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This research effectively eliminated the acid corrosion problem during the leaching process,
significantly improving current LIB recycling methods. The results will help conserve natural i
resources, reduce environmental problems, ensure resource stability and security, and bring economic
benefits.

In this pro{ect, the Principal Investigator aimed to explore a kind of
organic acids for the hydrothermal leaching of spent lithium-ion battery (LIB) cathode materials,
which can achieve high leaching efficiency and resolve the problem of acid corrosion. Based on a
literature investigation and initial experiments, glycine and citric acid/glycine mixture were
selected as candidate leaching agents. Finally, it was the first time to achieve the acid leaching
of different types of LIB cathode materials including LiCo02, LiNi02, and LiMn204, and
LiNixMnyCol-x-y02 (NCM), through a green process with high efficiency of about 100% and low/no acid
corrosion.

During the research period, 4 peer-reviewed English papers were published in top journals such as
ACS Sustainable Chemistry and Engineering, a patent was submitted, and six oral presentations and

one poster presentation were delivered, including two invited presentations, at international and
domestic conferences.
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Recovering valuable metal components (e.g., Li, Co, Ni, and Mn) from spent lithium-ion battery (LIB)
cathode materials, such as LiCoO. (LCO), LiNiO; (LNO), LiMn,Os (LMO), LiFePO, (LFPO),
LiCoxNiyMn,O> (NCM), and their mixtures, is beneficial to conserve natural resources, reduce
environmental pollution, keep resource stability and security, and has economic benefits.

Hydrometallurgy isthe most common and industrially adopted method of metal recovery and consists of
two steps: acid leaching and metal separation. The traditional acid leaching process is performed in non-
pressurized hot water using various acids as the leachant in the presence of reductants (e.g., H2O,, NaHSOs,
or NaxS,03). In the traditional leaching process, high-concentration acids and reductants are largely
consumed, and long reaction time is required for complete leaching, which causes environmental pollution
and acid corrosion, greatly increases the cost, and makes it difficult to achieve continuous leaching.

To resolve these problems, a method of ‘hydrothermal leaching’ regarding pressurized hot water as the
medium and using citric acid as the leachant was proposed. Compared to the traditional leaching method,

hydrothermal leaching shows many advantages, such as the use of low-concentration acid, no consumption

of reductant, controlled reaction rate, and continuous leaching. However, the acid corrosion is till an

obstacle that cannot be resolved, because no matter in any leaching process, the protons provided by the

acids are regarded to be indispensable for leaching metal ions, which are also the source of acid corrosion.

In this study, the researcher aims to explore suitable organic acids for the hydrothermal leaching of spent

LIB cathode materials, which can achieve high leaching efficiency and resolve the problem of acid

corrosion.

(2) Initial screening of possible organic acids (referred to as ‘acid X’) to achieve high leaching efficiency
with low or no acid corrosion by literature investigation.

(2) Execution and parameter optimization of hydrothermal leaching of LIB cathode materials with acid X.
(3) Redlization of continuous hydrothermal leaching of LIB cathode materials to confirm the leaching
efficiency and evaluate the acid corrosion.

(4) Kinetic study of hydrothermal leaching of LIB cathode materials with acid X.

(5) Separating metal components from metal ion solution obtained by hydrothermal leaching of spent LIBs
with acid X.

(6) Evaluation of the whole metal recovery process including hydrothermal leaching and separation

processes.

(1) To achieve high leaching efficiency and avoid acid corrosion during hydrothermal leaching of spent

LIB cathode materials, a screening of new acid leachant was executed. Based on a literature investigation

and initial experiments, akind of amino acid, glycine, was chosen tentatively.



(2) With glycine, hydrothermal leaching of LIB cathode materials including commercial LCO, LNO, and
LMO, and spent NCM cathode material, was performed at 90-200°C for 5-90 min. Theleaching efficiencies
of all metals with glycine were lower than those using citric acid under the same conditions, especially for
Mn. The agueous solution during the hydrothermal Ieaching with glycine exhibited a pH value of 5.8-9.0,
close to neutral. The above results indicated that the use of glycine can decrease acid corrosion, although
its leaching performance is lower than citric acid.

To combine the advantages of citric acid on leaching performance and glycine on low acid corrosion, a
citric acid/glycine mixture was proposed and applied to be the acid leachant for the hydrothermal |eaching
of spent NCM cathode material at 200°C for 5 min. After a parameter optimization, the best leaching
performance was found at theratio of citric acid/glycine of 10%/90%,; the |eaching efficiency of each metal
achieved >90%, and the pH value during the leaching process changed from 3.6 to 7.0. This was the first

time to achieve the acid leaching of spent LIB cathode materials through a green process with high

efficiency of about 100% and low/no acid corrosion. Until here, the mixture of citric acid and glycine with

aspecifical ratio was regarded as ‘acid X’ in this research.

(3) Continuous hydrothermal leaching of spent NCM cathode materials was successfully achieved by

employing aflow system and using acid X as the leaching agent. After feeding the dlurry of raw materials
for 50 mins, the leaching efficiencies of Li, Co, Ni, and Mn achieved >90% and the pH value of the obtained
leachate was kept at around 6.5. That was the first time to realize the continuous acid leaching of spent
NCM cathode materials through a green process with high efficiency and low/no acid corrosion.

(4) A Kkinetic study for the hydrothermal leaching of spent NCM cathode materials with acid X was
conducted using a shrinking unreacted core model. Diffusion within the product layer was found to be the
rate-limiting step for leaching Li, Co, Ni, and Mn. According to the determined reaction rates and Arrhenius
equations, the activation energies for leaching Li, Co, Ni, and Mn were calcul ated.

(5) Furthermore, hydrothermal leaching of L CO/LNO cathode materialswith citric acid was performed and

the metal componentsin the obtained |eachate were separated in order using aseries of precipitants. Finally,

the recovery rates of Ni, Co, and Li were 97.2, 96.1, and 94.1%, respectively, with the purities of Ni, Co,
and Li in the corresponding precipitate being 96.3, 96.2, and 99.9%, respectively.
(6) With the above success, an upgraded hydrometallurgical method, composed of hydrothermal leaching

and precipitation separation steps, was officialy launched for LIB recycling and is subject to further
development.

(7) In addition, the initial experiments about hydrothermal leaching of LFPO cathode materials with

different organic acids have performed and some achievements have been obtained.

During the research period, 4 peer-reviewed English papers were published in top journals such as ACS
Sustainable Chemistry and Engineering and Advanced Sustainable Systems, a patent was submitted, three
oral presentations were delivered at international conferences, and three oral presentations (Two were
invited presentations) and one poster presentation were delivered at domestic conferences. This research
effectively eliminated the problem of acid corrosion during the hydrothermal |eaching process, significantly
improved the current leaching process, and further promoted the practical application of hydrometallurgy
recycling method. The resultswill help conserve natural resources, reduce environmental problems, ensure

resource stability and security, and bring economic benefits.
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