + 3H2SO04 — Alx(SO4); +3H20 (34)

3.2.8 Deep Eutectic Solvents (DES) leaching for spent LIBs

The widespread and rapid progress in the fabrication and usage LIBs and the advancements
in the end-user electronics, hybrid and electric vehicles has boosted the amount of the scrap battery
production [144, 145]. While spent LIBs are usually not categorized as harmful waste, owing to the
existence/production of poisonous elements from the combustible and toxic substances/compounds,
their improper disposal can lead to environmental hazards. Consequently, recycling of spent LIBs by
extracting expensive metals present in the active material of cathode has become progressively more
significant to maintain the economic production and comply with the environmental regulations and
legislations. Several processes are involved in the method for the recovery of important metals from
spent LIBs which are primarily mechanical processing, thermal treatment, and chemical processing.
In the chemical processing, basically the steps involved are acid or alkaline leaching, precipitation,
separation and electrochemical recovery [146-150]. The purity of the metal extracted from the spent
LIBs is a concern, so that, more attention has been paid in case of the solvent extraction to generate
highly pure metals that could meet the economic aspects and quality requirements to replace the
conventional separation processes, predominantly the methods of precipitation. Several
hydrometallurgical methods have been reported in the literature, which has employed as solvent

extraction for the isolation and recovery of value-added metals from the spent LIBs [151-152]. These
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processes largely aimed at optimizing the circumstances for the extraction of Co due to its high value
when compared with other components. Deep eutectic solvent (DES) is a fluid which usually consists
of 2 or 3 low cost as well as safe elements efficient of self-association, usually via hydrogen bond
interactions, to produce a eutectic mixture, which has a lower melting point than that of each particular
component on its own. Even at temperatures lower than 100°C, DESs are generally in liquid form, which
display comparable physio-chemical properties to the conventionally used ionic liquids while being
relatively cost-effective and eco-friendly. Because of these extraordinary benefits, DESs are now getting
an increased attraction in a variety of research areas [153].

An environmentally friendly deep eutectic solvent was reported by Mai K. Tran et al. to
extract valuable metals from lithium-ion battery cathodes. The primary goal of the work was to reduce
the utilization of complex procedures to recycle the batteries to cease the landfills. The solvent
prepared from choline chloride and ethylene glycol was able to recover more than 90% of Co from
grounded compounds. This process can recover a lesser but still substantial amount of value-added
material from spent batteries [154]. Another work reported the advancement of the sustainable
industrial process for the recycling of spent batteries using a deep eutectic solvent [155] where the
effect of lactate anions on the metal extraction from chloride media by extraction of a lipophilic
chloride ionic liquid was studied utilizing the solvent extraction experiments with a special emphasis
on Co and Ni behavior.

A mixed extract was also developed by the researchers for the isolation and refinement of Co
and Li from spent lithium-ion battery leach solutions. The Acorga M5640 was added to the organic
solution of Ionquest 801 to produce a substantial shift in the pH isotherm for Cu with a ApH50 value
of around 3.45. Therefore, the separation of Fe (III), Cu and Al from Co, Ni and Li could easily be
achieved with the mixed extractant system [156].

DESs ptsa: choline chloride, ptsa: tetrabutylammonium chloride and ptsa:
tetrabutylammonium chloride was prepared at three different molar ratios [157]. Wherein those work,
physicochemical characteristics (density, viscosity, thermal decomposition, melting point, and
spectroscopic studies) were examined to define the H-bonding interactions. The ptsa-based DESs
exhibited lower viscosity and broader operational windows compared to other commonly used DESs.
The solubility of the various metal oxides in the DES ptsa: choline chloride at 3 different molar ratios
of 2:1, 1:1 and 1:2 was measured. The solubility of the metal oxides was found to increase with the
increase in the acidity of the HBD. The effect of the DES molar ratio on the solubility of the metal
oxides was also studied. The solubility and the selectivity of the DESs towards different metals can
be changed by modifying the molar ratio of the DES. Certain forms of sulfonic acid based DESs

could also be expected to result in high solubility of metal oxides, which is important due to the

21

This article is protected by copyright. All rights reserved.



ChemSusChem 10.1002/cssc.201903213

possibility of using cheaper HBDs, such as methane sulfonic acid. This is one of the potential interests
for the valorization of residues from low-grade ores or metal processing.
3.3 Bio-metallurgy

Bio-metallurgy is one of the most exciting and innovative biotechnologies for the recovery of
heavy metal ions via microbiological processes. The idea of microbiological leaching has played an
important role in the last few decades to retrieve valuable metals from a variety of sulfide minerals
or low-grade ores [158]. The microbiological leaching procedure has been further developed for its
implication to extract high-value metals from various manufacturing waste. There are several
microorganisms that could play crucial role in extraction of heavy metals from industrial wastes
[159]. Bio-hydrometallurgical methods seem to present excellent prospects for recovering important
metals from used petroleum catalyst [160]. Briand et al. utilized Acidithiobacillus thiooxidans to
treat a spent vanadium phosphorus catalyst [161]. Acidithiobacillus thiooxidans was also used by
Bosio et al. for the treatment of the spent Ni catalyst generated during the vegetable oil hydrogenation
[162]. A few reports discussed bioleaching processes employed for the recovery of valuable metals
from spent refinery catalysts using Fe/S oxidizing bacteria [163]. Beolchini and Gholami et al.
reported the toxicity of the environmentally hazardous metals in waste catalyst to bacteria.
Additionally, they optimized pH, temperature, particle size, pulp density, and speed of the rotation
for the recovery of the metals [164,165]. Several works in the literature are also reported on the use
of Aspergillus Niger for the bioleaching of spent refinery processing catalysts [166,167]. This fungus
(Aspergillus Niger) possesses the capability to generate organic acids such as citric, oxalic, malic and
gluconic acids. The principal mechanism in bioleaching of metals by Aspergillus Niger is the acid
hydrolysis [168].The present review reports the use of different techniques for the extraction and
isolation of Ni, Co, Mn, Li, etc. from secondary resources with selectivity, efficiency, economic
viability, and environmental friendliness.
3.3.1 Bioleaching

Bioleaching is a new method for the metal recovery from a variety of solids. This depends on
the capability of certain microorganisms to convert solid elements into recoverable metals [169]. In
this study, the microorganisms can produce also organic or inorganic acids to participate in the
dissolutions of metals.
3.3.1.1 Bioleaching from spent catalysts

Bioleaching was employed at an industrial scale for the extraction of a range of metals from
low-quality mineral resources [170]. Furthermore, the work reported by Santhiya and Ting lists the
waste materials such as sewage sludge, fly ash, electronic scrap materials, spent batteries, as well as
the face-centred cubic and hydroprocessing catalysts as potential solid materials that could be

processed using bioleaching [171]. The bacteria such as Thiobacillus ferrooxidans and T. thiooxidans,
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as well as the fungi such as Aspergillus and Penicillium genera are the most common types of
microorganisms which are capable of solubilizing the metals [128]. Furimskyre viewed some of the
trailer studies on possible applications of bioleaching for the recovery of metals from spent refinery
catalysts [24]. It was in early 1990s when the initial stage to use the bioleaching process to used
refinery catalysts was prepared. For instance, Blaustein et al. attempted to recover Mo from a coal
liquefaction catalyst using T. Ferrooxidansand L. ferrooxidans. Bioleaching experiments were
performed in an autoclave with shaking at170-200 rpm at a temperature close to 30°C for about 6
weeks. The extent of Mo solubilisation increased with a decrease in the size of the catalyst particles.
A series of research studies were done on another coal liquefaction catalyst (NiMo/Al>O3) for the
United States Department of Environmental where T. ferrooxidans, sulfolobus and thermophilic
cultures were examined for their bioleaching potential [172].

Santhiya and Ting described two steps processes for the metal bioleaching from used Face
Centre Cubic and NiMoP/Al,Os catalyst [173]. The waste catalyst and the fungus were incubated
together with the sucrose medium at pH 5.5 in the one-step method. Herein, the system was agitated
in an incubator at 120 rpm and 30°C.The samples were withdrawn, filtered and analyzed to determine
the recovery efficiency at regular time intervals. In the case of the spent NiMo/Al>O; catalyst, the
difference in the bioleaching efficiency between two-step methods was insignificant. However, for
smaller particles (e.g., 100—150p and <37p), the dissolution of Al was lower than Ni and Mo. The
lower fungal biomass generation and secretion of the organic resulted in the lower metal extraction
for 2.97u average particle diameter. In the case of the 70 days bioleaching for the <37um diameter
particles, the rate of leaching was Mo>AI>Ni. The concentration profiles matched with the variation
in the concentration of citrate, oxalate and gluconate ions that were secreted during the growth of the

A. nigerfungus.

2FeSO4 + HoSO4+ Y2 O2At. Ferrooxidants — Fex(SO4)3 +H20 (35)
S + H>O + 1.50; +At Ferrooxidants/At.thiooxidants —H>SO4 (36)
MeO + H2SO4 — MeSO4 + H20 (37

Ferric ion and sulphuric acid acts as lixiviant that solubilize MeS and MeO during the bioleaching.
Where Me represents Ni, Al, Mo and V and their solubilization can be explained as follows:

MeO +H2S04 — MesO4 + H20 (38)

MeS + H2SO4 — MeSO4 +HaS 39)
3.3.1.2 Bioleaching for spent LIBs

In the current study, Li and Co recovery from used lithium-ion batteries (27.5% LiCo0O3) by

bioleaching were explored. The experiments were performed using the consortia of acidophilic
bacteria of Acidithiobacillus thiooxidans and Acidithiobacillus ferrooxidans. Two different media

were used for the bioleaching of Li and Co [174]. The current work involved the use of
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chemolithotrophic and acidophilic bacteria, Acidithiobacillus ferrooxidans, to utilize elemental sulfur
and ferrous ion as the source of energy. This further generates metabolites like ferric ion and sulfuric
acids in the leaching medium [175]. A bio-hydrometallurgical path based on fungal activity
of Aspergillus Niger was also assessed for the detoxification and extraction of Cu, Li, Mn, Al, Co and
Ni metals from used lithium-ion batteries under different method parameters. The highest extraction
efficiency was found to be 100% for Cu, 95% for Li, 70% for Mn, 65% for Al, 45% for Co, and 38%
for Ni at a pulp density of 1% in spent medium bioleaching [176].

Recovery processes via bioleaching use microorganisms as the leaching agents and therefore
offer many attractive benefits. For instance, bioleaching has good extraction efficiency, low operating
cost and very effective for the extraction of low concentration of Li from the spent batteries. This
work aims to isolate local bacteria strains capable to recover Li from used LIB and to establish
optimum conditions for the bioleaching [177]. In contrast with spent face-centred cubic catalyst, a
minor difference in leaching efficiency was observed between bioleaching and leaching with the
individual organic acids formed in the process of fungus growth [178] Bioleaching mechanism for
the spent lithium-ion battery for the extraction of Li and Coby the mixed culture of acidophilic sulfur-
oxidizing and iron-oxidizing bacteria can also be investigated [179].

2Fe?* + 2H* + 0.50,— 2Fe*" + H,O (Microbial Action)  (40)

FeS, + 2Fe** — 3Fe’ 428 41)
2S + 30, +H20 — 2H,S04 (Microbial Action) (42)
2LiCo0; +8H" + 2Fe**— 2Li" +2Co?*" + 2Fe*" 4H,0 (43)

3.3.2 Biosorption

The biosorption process is considered one of the promising and potential methods for the
selective separation and recovery of metals as well as precious metals. In general, the biosorption is
the properties of certain types of biomass materials which interact with metals ions so as to bind and
concentrate them from aqueous solutions [180] Most of these biomasses or biomaterials are abundant
in nature and thus make them inexpensive for application purpose. Further, the biosorption involves
the utilization of dead microbial or plant biomass which can be directly brought to contact with high
toxicity solution [181]. A major advantage of the biosorption process is its in-situ application without
the proper need for process design or any industrial process operations, and also it can be incorporated
into the industrial systems [182].Several living and dead biomasses of fungi, bacteria, and microalgae
have been used for heavy metal biosorption [183].
3.3.2.1 Biosorption for spent catalysts

Choudhary el al. demonstrate the claim of a low cost and eco-friendly biosorbent, soluble
tannins cross-linked and PEI modified L. speciosa leaves powder (TLS) for sorption and recovery of

palladium (II) from the acid-leached solution of monolithic ceramic capacitors and simulated spent
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automobile catalyst and gold from various waste water samples.[ 184, 185]. Garole et al. reported the
absorption and extraction of platinum from acid-leached spent catalyst solution using low-cost and
eco-friendly PEI modified L speciosa leaves powder (PEI-LS) [186]. Another biodegradable
biosorbent was reported from the red marine alga Gelidiumamansii biomass. This is a promising,
economic and environmentally friendly biosorbent to remove the 100% Pb*'from aqueous solution
where the solid/liquid concentration is 200 mg/L and the reaction time is 3 h. this method is adopted
to treat the wastewater effluents [187]. The native and dried Oscillatoria sp. Cyanobacterium biomass
is also investigated in another study as a biosorption in the batch mode to remove the Cd (II) ions
from aqueous solutions [188].
3.3.2.2 Biosorption for spent LIBs

Isolation and recovery of valuable metals, such as Co and Li from spent LIBs through leaching
and cobalt through biosorbtion was applied simultaneously [189]. Pyrometallurgical and
hydrometallurgical recycling techniques are commonly employed in industries to recover PMs. However,
these techniques have certain disadvantages such as high cost and generate secondary hazardous waste.
Thus, to have a green and sustainable method, the adsorption techniques like biosorption process making
use of easily available biomass materials results in cost-effective and eco-friendly techniques.
3.4 Roasting with sodium salts for spent catalysts

Chen et al. reported metals recovery from a spent hydroprocessing catalyst containing V, Mo,
Ni, Co, and Al>Osusing alkali (NaOH) fusion. The roasting of the catalyst with NaOH (mole ratio of
NaxO:AlLO3 = 1:2) was performed at 750°C for 30 minutes. The water was used for the leaching of
the roasted product. In the leaching process, V and Mo were dissolved in sodium aluminate solution
while leaving Ni and Co in the residues. Recovery of the metals was95.8% for V, 98.9% for Mo,
98.2% for Ni and 98.5% for Co [179]. The spent catalyst examined in the present work comprised of
60.4% Al,Os3, 21% MoOs3, and 1.52% Co0304, and 0.85% NiO, and 4.67% SiO,. The effects of
temperature, concentration of soda ash (Na2CO3) and roasting time on Mo recovery were studied and
under selected experimental 92% Mo was recovered as sodium molybdate [190]. The pH of sodium
molybdate solution was adjusted at 2 and then purified with ammonia by adsorption on activated
charcoal. The solution thus obtained was heat-treated at 90°C to generate ammonium poly molybdate

which was followed by the calcination at 450°C to produce MoO3 with high purity (99.9%) [191].

NIMoV/AlLO3 + NaCO3/NaOH 500-700°C— Roasted Spent Catalysts (44)
Roasted Spent Catalysts + Water— NaVO3 + NaxMoOyj (solution) + NiO/Al>Os (residue) (45)
MoOs3 + Na,CO3 — NaMoO4 + CO» (46)

V205 + NaCO3— 2NaVOs + CO» 47)

MoOs+ 2NaOH — NaxMoO4+H>0 (48)

V,0,+ 2NaOH — 2NaVOs+ H,O (49)
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Al,0O3 + 2NaOH — 2NaAlO>+H>O (50)

4. Repurposing strategies for recycled materials

A hydrometallurgy and bio-metallurgy process help to achieve high purity of metals via the
NHowever, what to be done with the recycled materials from spent LIBs and catalysts. There are no
clear strategies and industries to address these issues therefore further research is urgently required
to investigate the opportunities of utilization of recycled materials.
4.1 Recycled materials from spent catalysts

Recently, the researchers demonstrated that the recovery metals from spent catalysts can
potentially support their re-use in the energy-storage applications similar to advanced batteries,
supercapacitors as well as the energy conversion applications with water splitting [119]. Using Mn
and Co from spent LIBs as metal precursors, a spherical spinel MnCo0204 was developed for oxygen
evolution reaction (OER) in 1 M KOH [192]. It was revealed that overpotential of 358 and 400 mV
was achieved to generate current density of 5 and 10 mA/cm? with a relatively low catalyst loading
(1.025 mg/cm?). This newly synthesized spinel MnCo,04 spheres prepared from different recovered
materials such as LiCoO», LiMn>O4 displayed better electrocatalytic performances as compared to
commercially available catalysts as presented in Figure 7.
4.2 Recycled materials from spent LIBs

In one of the recent efforts, Aravindan and co-workers [193] explored utilization of
carbonaceous materials (GC) from used LIBs as a negative electrode in LIBs again as well as in Li-
ion capacitors (LICs) with activated carbon positive electrode. Interestingly, LIB assembled with
LiFePO4 cathode delivered a remarkable energy density of 313 Wh/kg while LIC with commercial
activated carbon displayed an energy density of 112 Wh/kg with decent cycling profiles as shown in
Figure 5. Recently, the various researchers developed the innovative eco-friendly and cost-effective
way to recycle anode material of spent LIBs for the simple preparation of graphene and also for other
applications includes energy storage. For instance, Zhang and co-workers [194] converted retired Li-
ion battery graphite anodes to graphene and graphene oxide and investigated their supercapacitive
performances. It was further revealed that the graphene productivity enhanced by 4 times compared
to the graphene from pristine graphite due to lithiation aided pre-expansion (see Figure 6). The
graphite powders collected from spent LIBs exhibits irregular expansion because of the lithium-ion
intercalation and de-intercalation in the graphite during charge/discharge processes. Likewise,
Natrajan et al [195] developed reduced graphene oxide (rGO) using different parts of spent LIBs such
as graphite, metallic cases (such as aluminum (Al) and stainless steel (SS)). The rGO prepared using
graphite and Al-casing displayed superior specific capacitance of 112 F/g at a current density of 0.5
A/g, which was attributed to the high surface area and mesoporous nature. It was further interesting

to note that the electrode showed excellent cycling stability over 20000 cycles as seen from Figure 6.
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The same group [196] further demonstrated the synthesis of carbon hollow spheres (CHS) and
reduced graphene oxide (rGO) from the spent LIBs-recovered separators and graphite, respectively
and employed them for gas storage such as N2, Hz, and CO>. Both the materials (rGO and CHS)
showed an affordable specific surface area of 374 and 402 m?*/g. The studies revealed that both
materials displayed good gas adsorption properties for all three gases.

As discussed earlier, the cathode is the most precious part of the battery and researchers have
taken maximum efforts to recycle them due to the high value of metals. However, very few reports
are available on the repurposing of recycled metals from spent LIBs. For example, researchers [197]
have regenerated the Mn-Co carbonate from the mixed composition of cathodes of spent LIBs and
implemented as positive electrode materials in asymmetric supercapacitors. The as-fabricated
asymmetric cell with activated carbon negative electrode and Mn-Co carbonate positive electrode
delivered a specific capacitance of 119 F/g with good cycling stability after 9000 cycles within 1.6
V.As a practical demonstration, flexible solid-state supercapacitor was assembled, which efficiently
powered a greenlight-emitting-diode (LED).

5. Conclusions and future opportunities

The review provides a brief summary of methods used for the recycling of end-of-life LIBs
and spent catalysts such as pyrometallurgy, hydrometallurgy, and bio-metallurgy (see Table 2). It was
revealed that the hydrometallurgy and bio-metallurgy are the most efficient methods to recover the
metals from repurposing point of view. The leaching of nickel, cobalt, manganese, lithium and other
metals from different waste materials, particularly spent LIBs and catalysts could be performed using
acidic and alkaline solutions. The studies have been carried out in different lixiviants, such as H2SOa,
HNOs& HCl in the presence of oxidizing agent. on the other hand, the addition of an oxidizing reagent
such as Fe (NO3)3, Al (NO3), H2O> was found essential to improve the leaching efficiency of leaching
of nickel, cobalt, manganese, lithium and other associated metals. The process has been employed on
the commercial scale for recovery of nickel, cobalt, manganese, lithium from spent materials.
However, it suffers from an environmental viewpoint as it generates NOx and chlorine and acid fumes
due do the presence of HNOs. A high concentration of HCI in the leaching solution also generates
fumes and Cl, gas. To reduce the emission of HCl fumes during the leaching, H>SO4 has been
employed without affecting the efficiency of nickel, cobalt, manganese, lithium leaching. An
alternative approach to dissolving the substrate using H>SO4, ammonia, alkali or bioleaching has been
proposed, which could be subsequently leached to recover nickel, cobalt, manganese, lithium. To
replace the HNOj oxidizing agent, H>O» also has potential to be used for the leaching of nickel, cobalt,
manganese, lithium and other metals. Similarly, other leaching agents, such as tartaric, citric,
glyoxylic, lactic, glycolic acid, glyoxalet care also effective as leaching agents for the dissolution of

nickel, cobalt, manganese, lithium and other metals. Bio-metallurgical for industrial waste appears to
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be an attractive method for heavy metals recovery. Approximately without exception, microbial
extraction procedures are more environmentally friendly, while giving high extraction yields in excess
of 90%. In recent years deep, eutectic solvent is employed for dissolution of metal oxide and good
solvent to improve the metal recovery from solid waste.

Thus, it is imperative to recover the materials from spent LIBs in order to reuse them again as
the next-generation energy conversion and storage systems. Hence, energy storage performance for
the renovated materials from the waste is highly significant and will assuredly get inordinate
industrial importance when the recycling of spent LIBs from electronic wastes are considered besides
the resource conservation and environmental protection. However, much more research needs to be
in the future to develop different opportunities for re-purposing of recycled waste from retired LIBs
and spent catalysts.

Environmental restrictions and economic benefits have obliged countries to promote recycling
processes from secondary resources like spent catalyst and spent lithium ion batteries (LIBs) instead
of using primary ones. In spite of the developments have been made on industrial scale for the
technologies involved in recycling processes, most of these technologies suffer from lack of
efficiency and eco-friendliness. To reduce the footprints of the recycling processes, several efforts are
made. A major development area is the use of green methods which are considered as promising
agents for leaching of valuable metals from spent catalysts LIBs. For this purpose, necessity of green

methods and advantage of leaching agent in recycling of spent catalysts LIBs.
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Figure 1. Flow diagram of the processes involved in the recycling for spent catalyst
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Waste Not

The volume of lithium ion battery cells being sold is set to surge, creating opportunities
for recyclers

B Electronics [l Power tools [ Electric cars [ E-buses, bikes and scooters [l Energy storage
B Industrial automation Wl Data centers [l Telecom @ Other
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Source: Creation Inn Bloomberg

Figure 2 The forecast of LIBs going to be retired and amount of generated waste in near future.
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Figure S (a and b) Galvanostatic charge/discharge curves for LiFePOu/pre-treated GC full LIB and
activated carbon/pre-lithiated GC based Li-ion capacitor (LIC) at various current densities,
respectively. (¢) Cycling stability of activated carbon/pre-lithiated GC based LIC. (d) Ragone plot
with the values of energy and power densities of LIC and LIBs. Reprinted with permission from ref.

171, Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6 (a) End-of-life LIBs recovered from electronic devices (b) Different components of LIBs
after physical dismantling. (c¢) Scanning electron micrograph of graphene prepared by shear mixing
method. (d) Galvostatic charge/discharge curves for graphene prepared from fresh and used graphite.
Reproduced with permission from ref. 172, Copyright 2019 American Chemical Society. (¢) SEM
images of reduced graphene oxide (rGO) prepared by Hummers method using Al-as reducing agent.
(f) Cyclic voltammetry curves of rGO prepared using Al and stainless steels casings as reducing

agents. Reprinted with permission from ref. 173, Copyright 2018 Elsevier.
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Figure 7 (a) Schematic illustration of overall recovery and synthesis spinel MnCo0204 microspheres
from the spent LIBs. (b) SEM image of spinel MnCo2O4microspheres. (c) Linear sweep voltammetry
(LSV) curves for re-synthesized spinel MnCo2Osmicrospheres, recovered LiCoO», LixMnOx-+1, c-

C0304, c-MnO2 and c-RuOomeasured at scan rate of 5 mV/s in 1 M KOH. Reproduced with
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Table 1 List of leaching agents used for spent catalyst and spent lithium ion batteries materials

Reagents Type of Spent Material References
Sulphuric acid (50 %) Spent catalyst (NiO/AL2O3) 44
Sulphuric acid (18 %) Spent catalyst (NiO/Al2O3) from fertilizer 25

process from steam reforming process
Sulphuric acid (8 %) (N1O/Al,03/Fe203) from urea productionunit 33
Sulphuric acid (50 %) Spent catalyst (NiO/AL2O3) 32
Sulphuricacid 60 g/L under Egyptian boiler ash 43
atm. and oxygen pressure
Hydrochloric acid Low grade spent catalyst 65
(NH4)2CO3 Spent catalyst (NiO/Al>O3) 100
H2S04(80%) Spent catalyst (NiO/Al>O3) in an ammonia 31
plant
60-70% Spent NiO catalyst 60
Nitric acid spent NiO—Al>Os3 catalyst 56
H2SO4+ HoS Spent Catalyst 39
Tartaric acid Spent catalysts 86
HCl Fatty nickel catalysts 103
NaxCOs3 + H202 Spent catalyst 106
NaOH 10% pH 8.8 Spent catalyst 107
NaOH atm pressure leaching Spent catalyst 101
two step
NaOH (1% stage) & Spent catalyst 115
H,S04 (2" stage)
NaOH (1 stage) & Spent catalyst 10
H,S04 (2™ stage)
NaCOs (roasting + Leaching Spent catalyst 161
with H>0)
KHSO4 Fusion + water Spent catalyst 24
Extraction
Aqueous NH3 + NH4COs3 + Spent catalyst 74
H>0,
Glycine + ascorbic acid Lithium ion batteries 95
Citric Acid + H202 Lithium ion batteries 9
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HCl Lithium ion batteries 128
HCI + H20> Lithium ion batteries 69
H>SO4 + H202 Lithium ion batteries 109
H>SO4 + HOo Lithium ion batteries 27
Table 2 Comparison chart in terms of efficiency and recovery process
Recovery Advantages Disadvantage Environmental
Process Hazards
Pyrometallurgy High Capacity High Temperature Waste Gas
Simple Operation High Energy Consumption Dusts
Low Metal recovery ration
Hydrometallurgy Low Energy Required Recovery process take time Generate of
High Metal recovery ratio | Chemical Consumption is very waste water
High Purity Product high effluent
Biometallurgy | Low Energy Consumption Long Reaction Period Waste water
Mild operation conditions Bacterial are difficult to effluent
High metal recovery ratio cultivate
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