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A closed-loop zero-liquid-discharge process for
the precipitative separation of all valuable metals
from waste lithium-ion batteries of mixed
chemistries at room-temperaturet
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Arvind B. Boricha,*” Jatin R. Chunawala,“® Joyee Mitra**“ and
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Recycling spent lithium-ion batteries (LIBs) and recovering valuable metals is essential for resource sus-
tainability, minimizing environmental footprint, and maximizing resource utilization. However, many exist-
ing recycling methods are costly, energy-intensive, pose fire hazards due to organic solvents, or generate
extensive secondary waste. Also, most studies have focused on metal recovery from simple cathode
materials, such as LCO batteries, with less attention on mixed LIBs, containing multiple metals. To address
these concerns, we have developed a room-temperature leaching process for NMC-type cathode materials
that shows high leaching efficiency for Li, Co, Ni, and Mn (~98%) under optimized conditions of 4 M acetic
acid, 5 vol% H»O,, 20 g L™ pulp density in a duration of 5 h. We have also developed a downstream process
that enables the sequential and selective precipitation of all metals through judicious control of the solution
pH and using specific reagents. As a result, all metal salts (Ni(DMG),, CogSg, Mn(OH),, and Li,COs) were recov-
ered in pure form (>98%) with high recovery efficiencies (85-99%). Additionally, excess acetic acid and the
by-product sodium acetate (purity >97%) are also recovered, establishing a zero liquid discharge process. We
also recycled Ni(DMG), complex to recover $-Ni(OH), and DMG for re-use. Furthermore, the recovered
acetic acid was used to recover lithium, copper, and graphite from the anode material. This process offers
several advantages over existing technologies, including low energy requirements for a room temperature
process, eliminating cathode pre-treatment, the use of selective precipitation methods that preclude the
necessity for organic solvents, and fire hazards. This environment-friendly zero-liquid discharge process
offers a sustainable pathway for LIB recycling.

1. This study presents an environmentally friendly hydrometallurgical leaching process using acetic acid at room temperature & subsequent separation of
metal salts solely through precipitation methods from spent LIBs.
2. The process eliminates the necessity for elevated temperatures and organic solvents, thereby reducing environmental and fire hazards associated with

handling bulk organic solvents. The excess lixiviant (acetic acid) and the by-product (sodium acetate) are recovered in the process, achieving a zero liquid dis-

charge (ZLD) process.

3. Future studies will be conducted to improve the pulp density during leaching in order to reduce acid consumption, as well as to develop a continuous

process at a larger scale for industrial viability.
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Introduction

There is a global drive to upcycle and recycle various waste
materials generated in our daily lives, with the aim of minimiz-
ing waste generation and reducing pollutant accumulation.’™
In this context, the global thrust towards a low-carbon/carbon
neutral energy scenario is fuelling the ever-increasing demand
for rechargeable lithium-ion batteries (LIBs), which offer
advantages of high energy density, prolonged storage capacity,
compact size, and large shelf life while mitigating greenhouse
gas emissions.”” This has resulted in its overwhelming popu-
larity for applications in portable electronic devices, and also
the global revolution of electric vehicles (EVs).® However, the
average cycle life of these LIBs is about 5-10 years, resulting in
the accumulation of massive volumes of spent LIBs, with an
estimated amount of 21 million battery packs of spent LIBs
from EVs alone.” The development of recycling strategies for
spent LIBs is essential not only from an environmental point
of view to minimize waste accumulation, but also to maximize
resource conservation to ensure a smooth supply of elements
for battery manufacturers. Additionally, it ensures a distri-
bution of critical resources without geopolitical constraints.
Efficient and complete recycling is expected to reduce the
requirement of mined lithium to ~37%, and substantially
reduce the necessity of Co, the most expensive component,
mined from potentially conflict-torn zones.*® Consequently,
the recycling of spent LIBs has gained considerable attention
and has been the subject of numerous studies.”® Despite this,
existing technologies face several challenges from a practical
standpoint.”*°

In spent LIBs, the cathode has the maximum recoverable
value, and the cathode active materials ie. LiCoO, (LCO),
LiNiO, (LNO), LiMn,0, (LMO), LiNi,Co,Mn,O (NCM), etc. are
processed via different approaches including direct recycling,
pyrometallurgy, hydrometallurgy, bioleaching, or a combi-
nation thereof."*™® Energy-intensive pyrometallurgical pro-
cesses are industrially preferred to extract a specific metal,
despite the release of toxic gaseous fumes causing subsequent
pollution."®*® Hydrometallurgy is a more viable option owing
to a high metal recovery rate and purity of the product.'”*®
Hydrometallurgy often involves time-consuming pre-treatment
steps to separate the cathode active material (black mass) from
aluminium foil by either heating at elevated temperatures or
by chemical treatment,'®*° followed by toxic, corrosive acid or
alkali treatment to maximize metal leaching.’*'** Organic
acids including malic acid, formic acid, ascorbic acid, citric
acid, etc. have emerged as environmentally benign alternatives
compared to mineral acids and alkalis, but their high cost
often hinders their extensive applications.'’***” Researchers
have explored greener alternatives such as triethyl phosphate
(TEP) as replacements for organic solvents like dimethyl-
formamide (DMF), and N-methylpyrrolidone (NMP) to dissolve
the PDVF binder to separate the black mass from aluminium
foil, but the process required large amounts of organics, which
poses significant fire hazards.?® Selective extraction of metals
in the presence of organic solvent followed by chemical pre-
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cipitation has also gained significant attention in recent years,
to circumvent the use of mineral acids. Cyanex 272 is specific
to cobalt and effectively separates cobalt and nickel,>"*° while
di(2-ethylhexyl)phosphoric acid (D2EHPA) has been reported
to extract copper and manganese with >98% extraction rates.>°
The solvent extraction method is beneficial for obtaining high-
purity products, but the method is encumbered due to high
expenses, toxicity, and potential fire hazards.*’ In recent
times, ionic liquids (ILs) and deep eutectic solvents (DES) have
gained significant attention as green solvents for efficient
leaching, as their acidity, reducibility, and coordination pro-
perties can be tuned to effectively separate valuable metals
from the spent LIBs.**** While many studies have demon-
strated success with LCO batteries,®**™® less attention is given
to the more challenging NCM-type cathode materials, which
contain multiple metals. Although ILs and DES are considered
green solvents, their synthesis often involves multiple steps
with significant chemical wastage® and their slow degradation
can result in accumulation in the environment, causing pol-
lution by either the solvents or their metabolites.*® However,
the extent of their environmental impact remains unclear.*®
While DES are simpler to synthesize than ILs, they are some-
times reported to show higher toxicity than their individual
components.’’ Additionally, their use on an industrial scale
requires high concentrations and elevated temperature, raising
both toxicity and economic concerns.*® In many instances,
elevated temperatures and concentrations of lixiviants & redu-
cing agents are preferred for maximizing leaching
efficiency.*»** However, these conditions have drawbacks,
such as the decomposition of reducing agents into toxic gases,
higher reagent dosages, and increased resource consumption.
Therefore, processes that operate at lower temperatures or
without external heat supply, albeit rarely explored in the con-
temporary literature, are vital for energy efficiency and redu-
cing reagent consumption.***> The downstream separation of
individual metals from the leached liquor involves precipi-
tation, solvent extraction or a combination thereof, depending
on the number of metal ions present and the requirement of
individual metal or mixed metal compositions. The separation
of individual metals from mixed-type batteries having multiple
metals poses challenges due to the presence of several interfer-
ing metal ions and increases the number of operating steps. A
recent report discusses alkali treatment to remove transition
metals as mixed metal hydroxide precipitate, effectively separ-
ating lithium, which can be recovered from the filtrate.*®
While precipitation methods are known for separating metal
ions, they are primarily applied to leachates containing fewer
metal ions.*”"*® The separation of individual metals from cath-
odes having mixed chemistries with interfering multiple metal
ions is challenging during selective precipitation. Despite the
challenges, the separation of individual metals from mixed-
type cathodes is imperative as it facilitates industrial adap-
tation and broadens the scope of utilization of the metals
thereby improving the overall process economy.**>°

A comprehensive literature analysis reveals several limit-
ations in the existing processes: (i) recycling of spent cathodes
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do not typically involve batteries having mixed chemistries
including NCM, hindering a comprehensive understanding of
the challenges associated with metal recovery in the presence
of mixed cathode materials;”" (ii) pre-treatment of cathode to
remove PVDF binder by heat treatment that generate hazar-
dous hydrogen fluoride gas, or require organic solvents to dis-
solve the binder and separate the black mass from aluminium
foil; (iii) majority of leaching processes are conducted at elev-
ated temperatures and require organic solvents for metal
extraction, with potential to cause fire hazard and generating
secondary waste; (iv) contemporary literature rarely addresses
the recovery of excess lixiviant, reagents used for selective pre-
cipitation and by-products, thus failing to achieve a zero-liquid
discharge process, which is becoming increasingly relevant
considering the prevalent environmental norms.

To overcome these limitations, and in order to develop a re-
cycling protocol along the lines of green chemistry principles,
we have developed a room-temperature leaching process using
the whole cathode of mixed chemistries without any pre-treat-
ment step, using acetic acid that simultaneously separates out
the aluminium foil during leaching. A sustainable downstream
process was developed for the selective sequential precipi-
tation of individual metals, precluding the necessity of organic
solvents in the metal separation processes, to minimize fire
hazards associated with recycler industries. The excess lixivi-
ant and by-product of the process was also recovered, resulting
in a zero-liquid discharge process. The main findings of this
research are the following: (i) a pre-treatment free leaching
process that is effective for the recycling of cathodes of mixed
chemistries without any external heating; (ii) A selective
sequential precipitation route to recovery individual metals
without organic solvent extraction steps; (iii) recovery of excess
acetic acid, and byproduct sodium acetate culminating in a
zero-liquid discharge process, and (iv) the reuse of recovered
lixiviant for the recovery of lithium, copper and graphite from
anode, and the recovery, reuse of reagents used in metal pre-
cipitation. Thus, this work is a step towards a sustainable and
economical process to recover metals from the spent cathode
of LIBs, minimizing adverse environmental footprint.

Results & discussions
Leaching studies

The mixed mobile batteries were discharged and disassembled
manually to separate the cathode, anode, metal casings, and
plastic separators (Fig. S1,1 detailed procedure in ESIf). The
whole cathode, which is aluminium foil with cathode active
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material, was heated in air at 450 °C for 5 h to remove the
binder. The cathode powder was scrapped and removed to
determine its composition by digesting it in aqua-regia, fol-
lowed by ICP-MS analysis as shown in Table 1. This scrapped
cathode powder was then used in leaching studies and optim-
ization. We selected hydrogen peroxide as the reducing agent
considering its extensive use in industrial processes, and its
decomposition into water & oxygen without introducing any
impurities into the system.>* Similarly, acetic acid is used as
the environmentally friendly lixiviant, any excess of it being
recoverable through distillation, and in view of prior reports of
its use for the treatment of ore and scraps containing tran-
sition metals.>>** The powder XRD characterization of cathode
powder indicates a blend of LCO, LMO and NCM-type cathode
material, supporting the ICP-MS analysis results (Fig. 1).
During the leaching process in acetic acid, the high valence
transition metal ions tend to reductively dissolve in the pres-
ence of hydrogen peroxide (H,O,). The reactions between the
cathode powder with acetic acid and H,O, are presented
below:

LiCoO, 4 3CH;COOH + 1/,H,0,
— CH3COOLi + Co(CH,CO0), + 2H,0 + 1,0,

(1)

LizMn204 + 6CH3COOH + H,0,
— 2CH;COOLI + 2Mn(CH,COO), + 4H,0 + O,

* % LiMng0,, © Li,CoMn,0,
s # LiNiO, LiNig sMn, O,
— 3
=. OC % Fe,0, AlLLO,
©
S
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n
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Fig.1 Powder XRD pattern of cathode powder before and after
leaching.

Table 1 The average metallic composition of mixed cathodes of spent LIBs

Samples

Li Co Ni Al Mn

Elements (wt (%)) in cathode powder (digested in aqua-regia)

Leaching solution of cathode powder (optimized condition; pulp density: 20 g L™)
Leaching solution of whole cathode (with Al foil; 1 kg scale; pulp density: 20 g L™") 0.86 g L™

This journal is © The Royal Society of Chemistry 2025

5.2% 28% 3% — 6%
1.03gL™" 549¢gL™' 059gL™' — 119gL™"
502gL™" 054gL™" 045gL™' 1.06gL™"

Green Chem., 2025, 27, 4267-4279 | 4269


https://doi.org/10.1039/d5gc00054h

Published on 23 maaliskuuta 2025. Downloaded on 29.10.2025 13.38.25.

Paper

LiNiO, + 3CH;COOH + 1,H,0,
— CH3COOLi + Ni(CH,COO), + 2H,0 + 150, ®)
Li(Ni,Co,Mn,)0, + (2x + 2y + 2z + 1)CH;COOH + 1/2H,0,
— CH;COOLi + xNi(CH,COO0),
+ yCo(CH,CO0), + zMn(CH,CO0),
+(x+y+2z+1)H,0+ (4 — 2x — 2y — 22) /20,
(4)
The leached liquor under optimized conditions (discussed
later) shows a leaching efficiency >98% for all metal ions, also
supported by diminished peaks in PXRD (Fig. 1 and Table 1).
Once the optimal conditions were determined, the entire
cathode (including Al foil) was cut into small pieces and used
for 1 kg scale leaching studies. The direct use of the whole
cathode offered the advantage of avoiding additional pre-treat-
ment steps involving organic solvents and calcination at elev-
ated temperatures, thus saving time and reducing energy con-
sumption. During the whole cathode leaching, it was observed
that the Al foil separated effectively with concurrent leaching
of metal ions. After filtration, the minor undissolved fine
residue was separated effectively from Al foil by simply sieving.
It is observed that by using the whole cathode, some amount
of Al is leached into the leached liquor, which was sub-
sequently utilized for sequential separation of metal ions.

Optimization of leaching parameters

The initial leaching experiment was conducted at room temp-
erature considering the exothermic nature of the reaction
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while using H,0,. A typical reaction condition of 3 M acetic
acid, 20 g L™" solid-liquid ratio, 7.5 vol% H,O, for 7 h gives a
leaching efficiency >78% for all metal ions. To investigate the
impact of temperature on these extraction processes, the temp-
erature was varied from room temperature (30 °C, without
external heating) to 90 °C, while maintaining the other para-
meters constant. It is observed that the metal leaching
efficiency decreased with an increase in the reaction tempera-
ture, probably due to the faster decomposition of H,O, at
higher temperatures (Fig. 2A). Notably, due to the exothermic
nature of the reaction, the actual temperature of the reaction
medium reached 65 °C without any external heating at room
temperature, which facilitated metal leaching. Similarly, exter-
nal heating i.e. maintaining the heater temperature at 70 °C
and 90 °C raised the suspension temperature to 90 °C and
110 °C, respectively. Higher temperatures enhanced the
decomposition of H,0, into water, leading to a reduced extrac-
tion efficiency, often necessitating a greater amount of H,O, to
maintain an extraction efficiency comparable to the room
temperature experiments. However, increased levels of H,0,
can also be harmful to the process, as there are reports indicat-
ing that heat sources and impurities such as acids and metal-
lic ions can trigger the explosive breakdown of peroxides,
potentially causing fires.>® Ascertaining that room temperature
(absence of external heating) is most suited for the leaching of
metals from the spent cathode, we focused on optimizing the
other parameters. The solid-to-liquid ratio (S/L) was varied
between 20 g L' to 100 g L™ to examine its effect on leaching
efficiency under the above-mentioned leaching conditions. It
is observed that an increased S/L ratio has an unfavorable
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Fig. 2 The effects of (A) reaction temperature, (B) pulp density, (C) acid concentration, (D) H,O, dosage, (E) leaching time, and (F) leaching efficien-

cies of metals under optimized conditions.
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effect on metal extraction, as the efficiency of metal extraction
decreased with the increase in S/L ratio (Fig. 2B).
Subsequently, 20 g L™" was established as the optimal S/L ratio
for further investigation.*” A small S/L ratio is considered ben-
eficial to maximize leaching, as the surface area available per
unit volume is high, while practically, a high S/L ratio is pre-
ferred for a high process throughput at the cost of leaching
efficiency.””*! The acetic acid concentration was subsequently
varied from 1 M to 5 M keeping the other parameters constant
(20 g L™ solid-liquid ratio, 30 °C, 7.5 vol% H,0, & 7 h). It is
observed that the efficiency of metal extraction increased up to
an acid concentration of 4 M, beyond which it reached a
plateau with minimal observable changes (Fig. 2C).
Consequently, the remaining parameters were sequentially
optimized, with the acetic acid concentration set at 4 M. Then
the H,0, concentration was varied from 2.5 to 10 vol% while
keeping the other parameter fixed (4 M acid, 20 g L™" S/L ratio,
7 hour time, 30 °C). It is observed that the extraction efficiency
of metals increased up to an H,0, concentration of 5 vol%,
and a further increase in H,0, did not significantly improve
the leaching efficiency (Fig. 2D). It is well known that H,O,
helps in the reductive dissolution of metals, where the high
valence transition metals were reduced to their lower valent
states and simultaneously escalating the lithium leaching.
Consequently, an H,0, concentration of 5 vol% was identified
as optimal for subsequent investigations. Finally, the leaching
time was varied from 1 to 7 hours while maintaining other
conditions constant (4 M acetic acid, 20 g L™" pulp density,
5% H,0, (v/v), and a leaching temperature of 30 °C). It is
observed that the leaching efficiency of metals increased up to
5 hours, beyond which negligible changes were
observed (Fig. 2E). Accordingly, a leaching time of 5 hours was
selected as the optimal duration. Based on the aforementioned
experiments, room temperature (30 °C), 20 g L™ pulp density,
4 M acetic acid, 5 vol% H,0,, and a time duration of 5 h
was determined as the optimal parameters for achieving a
>98% leaching efficiency of metals (Fig. 2F). Under this
leaching condition, a 1 kg batch of whole cathode (with Al foil)
(total 50 L: 2.5 L H,0, & 47.5 L of 4 M acetic acid) used
for leaching showing concurrent leaching of metals and
separation of undissolved Al foil avoiding pre-treatments
(Table 1). The leached liquor from the whole cathode was
processed in 1 L batches for selective & sequential precipi-
tation of metals.

Exploration of the leaching kinetics

Exploration of leaching kinetics for the dissolution of cathode
material from spent LIBs in the lixiviant is crucial in maximiz-
ing the leaching efficacy of the system. Metal leaching from
the spent cathode of LIBs is a heterogeneous solid-liquid
process occurring on the outer surface of the unreacted black
mass particles. This entails a reduction in the volume of the
particles owing to the gradual dissolution of the lithiated
metal oxides in the solution. Hence, the shrinking core model
(SCM) was utilized to probe the kinetics of metal leaching

This journal is © The Royal Society of Chemistry 2025
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from used LIBs.’® The equations governing the steps in the
SCM model are detailed below:

X =kt (5)
1-(1-X)"V =kt (6)
1-2X/3—(1-X)*° =kt 7)

In these equations, X denotes the leaching efficiency, and &
represents distinct process-controlled rate constants at time ¢.
This model delineates the progression where the unreacted
core undergoes reduction and dissolution (controlled by the
mass transfer process in the liquid layer, eqn (5)), with the
chemical reaction on the surface (eqn (6)) and the internal
diffusion in the residual layer (eqn (7)) typically governing the
rate during leaching. Upon careful examination of these
kinetic equations governing the metal leaching process from
cathode powder, it becomes evident that the surface chemical
reaction control model aligns effectively with the observed
data. With the increase of H,0,, a noteworthy reductive trans-
formation of metals such as Co®" and Mn*" occurs, resulting
in more soluble Co** and Mn>" species. The leaching data col-
lected at varying temperatures was fitted with different kinetic
equations. The data for mass transfer corresponding to eqn (5)
revealed an increase in leaching efficiency over time, as
depicted in (Fig. S21). The leaching data indicated an excellent
fit to eqn (6) and (7) (R2 values >0.95), and are illustrated in
(Fig. 3) and (Fig. S371) respectively. This suggests that both the
processes of diffusion through the layers of residue and the
chemical reactions occurring at the surface are pivotal in the
leaching process. To determine the apparent activation ener-
gies (E,) for the metals during the leaching process, the
Arrhenius equation (Ink = InA — E,/RT) was employed, where
k is the rate constant, A is the frequency factor, R is the gas
constant, and T is the temperature. The plot between In k and
1/T from the slopes obtained from (Fig. 3) provides a superior
fit for the observed dissolution kinetics, as shown in eqn (6) in
(Fig. S47). As the leaching process involving H,O, reductant is
exothermic, the rate constant decreases with an increase in
temperature. The apparent activation energies were deter-
mined to be 26 k] mol™, 27 k] mol™?, 32 kJ mol™?, and 37 kJ
mol ™' for Li, Mn, Ni, and Co respectively, from the graph of
In k versus 1/T. These negative values are deemed physically
insignificant and indicate that leaching efficiency diminishes
with an increase in temperature above 60 °C.%”

Selective and sequential precipitation for the recovery of
metals from the leached liquor

After the leaching of valuable metal ions upon treatment with
the lixiviant acetic acid, it is important to recover the metal
ions in pure form. The leaching solution obtained after the
reductive leaching of Li, Ni, Co, and Mn was utilized for the
selective, sequential recovery of the constituent metals. There
are various methods reported in the literature such as solvent
extraction, precipitation, and a combination of solvent extrac-
tion followed by precipitation. Among these methods, sequen-
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Fig. 3 (A) Plot between 1 — 2X/3 — (1 — X)*’* versus time (h) for Li, (B) Mn,
conc: 5%; acetic acid conc: 4 M; time: 5 h) varying temperature.

tial & selective chemical precipitation is advantageous as it pre-
cludes the use of organic solvents, thereby minimizing fire
hazard and also reducing the number of processing steps com-
pared to solvent extraction. However, selective precipitation of
individual metals from batteries of mixed metal-based compo-
sition including NCM-type cathodes is challenging due to the
interference of metal ions and is rarely attempted in the litera-
ture. Though some literature has shown pH-controlled selec-
tive precipitation from binary mixtures, achieving the individ-
ual metal separation in pure form is challenging in the pres-
ence of complex mixtures. Considering the complexity of the
system, the leached liquor was treated with various chemical
reagents sequentially at appropriate pH for selective precipi-
tation of metal ions, to ensure the generation of a single by-
product, which could be separated at the end of the process.
Initially, dimethyl glyoxime (DMG), known for its affinity for
Ni, was added in the mixed metal containing leached liquor to
separate out the highly insoluble Ni(DMG), complex (yield =
99.32%) selectively,’' based on Ky, (2.1 x 107%) value. It is
observed that cobalt does not yield any precipitate with DMG
in acetic acid medium (pH ~ 3.5). The purity of the recovered
Ni(DMG), complex was established from the powder XRD
(Fig. 4A).>” The FT-IR peaks corresponding to the vc—y stretch-
ing vibration in (DMG), complex were observed at 1571 cm™",
while the vibrations due to N-OH bending appeared at
1364 cm™". Peaks at 1240 cm™ ' and 1101 em™ " were accounted
for by the N-O vgymm and vasymm stretching vibrations, respect-
ively, formed upon coordination of the N-OH group with Ni**.
Additionally, the 987 em™" peak corresponded to C-C bonds,

4272 | Green Chem., 2025, 27, 4267-4279

(C) Ni, and (D) Co under optimized conditions (S L™ ratio: 20 g L™%; H,0,

while peaks at 743 cm™" and 518 cm™" were indicative of N-Ni
bond (Fig. S5A1). The FESEM image of Ni(DMG), complex
revealed a rectangular belt-like morphology (Fig. 4D). EDX
elemental mapping confirmed the presence of Ni, C, O, and N,
with no other transition metal ions, affirming the purity of the
product (Fig. S5Bf). Finally, ICP-MS analysis of the acid-
digested solution corroborated the presence of only nickel
with a purity of 99 + 0.26%. The Ni(DMG), complex was
further recycled to get -Ni(OH), and DMG, which was reused
in subsequent cycles of Ni recovery from used LIBs (discussed
in subsequent sections). After the separation of nickel, the pH
of the solution was ~3.7, and considering the low solubility of
cobalt sulfides in acidic solutions, and less interference from
manganese in acetic acid medium, cobalt was separated as
cobalt sulfide (K, ~ 3 x 1072°)."” A quantitative >99% recovery
with high purity of cobalt sulfide was observed. The PXRD
pattern of the precipitated cobalt sulfide suggested an amor-
phous nature with broad peaks, indicating a probable compo-
sition of Cog¢Sg (JCPDS no. 86-2273) (Fig. 4B) and also sup-
ported by FTIR stretching frequency values ~1074 cm™" corres-
ponding to C=S stretching, and 603 cm™" ascribed to the
tensile vibration of Co,S,, (Fig. S6At). Calcination improved the
crystallinity of the sample, possibly by removing the traces of
carbon and oxygen attributed to the adhered acetate, further
confirming the identity of the material as CoySs. SEM images
revealed a spheroidal morphology of the CooSg particles
(Fig. 4E), while EDX elemental mapping confirmed the pres-
ence of Co and S without any other metallic impurities
(Fig. S6BT). ICP-MS results indicated the absence of other

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Powder XRD of (A) Ni(DMG), (B) CogSg (C) Mn(OH),. FE-SEM morphology (D) Ni(DMG); (E) CogSg (F) Mn(OH),.

metallic impurities, demonstrating a purity of 98 + 0.56%.
After the cobalt removal, the separation and precipitation of
manganese and lithium were attempted under basic con-
ditions. Therefore, instead of neutralization of excess acid with
the addition of chemicals, the recovery of excess lixivient acetic
acid was attempted at this stage, via vacuum distillation
(Fig. 8). This endeavor of recovering the excess acetic acid was
undertaken from the economic and sustainability standpoint,
in order to reduce the chemical composition, minimizing
potential sources of waste and to make the process more cost
competitive. After recovering the acetic acid, the residual mass
was dissolved in water and NaOH was added to separate alu-
minium and manganese as their hydroxides up to pH >12.
Aluminum could be separated first within the pH range of 4-6,
followed by the precipitation of manganese as Mn(OH), (recov-
ery >99%). Considering the small amount of aluminum, and
the fact that neither aluminium nor manganese as hydroxides
has much commercial value, these could be precipitated
together by raising the pH up to ~12, thereby reducing the
number of steps. The PXRD pattern indicated a crystalline
nature with broad peaks of Mn(OH), (JCPDS no. 73-1604), in
addition to minor peaks ascribed to the surface oxidation of a
small amount of Mn(OH), to 3-MnO,. This finding was also
supported by SEM images (Fig. 4C and F). EDX elemental
mapping showed the presence of Mn and O, without any other
metallic impurities (Fig. S71). ICP-MS results confirmed the
absence of other metallic impurities with a purity of 98.5 +
0.74%. After the separation of Mn(OH),, the mother liquor was
treated with excess Na,CO; or NazPO, in boiling water to
isolate lithium as Li,CO; or Li;PO,, which were filtered hot
and washed with hot water, in an attempt to maximize lithium
recovery and enhance its purity. The FT-IR spectrum of recov-

This journal is © The Royal Society of Chemistry 2025

ered Li,CO; depicted a peak of ~498 cm™" indicating the pres-
ence of Li-O vibration, in addition to a doublet peak of
~1425-1490 cm™" (Fig. S8At). The PXRD patterns of both indi-
cated a crystalline nature (JCPDS no. 29-0801 & JCPDS no.: 84-
0046 for Li,CO; & LizPO, respectively) (Fig. 5A and B).
Morphological analysis using FESEM revealed rod-like mor-
phology for Li,CO; and spheroidal morphology of Li;PO,
(Fig. 5C and D). EDX elemental mapping showed the presence
of C and O without any other impurities (Fig. S8f). ICP-MS
results revealed the absence of other metallic impurities, sig-
nifying a purity of 99 + 0.24% for Li,CO3.

Development of a ZLD process

After the recovery of lithium, the mother liquor was slightly
coloured and was treated with recovered acetic acid for neutral-
ization and activated charcoal for decolourization. The resul-
tant mother liquor was concentrated to obtain sodium acetate
as the only by-product. As the quantity of sodium acetate is in
large excess compared to other salts, the remaining lithium
and other unrecovered salts do not affect its purity drastically.
The PXRD patterns of sodium acetate ascertained its crystal-
line nature (Fig. 5E). EDX elemental mapping showed the pres-
ence of Na, C, and O without any other impurities (Fig. S97).
ICP-MS results revealed the absence of other metallic impuri-
ties, signifying a purity of 97 + 0.86%. The recovery of the by-
product is important in achieving a closed-loop process, which
is along the lines of the present environmental norms. This
also helps in improving the cost competitiveness of the
process. However, such recovery of by-products to establish a
zero-liquid discharge process has rarely been attempted, to our
understanding.
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line sodium acetate.

Recycling of reagents

Since Ni(DMG), complex has remained unexplored from the
commercial standpoint, it was used as a precursor to syn-
thesize a more conventional Ni complex under acidic con-
ditions, subsequent to the recovery of the DMG ligand.>®

(A)

| Ni(DMC)z |

Under the optimized reaction conditions, a 5% aq. HCI results
in the dissociation of the Ni(DMG), complex releasing water-
insoluble dimethylglyoxime (DMG), while nickel remains in
solution as nickel chloride. DMG was isolated and recrystal-
lized. Following this, the nickel is isolated as p-Ni(OH), by
treating it with sodium hydroxide (at a pH of >11) (Fig. 6).>®

©)

.
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(A) The flowchart for the recovery of Ni and DMG from the spent LIB-derived Ni(DMG), complex. (B and C) FE-SEM morphology of recovered

DMG and B-Ni(OH),. (D and E) Powder XRD of recovered DMG and f-Ni(OH),.
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The recovered DMG and p-Ni(OH), were characterized using
PXRD, SEM, FT-IR, and ICP-MS analyses to ascertain their pro-
perties and confirm their purity. The separated DMG was
recycled/reused for subsequent recovery cycles to isolate the Ni
(DMG), complex from the leached liquor of spent LIBs.

Recovery of valuable components from the spent anode of
LIBs

The anode of a lithium-ion battery in smartphones is typically
made up of graphite applied onto a copper foil surface.
However, during the process of charging and discharging,
lithium ions migrate between the anode and cathode through
the electrolyte interface. Consequently, a small quantity of
lithium is also present in the anode.”® The initial composition
of metals in the anode (1.06 wt% of Li, 0.0028 wt% of Co,
0.225 wt% of Mn, 0.0039 wt% of Ni, and 3.09 wt% of Cu) was
determined via ICP-MS analysis (measured in weight percen-
tage). For the leaching experiments, the entire calcined anode,
comprising the copper foil with the anode material, was uti-
lized. These experiments utilized acetic acid recovered from
the leached liquor of spent cathode (concentration 1.7 M) with
a pulp density of 100 g L™, at a temperature of 75 °C, for a
duration of 100 minutes. It was observed that metal leaching
occurred concurrently with the separation of graphite from the
copper foil. After filtration, the residue was dried and sieved to
easily segregate the fine graphite powder from the copper foil
(Fig. 7). Initial analysis of the leached solution showed a 96%
leaching of lithium, with some copper also being leached from
the copper foil, resulting in a bluish-colored solution. When
the solvent was changed from acetic acid to water, the recovery
rate of lithium decreased to approximately 71%. This obser-

(A)

Spent Anode

View Article Online

Paper

vation indicates that the recovered acetic acid is highly
effective in extracting lithium under optimized conditions. The
pH of the leached solution was adjusted to around pH 6.5 by
adding NaOH solution, causing Cu(OH), to precipitate out
(Fig. 7), which was subsequently filtered. After the recovery of
copper, the trace amounts of Co, Ni, and Mn were precipitated
and separated by adjusting the pH to around 10 with NaOH.
Following this, a saturated solution of Na,CO; was added
under boiling conditions to isolate lithium as Li,CO;
(Fig. S10%). All the recovered materials (graphite powder, Cu
(OH),, and Li,CO3) were characterized to determine their iden-

tity and purity (Fig. 7).

A closed-loop zero-liquid discharge process for metal recovery
from spent LIBs

The principles of green chemistry are rarely applied in the
mining of metals or during the recycling and recovery of
metals from spent electronic wastes.>>®° In consideration of
the principles of green chemistry, an efficient process was
designed to recover valuable metals from spent LIBs having
mixed chemistries. A schematic representation of the process
flow has been presented in (Fig. 8). After discharging and dis-
mantling, the entire cathode along with the aluminium foil
was treated with acetic acid with dropwise addition of 5%
H,0,, which simultaneously leaches the cathode active
material and separates them from the aluminium foil in a
single-step operation without pretreatment steps to remove the
PVDF binder. The leaching efficiency under optimized con-
ditions is >98% for Li, Ni, Co, and Mn. The metals were then
sequentially precipitated under a controlled pH to obtain the
individual metal complexes in pure form ie. Ni as Ni(DMG),
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This journal is © The Royal Society of Chemistry 2025

Green Chem., 2025, 27, 4267-4279 | 4275


https://doi.org/10.1039/d5gc00054h

Published on 23 maaliskuuta 2025. Downloaded on 29.10.2025 13.38.25.

View Article Online

Paper Green Chemistry
( A) | spent LIBs (3.6 ke) |
Cathode (1 kg) ' | Separator (0.21 kg) | External | Anode (1.15 kg) |
Parts (1.22 k
5 % H,0, (Vol%)(2.5L) | 4 M Acetic acid (47.5 L) Av 22 kel Acid Leaching

Leached Liquor (50 L); [Co, Li,Ni,
Mn, Al]

—| Copper Foil
Mother Liquor

P
E—— o)

1

I

1

|

I

or
&
| Mother Liquor I
cas, ] nas S
I Mother@—*| Acetic Acid recovery (1.72 M) |

NaOH
| Mother Liquor |

| Li,CO, Or LisPO, |« Na,cO,

Neutralization (Acetic acid)
| Mother Liquor Ir

Charcoal treatment

+ | Cathode powder,
i 4M AcOH, 5% H,0,
' R.T.,5h

—_—
""""""""""""""""""""" Leached solution Ni(DMG), Co,Ss
" Value-added
Products
7 NIDMG). Co,S, Mn(OH), ™\

"\
\
\
\

s

Li;CO, Li,PO,  CH,COONa

/
7
’
.
’
1
7

1

i

1
'
1
1

1

1

1

1
kY
1
\

\ . . P
‘w CHBCO.ONa Li,CO,
L solution

““““
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and subsequently as B-Ni(OH), after the recovery and recycling and collected from the leached liquor by distillation. The con-
of DMG, Co as C0,Sg, Mn as Mn(OH), with a and Li as Li,CO; centration of the recovered acetic acid was 1.72 M, which was
or LizPO, respectively. Acetic acid was recycled in the process determined by titration with 1 M NaOH. The decrease in con-
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centration of the acetic acid is due to its close boiling point
with water (117.9 °C), which makes it difficult to avoid the
presence of water in the distilled acetic acid. The remaining
acetic acid/acetate in the system is recovered as sodium acetate
(CH;3;COONa) in bulk at the end of the process, making this a
zero-discharge process. The recycled acetic acid was sub-
sequently used for the recovery of metals from the anode to
recover graphite, copper foil, and Li,CO; separately. The dis-
tilled acetic acid can also be used in the recovery of metals
from the cathode by increasing its concentration to 4 M by the
addition of glacial acetic acid. The state-of-the-art solvents for
leaching of metal ions from the cathode and anode are tabu-
lated separately for comparison (Tables S1 & S2). We also con-
ducted a tentative economic analysis based on the mass
balance for 3.6 kg of battery, which produces 1 kg of cathode
material, showing that the process is profitable (Tables S3-
S51). It is essential to recognize that the composition of
different batteries can vary, resulting in differences in mass
balances and economic viability. Therefore, prioritizing the
efficiency of extraction (ensuring complete recovery) and the
purity of materials is crucial, alongside evaluating techno-
economic feasibility. Moreover, the environmental benefits of
the recycling process should also be taken into account. In our
process, the successful recovery of DMG is an added advan-
tage, further substantiating the benefits of a metal extraction
process by the selective precipitation of metals using a com-
plexing reagent, followed by its facile recovery by de-chelation
and reuse. This also aids in improving the cost competitive-
ness of the process. Thus, we propose a green and efficient
metal leaching process from the entire cathode in the pres-
ence of acetic acid that precludes the necessity of heating or
organic solvent-based pre-treatment steps to remove the
PVDF binder. The recovery of individual metals was achieved
through pH-controlled selective and sequential precipitation
of the metals as their salts. Concomitantly, acetic acid was
recovered and recycled by simple distillation, which can be
used in both anode and cathode recycling. Finally, sodium
acetate is recovered as sodium acetate (~97% purity). Thus,
this process precludes the generation of any secondary
waste and achieves a zero-liquid discharge closed-loop re-
cycling of valuable metals present in spent LIBs. We have
demonstrated the scalability of the process at a 1 kg scale.
However, the main challenge lies in the pulp density
(20 g L™), which needs to be enhanced, as it could impact
the reactor sizing when scaling up.

Experimental section

A standard procedure was followed for battery discharging
before the manual dismantling of batteries to separate the
cathode, anode, separator, and casing. This work involves two
main experimental procedures, leaching of cathode & anode
material and downstream processing of leached liquor for
sequential selective precipitation. Details of the processes have
been provided in the ESI.}

This journal is © The Royal Society of Chemistry 2025
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Representative procedure for metal leaching from the cathode
of spent LIBs

In a standard experiment, the cathode powder was introduced
into a glass reactor vessel equipped with a reflux condenser
and mechanical stirrer. Acetic acid was then added, followed
by drop-wise addition of H,O, over several hours, using a peri-
staltic pump with continuous stirring at room temperature or
elevated temperature, for different sets of experiments. Upon
completion of the reaction, any undigested solid materials
were separated using a nose filter and subsequently dried. The
various leaching parameters were optimized (room tempera-
ture (30 °C), 20 g L' pulp density, 4 M acetic acid, 5 vol%
H,0,, and time duration of 5 h) to get maximum leaching
efficiency of >98%. After the leaching parameter optimization,
a 1 kg batch of whole cathode (with Al foil; cut into 20 x
20 mm pieces) was used for leaching (total 50 L; 2.5 L H,0, &
47.5 L, 4 M acetic acid) studies and the leached liquor (compo-
sition: 0.86 g L™" of Li, 5.02 g L™ of Co, 1.06 g L™ of Mn,
0.54 g L' of Ni, 0.45 g L™" of Al) was processed in 1 L batches
to optimize sequential and selective precipitation of Ni, Co, Al,
Mn, Li, and the by-product sodium acetate. Details are pro-
vided in the ESL ¥

Conclusion

A closed-loop zero-liquid discharge process has been devised
to extract all metals individually, from a mixed variety of used
Lithium-Ion Batteries (LIBs) with high yield and purity. This is
accomplished through a room-temperature hydrometallurgical
leaching process followed by a pH-controlled sequential pre-
cipitation of individual metals as their salts. Unlike conven-
tional methods that require a pre-treatment step to separate
aluminum foil from the active cathode powder, our approach
simultaneously leaches and separates the entire cathode,
saving time, and energy, and eliminating potential hazards
during large-scale industrial operations. The leaching process
is conducted at room temperature, obviating the need for
external heating, which in turn reduces the consumption of
hydrogen peroxide due to its decomposition at higher temp-
eratures, as it is an exothermic reaction, and diminishes the
energy footprint of the process. Following the leaching
process, metals are isolated through sequential chemical pre-
cipitation techniques. Achieving complete metal separation
from NCM-type cathode material, which contains multiple
metals, using precipitation-only route, highlights a key advan-
tage over the typical approach that combines solvent extraction
(for Ni and Co) with precipitation. This method not only
diminishes fire risks but also reduces the number of steps
involved while avoiding the use of solvent extraction tech-
niques. Excess acetic acid is also reclaimed and reused in the
processing of the anode for lithium recovery. The recycled Ni
(DMG), complex is utilized to retrieve DMG and nickel in a
usable form. Ultimately, the process produces only one by-
product, sodium acetate, leading to a zero-liquid discharge
system. This minimizes waste generation and contributes to a
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reduced environmental footprint. We have also demonstrated
the processing of both cathode and anode materials, as well as
the recycling of products as necessary from a commercial per-
spective. This entire process effectively addresses environ-
mental pollution concerns and promotes a circular economy
by recovering individual associated metals from used LIBs.
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