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Abstract: The large-scale decommissioning of lithium-ion batteries (LIBs) production is progressing rapidly, and the demand for
environmentally friendly recycling and material recovery is rising. Collectively, this review has presented a series of studies on
recent progress in using waste LIB black mass to synthesize various materials for water treatment, including synthesis methods,
material structure and application performance of derived adsorbents, Fenton catalysts, persulfate-activating catalysts, etc. The
above are based on rational material design and processing to create high-efficiency, multi-functional water treatment materials
from black mass. Anode graphite-based adsorbents are a typical representative type with good heavy metal adsorption perfor-
mance, and cathode-derived catalysts show fast degradation of organic pollutants via oxidative pathways. This review briefly intro-
duces the shortcomings of the current state and provides some directions for further research to promote the construction of an
effective pollution treatment model in the circular economy era.
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1. Introduction

With the rapid development of the world's electric vehicle and
portable electronics industries, a large number of spent
lithium-ion batteries (LIBs) have been generated, and thus seri-
ous issues in resource depletion and environmental pollution
have arisenl'-4, According to a joint report by Greenpeace and
the China Environmental Protection Foundation, the total
amount of decommissioned power batteries in the world by
2030 will be about 12.85 million metric tons, and China will
account for more than 7 million metric tonst ¢l Improperly dis-
posing of used LIBs can lead to the release of heavy metals
and electrolytes in the soil and water!”l. Although good recy-
cling should be realised to recover important materials such as
lithium, cobalt and nickel®13], most of the traditional recy-
cling technology is limited to extracting metals from black
mass via pyrometallurgy or hydrometallurgy!'416.. These ways
are generally high-energy-consuming and generate consider-
able waste; moreover, they are in a linear system and do not
fully utilise the high chemical value of battery components.
Concurrently, the water treatment industry also requires
economically feasible and high-performance functional materi-
als (e.g. adsorbents and catalysts) for the large-scale removal
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of pollutants in water, including dyes, antibiotics, heavy met-
alsl'7-18l. Conventional advanced materials usually have rela-
tively complex synthesis methods, are high in cost, and
depend on raw materials from the earth.

A critical bottleneck and untapped opportunity lie at the
intersection of these two fields: the disconnect between spent
LIB recycling and the rational design of advanced functional
materials for environmental remediation. This review
addresses the core scientific question: How can spent LIB
black mass —beyond mere metal recovery —be engineered
intohigh-performance,value-added materials forwater purifica-
tion,and whatis the underlying structure-performance relation-
ship that governs their functionality? The innovative “treating
pollutants with waste” paradigm explored here represents a sig-
nificant shift from recycling to upcycling. For instance, anode
graphite can be transformed into advanced adsorbents or cata-
lyst supports, while transition metals (Fe, Co, Ni, Mn) from cath-
odes can be engineered into efficient catalytic centers for oxida-
tive degradation!', This strategy not only mitigates battery
waste burden but also creates a novel, low-cost supply chain
for water treatment materials, embodying circular economy
principles.

This review systematically summarizes recent progress in
this emerging field, with a deliberate emphasis on innovative
material design strategies that convert waste directly into func-
tional assets. It analyzes the synthesis-structure-performance
relationships, discusses technicaladvantagesand currentlimita-
tions, and outlines future research priorities to guide this
promising crossover field towards high-value battery upcy-
cling and innovative, sustainable water treatment solutions.
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2. Components and characteristics of spent
lithium-ion batteries

2.1. Overall structure and composition

Lithium-ion batteries (LIBs) constitute complex systems whose
core components include the cathode and anode, alongside
other essential elements such as the separator, electrolyte, cur-
rent collectors, and casingl?%l, Cathode active materials typi-
cally comprise lithium cobalt oxide (LiCoO,, LCO), ternary mate-
rials  (LiNi,Co,Mn,_,,0,, NCM), lithium manganese oxide
(LiMn,0,, LMO), or lithium iron phosphate (LiFePO,, LFP)21],
while the anode primarily consists of natural or artificial
graphitel22l, After discharge, dismantling, crushing, and sort-
ing, theresulting black mass contains enriched electrode materi-
als(23. 241, Its composition varies with battery chemistry and pro-
cessing routes, generally categorizable as cathode-dominant
(metal oxides) or anode-dominant (graphite) black mass.

2.2. Fundamental properties of cathode materials and
their water treatment potential

The distinctive physicochemical properties of cathode
materials, particularly transition metal elements within their
crystal structures, directly determine the functionality and appli-
cation potential of derived water treatment materials,
enabling tailored design for specific scenarios. For example,
LFP material, with its high structural stability, abundantiron con-
tent, and environmental compatibility, is commonly used to
construct Fenton systems that exhibits high reactivity at iron
active sites with low ecotoxicity during catalytic degradation
of organic pollutants(25l. Ni, Co and Mn can work together in
the electronic system of NCM cathode materials to modify the
structure of the catalyst and thus enhance its activation capac-
ity for oxidants, such as persulfatel26l, Cobalt species in LCO
are generally known as high-efficiency catalytic centres that
can generate sulfate radicals through the decomposition of per-
oxymonosulfate (PMS)27-291, Mn (lll)/Mn (IV), etc., are multiva-
lent species in LMO materials that can mediate redox reac-
tions and thus exhibit a good catalytic oxidation effect with rela-
tively low environmental impacts (Table 1)B39,

Current technical pathways for converting cathode materi-
als into water treatment functional materials fall into two cate-
gories: non-destructive surface modification or chemical treat-
ment ofthe materials,and complete deconstruction-reconstruc-
tion process, using metal ions recovered from the leachate as
precursors to resynthesize target materials. The following sec-
tions examine these pathways through specific research cases.

2.3. Physicochemical properties and water treatment

potential of anode materials

Graphite is the anode material with certain physicochemi-
cal characteristics that are highly suitable for water

treatmentB31-33], Firstly, graphite is relatively easy to expand4.,
Although the initial specific surface area is generally modest
(1-20 m2/g), expansion treatment can be employed to signifi-
cantly increase it to 30-500 m2/g; at this time, a large number
of transport paths and adsorption sites for pollutants are pro-
vided. It is suitable for immobilizing active nanoparticles and
therefore a good support material. Secondly, graphite is natu-
rally catalytically active; therefore, many studies have shown
that under the influence of hydrogen peroxide and persul-
fates, organic pollutants can be degraded through radical and
non-radical pathwaysB5l,

In addition, graphite and its expanded graphite or exfoli-
ated derivatives (e.g. graphene oxide) have strong adsorption
capabilities for organic pollutants with conjugated structures
(e.g., dyes and antibiotics) due to ni-m interactionsBl]. Oxygen-
containing functional groups such as carboxyl and hydroxyl
groups are easy to introduce to improve the adsorption effect
of other pollutants, such as heavy metal ions[37], Graphite has
good structural stability and corrosion resistance; therefore, it
will perform well in many aqueous chemical environments for
a longer time. Graphite is not poisonous and environmentally
friendly, so it meets the requirements for green water treat-
ment development.

3. Comparison of the environmental impacts of
pyrometallurgical, hydrometallurgical and
direct recycling routes

To know which upcycling path is more environmentally
friendly, all kinds of harm from the environment need to be
examined. Generally speaking, the environmental impacts of
pyrometallurgy, hydrometallurgy and direct conversion are
quite different due to energy intensity, chemical consumption
and other emission factors.

Pyrometallurgical processing generally has a high energy
demand and releases significant direct greenhouse gas (GHG)
emissions due to high-temperature smelting (>1400 °C) for
alloy or slag recovery, which are mainly from fossil-fuel-based
heating and slagging agents38], Although it is a good route
for metal recovery, it often has poor selectivity for lithium and
produces a large amount of flue gas and solid slag, requiring
further treatment and increasing the overall carbon
footprint!39-40],

Hydrometallurgical routes are based on leaching and solu-
tion purification, so they generally have a lower operating tem-
perature but produce environmental pollution due to reagent
production, acid consumption (e.g.H,SO,), and wastewater
treatment*1, Although these have a relatively small energy con-
sumption, the carbon footprint of chemical use and neutralisa-
tion is relatively high; life-cycle assessments (LCAs) often show
an increase of about 4-10 kg CO,-eq/kg of recovered cathode

Table 1. Composition and properties of main cathode materials used in LIBs[20.21],

Material type Chemical formula

Transition metal and content

Advantages

Lithium iron phosphate
(LFP)[25]
Ternary materials (NCM)[26!
Lithium cobalt oxide

LiFePO,
LiNi,Co,Mn;_,_,0,

Fe: ~35%
Ni+Co+Mn: ~60%

High stability, environmental friendliness, low cost, be
suitable for constructing Fenton-like catalytic systems
Multimetallic synergy results in enhanced catalytic activity
Cobalt exhibits high catalytic activity and a strong

. N
(LCO)27-29] LiCo0, Co:~60% capability for activating PMS
Lithium manganese oxide . . o Manganese exhibits multiple valence states and is
(LMO)Ea LiMn;0, Mn: ~60% environmentally benign
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metals (421, High-purity metal recovery can be achieved, but sol-
vent loss and waste-stream treatment are still problems.

Direct conversion routes are relatively low-impact path-
ways that directly transform black mass or its components into
functional materials (e.g., adsorbents, catalysts). Reduce or
avoid the use of energy-intensive metal separation and high-
temperature reduction steps to reduce energy consumption
and avoid many high-impact chemical materials. Based on the
preliminary carbon footprint analysis, the emission is as low as
0.5-1kg CO,-eq/kg of the produced functional material“Z, and
most of these are caused by low-temperature thermal treat-
ment (e.g., calcination at 300-600 °C) and activation. The first is
that they do not produce pollutants during the upstream syn-
thesis of raw materials, and there are no downstream extrac-
tive metallurgy costs.

Therefore, although all the routes promote resource circu-
larity, direct conversion into functional materials is likely to be
more feasible in terms of energy and carbon emissions; thus, it
is better aligned with the principles of green chemistry by max-
imising atom economy and reducing the number of process
steps. In the future, the division of functions and the scope of
the standardisation system for LCAs will likely be further
refined (e.g., per kg of products or per unit of water treatment
capacity) in order to quantify the benefits of these standardisa-
tion initiatives more precisely.

4. Classification and performance of black mass-
derived functional materials

4.1. Adsorbent materials

Transformation of black mass into high-efficiency adsor-
bent materials is a good way to realise "treating pollutants
with waste" and advance cost-effective water treatment. Gener-
ally speaking, the three categories of adsorbents based on
their origin and purpose are graphite-based materials, cath-
ode-derived materials, and composite materials. Table 2
shows the target adsorbates, adsorption mechanisms and
adsorption capacities of these.

Graphite-based adsorbents are typical examples. Adjust
the specific surface area, pore structure and functional groups
at the surface using these. For example, Geng et al. prepared
micro-expanded graphite (MEG) adsorbents from spent LIB
graphite anodes by perchloric acid oxidation; the specific sur-
face area increased by 16.3% and the pore volume increased
by 107%, and thus completely removed low-concentration
methylene blue (MB) through synergistic van der Waals forces
and electrostatic interactions 43, Similarly, Natarajan et al. con-
verted recycled graphite into graphite oxide (GO) using Hum-
mers’ method, which achieved an adsorption capacity of
134.1mg/g for Congo Red (CR) due to its relatively large spe-
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cific surface area (37 m,/g) and abundant oxygen-containing
functional groups*4. Recently, Premathilake et al. employed
chemical oxidation to convert residual graphite powder from
hydrometallurgical recycling into graphite oxide (GO) and
graphene oxide (GrO), which demonstrated high adsorption
capacities for organic dyes (MB and Malachite Green (MG),
>550 mg/g) and heavy metal ions (Cd(ll), Ni(ll), Zn(ll); up to
93 mg/g)L. Fan et al. prepared layered graphene from spent
battery graphite by electrochemical exfoliation in a later study
and obtained adsorption capacities of 73 mg/g for Sr(ll) and
55 mg/g for Cs(1)#¢l. This material also showed good regenera-
tion and maintained an efficiency of more than 90% efficacy in
subsequent adsorption-desorption cycles.

Cathode-derived adsorbents are based on transition
metal-rich black mass (e.g., LFP, LMO), and metallic active sites
can directly interact with pollutants or act as metal sources for
synthesizing new adsorbents. Zhang et al. have used spent
LFP and LMO black mass as heavy metal adsorbents after sim-
ple acid washing and heat treatment to achieve Pb(ll) adsorp-
tion capacities of 39.54 and 31.83 mg/g, respectively. The
adsorption behaviour followed the Langmuir isotherm and
pseudo-second-order kinetic models, and monolayer
chemisorption was the main mechanism. A higher-end way is
hydrothermal synthesis of high-performance adsorbents from
black mass7l. Zou et al. have prepared a new zeolite material
(AlFePO-Li) by leaching and hydrothermal treatment of spent
LFP black mass (Figure 1), which demonstrates excellentadsorp-
tion capacity for Pb(ll) at 723.8 mg/g™8l. The same group pre-
pared a magnetic core-shell adsorbent through alkali dissolu-
tion and silica coating. This material effectively adsorbed
Cu(ll), Cd(l) and Mn(ll) with capacities of 71.23, 80.31 and
68.73 mg/g, respectively, and had good magnetic separation
propertiest 9,

Composite adsorbents overcome limitations of single-com-
ponent materials through synergistic improvement. Com-
monly, metal oxides such as MnO, are placed on graphite sur-
faces or active groups are introduced through ball milling or
hydrothermal methods during preparation. For example, Zhao
et al. attached MnO, particles to thermally purified anode
graphite (AG) and achieved removal rates of 99.9%, 79.7% and
99.8% for Pb(ll), Cd(ll) and Ag(l), respectively®®®. Hao et al.
increased the Cd(ll) adsorption capacity to 135.81 mg/g by ball
milling activation and then MnO, loading®'], Yan et al. pre-
pared an AMO@GO composite that achieved saturated adsorp-
tion capacities of 233.99, 353.13, and 257.95 mg/g for Cu(ll),
Pb(ll), and Cd(ll), respectively, surpassing most graphite-based
adsorbentst2, Hou et al. recently prepared a thiol- and
Fe(OH)s-rich dual-site adsorbent (SFG) from iron-containing
graphite powder (6 wt% Fe) in a single-step chemical method
(Figure 2). The material has a high adsorption capacity for

Table 2. Black mass-derived adsorbent materials and their characteristics.

Precursor Adsorbent types Adsorption object Adsorption mechanism AdsorpFlon
capacity
Anode Graphite derived Organic dyes, certain heavy Physisorption (van der Waals forces)/ Dozens to
materials materials[43-46] metals/radioactive nuclides electrostatic interaction/m-t interaction hundreds mg/g
Cathode LFP/NCM/LMO derived Heavy metals (Pb(ll), Cu(ll), Surface coordination/ion Dozens to over
materials materials[47-49] Cd(ll), etc.) exchange/chemical precipitation 700 mg/g
. Multiple black mass and Synergistic effects of multiple mechanisms
Composite . . . h - Hundreds to
. other functional Various heavy metal ions (e.g., ion exchange, surface complexation,
materials thousands mg/g

materials[>0-53]

coprecipitation, etc.)
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Fig. 1. Schematic diagram of the preparation of zeolite-type adsor-
bent material AIFePO-Li from spent LFP[48],

Cu(ll) at 185.2 mg/g, and both the Freundlich isotherm and
the pseudo-second-orderkinetic model were suitablefits; there-
fore, multilayer chemisorption occurred(>3l,

External circumstances of the experiment are also affect-
ing the performance of the above-mentioned adsorbents,
such as pH, ionic strength and interfering ions. Anion adsorp-
tion is generally promoted in an acidic environment!>3, and
the removal of cations is more efficient at a neutral to alkaline

@ @)

Fe impurity Fe(OH), Cysteine

conditions!®%. Most materials show good regenerability and
maintain more than 80% of their initial adsorption capacity
after 4-6 adsorption-desorption cycles; thus, they are rela-
tively stable in usel#7],

4.2, Fenton catalytic materials

Heterogeneous Fenton catalytic technology utilizes transi-
tion metals (e.g., Fe, Co, Mn) to activate hydrogen peroxide
(H,0,) or other peroxides, generating highly reactive hydroxyl
radicals (+OH) or other reactive oxygen species (ROSs) for
organic pollutants degradationl>% 351, Utilizing valuable compo-
nents from spent LIBs to prepare Fenton catalysts aligns with
the “treating pollutants with waste” resource recovery goal.
Derived catalysts mainly fall into five categories: (i) iron-based
Fenton catalysts, (ii) polymetallic-based Fenton catalysts, (iii)
graphite anode-derived catalysts, (iv) co-converted catalysts
from multiple wastes, and (v) other metal-based catalysts.
Table 3 compares the sources, target pollutants, and perfor-
mances of typical Fenton catalytic materials.

Iron-based catalysts derived from LFP cathode material
exploit its inherent iron abundance. For instance, Zhu et al.
directly used LFP cathode acid leachate to treat phenol-contain-
ing wastewater, reducing costs by 29.3% while achieving over

(b)
Fig. 2. Schematic illustration of (a) the preparation process of the SFG adsorbent and (b) its adsorption mechanism for Cu2+153],

Table 3. Black mass-derived Fenton catalytic materials and their main characteristics.

Typical activation

Precursor Catalyst type Target pollutants system Degradation performance Key mechanisms
LFP derived iron Phenc(;licRB4 H.0./NH-OH Degradation efficiency >90%  Fe(ll)/Fe(lll) cycle, NH,OH-mediated
oxidesls6.57] compo;r?B S RB% 2EAR (15-60 min) generation of «OH/'0,
Cattho.d:e NCM derived TCP Peracetic Acid  Degradation efficiency >96% xg::\rzztsal :g:fgg:’" o:ggs;
materials polymetallicfs8! (PAA) (20 min) P Hhg
generation
Copper/manganese MB. SDZ H,0,/photo- Degradation efficiency >96% Enhanced charge separation, metal
oxides!67. 681 ’ Fenton (45 min) valence changes activating H,0,
Anode Carbon supported TC 4-CP. BPA H,0,/electro- Degradation efficiency >97% Zero-valent iron activation, «OH
materials metals(59-62] ’ ’ Fenton (60-70 min) oxidation
Composite Co-converted - . Component synergy providing
- H -
materials materials[64-66] 1BU, 4-CP 202 Efficient degradation (1-2 h) functional groups and active sites
‘“‘E rf f/ Hi AL | SC|‘pen (4 of 14) Environmental Chemistry and Safety 2026, 2: 9600037
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50% mineralization efficiency with significantly reduced biologi-
cal toxicitys®l, Interestingly, Zou et al. transformed spent LFP
into a sea urchin-like material (SULM) via a hydrothermal
method, which enhanced Fe(lll)/Fe(ll) cycling in the presence
of hydroxylamine to promote -OH and singlet oxygen ('0,) gen-
eration for rapid Rhodamine B (RhB) degradation (Figure 3)571,

Polymetallic catalysts derived from ternary cathode mate-
rial (LiNi,Co,Mn,_,,0,) leverage transition metal synergies.
Feng et al. developed a catalytic membrane by supporting
ternary LIB cathode material (LiNi,Co,Mn,0,, LNCM) on polyte-
trafluoroethylene (PTFE) membrane, achieving 96.4% removal
of 2,4,6-trichlorophenol (TCP) within 20 minutes through per-
acetic acid (PAA) activation (Figure 4). The degradation
involved carbon-centered radicals and singlet oxygen ('0,) gen-
erated via synergistic multivalent metal redox cycling and oxy-
gen vacanciesls8l,

Graphite-derived catalysts can be produced from spent bat-
tery anodes using methods such as exfoliation, activation or car-
bothermal reduction, and these carbon-based composites,
including zero-valent iron/graphite materials, exhibit catalytic
properties. For example, zero-valent iron/expanded graphite
(ZVI/EG) prepared by electrochemical exfoliation and carbother-
mal reduction degraded 98.01% tetracycline hydrochloride
(TC) in 60 minutes™%, and a porous metal-doped graphite cata-
lyst (PMG) achieved a removal rate of 98.3% for TC within 2 min-
utes via superoxide radical pathwaysl®?l. Graphite from used
LIBs has been obtained, and researchers have developed spe-
cific characteristics of the oxidation process. Cao et al. treated
graphite with acid leaching to increase the content of car-
boxyl groups to 35.83% and improved its function as an elec-

Environmental Chemistry and Safety doi: 10.26599/ECS.2026.9600037

tro-Fenton cathode, achieving full degradation of bisphenol A
(BPA) in 70 minutes®, Guan et al. have prepared a
ZVl/expanded graphite composite that can degrade 4-
chlorophenol (4-CP) with a rate of 97 per hour through «OH oxi-
dationl®2l, Based on the above progress, a recent study has
also demonstrated the scalable production and practical appli-
cation of used graphite anodes in continuous-flow Fenton-like
systems for BPA degradationl®3], The work tested three types
of decommissioned graphite and regenerated them using four
combined wet/thermal methods. Among them, acid washing
followed by calcination (AW+CT) performed best overall;
based on catalytic activity, lithium recovery (99.92%), energy
efficiency, metal safety and cost-effectiveness for BPA
removal, it achieved a comprehensive score of 95.68 %. A
fixed-bed column was set up and run continuously for one
month to verify the continuous-treatment capability of the opti-
mised material. A representative catalyst system showed a grad-
ual decline in performance; however, AW+CT regenerated
graphite achieved a near 100% reduction rate of BPA over
time and maintained both stability and continuous catalytic
activity under dynamic-flow conditions in the experiments. In
addition, after a long period of operation, metal leaching in
the treated water still met the discharge standards, so an envi-
ronmentally friendly and feasible systemfor large-scale continu-
ous wastewater treatment has been confirmed(66l,
Co-converted catalysts from multiple waste streams have
shown improved performance. Chen et al. prepared zero-
valent iron/carbon (ZVI/C-X) and zero-valent iron-copper/car-
bon (ZVI-Cu/C) composites through carbothermal reduction of
rolling mill-scale and spent LIB anodes, and showed good per-
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formance in degrading ibuprofen (IBU) and 4-chlorophenol (4-
CP) (Figure 5)6463 Gao et al. have also produced a
ZVl/graphite-plastic carbon composite (ZVI/GP) by co-process-
ing graphite and plastic casing from spent LIBs, where
graphite acts as a conductive matrix, and pyrolyzed plastic is
added to introduce functional groups that enhance the degra-
dation performance of 4-CPI66],

Copper-manganese-based catalysts derived from spent
LIBs have been developed to some extentin spinel-type or com-
posite forms for advanced oxidation reactions. Rocha and oth-
ers used copper recovered from spent LIBs to prepare copper
ferrite (CuFe,O,4) and achieved a 96.1% reduction of Methy-
lene Blue (MB) in 45 minutes in a photo-Fenton system; at the
same time, there was a low metal leaching (Cu: 0.09 mg/L~;
Fe: 0.37 mg/L=")67, Chen and others have also prepared a
MnO,/nZVI composite catalyst using recovered manganese.
Increase the mass ratio of MnO, to nZVI to 40:1, and the cata-
lyst achieved 98.6% degradation of sulfadiazine (SDZ) under
acidic conditions (pH 3) and showed stable performance over
five consecutive cycles [68],

The above developments indicate that spent LIBs-derived
Fenton catalysts can effectively degrade pollutants, and at the
same time, high-value utilization of critical metals and
graphite can be achieved to address both waste resource recov-
ery and environmental pollution control. The economic bene-

Dismantling of

spent LIBs Anode (copper/graphite)

ZVI-Cu/C

4-CP degradation

fits of these catalysts over the traditional commercial Fenton sys-
tem have not been fully realised and are not well-docu-
mented. Research using continuous-flow treatment systems is
also lacking, and most laboratory-scale batch experiments
have yet to be applied in real-world, large-scale wastewater
treatment. Therefore, the future direction of research should
focus on the scalable production of derived catalytic materials,
systematic evaluation of their performance in continuous-flow
setups, and all-encompassing cost-benefit analyses. At the
same time, more attention will be paid to the control of the
material structure, research will be carried out on the applica-
tion of these catalysts in treating real industrial wastewater,
and their long-term stability under dynamic conditions will be
guaranteed.

4.3. Persulfate activation materials

Persulfate-based advanced oxidation processes generate sul-
fate radicals (SO4+~) with high oxidation potential, extended
half-life, and broad pH adaptability. Converting black mass
into persulfate-activating catalysts has emerged as a primary
application pathway for “treating pollutants with waste” utiliza-
tion of spent LIBs. A comparative summary of the perfor-
mance of such black mass-derived catalysts is provided in
Table 4.

Currentresearch in the areafocuses predominantly on cata-

Ball mllllng

-0.15 mm particles

Carbothermic reduction
in tube furnace

Mill scale

Fig. 5. Schematic illustration of preparation of ZVI-Cu/C and its application for 4-chlorophenol (4-CP) degradation via PMS activation(63l.

Table 4. Application performance of persulfate catalysts derived from spent LIB battery black mass.

Target Degradation . A . .
Precursor Catalyst type (Example) pollutant efficiency Primary activation mechanism Main advantages
Cobalt-based catalyst[6% 71.72] LEX >94% degradation ~ Co?*/Co3* cycle, radical and non- Easy preparation, low
(CM-850) within 60 min radical synergy batch to batch variation
Cathose Dopedcobaltbased o ateconstan e SR SRR SIS il catayst ow
talyst(731 (Co30,-LIB . in-! ! !
materials catalyst”™! (Co;04-LIBs) 0.523 min charge transfer cost
Degradation Oxygen vacancies induced by .
[75-82] (E-
Ternar);gg)a;\:)(/:s,;c/‘) (E SMX efficiency increased  external electric field promote St:’ucr:azeﬁleﬁtggplc.t
by 1.61 times SO,+~ and '0, generation ucture, hig ity
Anode Highly efficient Electron transfer mediated by No metal leaching,
materials Graphite based catalyst(83-85! CBzZ degradation within  surface functional groups (C=0,  environmentally friendly,
pH 3-11 C-OH) good universality
Cobalt from cathode & Complete Metal-support svneray. electron Suitable for immobilized,
graphite from anode ATZ degradation within PP tran};fergy’ continuous-flow
Composite (CoO@C)t8el 15 min operation, high stability
terial ) ;
materials LCO with biomass(87-91] Multiple Near 100% PMS Multi-element (Co, O, N, Al, C) High degrad'atlon T"‘?te' !OW
(CoONAI-C) pollutants utilization synergy metal leaching, utilization
of multiple waste streams
2y ﬁfﬁé‘{ﬁfﬁ | SCI.pen (6 of 14) Environmental Chemistry and Safety 2026, 2: 9600037



lysts derived from cathode materials, among which cobalt-
based systems exhibit superior activity. For example, Wang et
al. directly employed recovered LCO cathode material as a cata-
lyst, achieving 98.2% degradation of carbamazepine (CBZ)
within 10 minutes via peroxymonosulfate (PMS) activation.
The process, driven by cobalt valence cycling, generated '0,,
SO4 —, and +OH, and retained high efficiency across pH
5.0-11.0 and over six consecutive cycles[®, Moreover, the con-
centration of leached cobalt ions was measured to be below
0.1 mg/L, well under the 1 mg/L limit set by the Chinese
national discharge standard (GB 25467-2010) for water environ-
mentsl79. Similarly, Lin et al. directly utilized spent LCO black
mass as a catalyst, exploiting its intrinsic defects and cobalt
sites to activate PMS into SO4+~ and '0,. Under optimal condi-
tions, their system degraded >99% of benzalkonium chloride
(BAC) within 40 minutes, with a rate constant 1.9 times higher
than that of commercial Co;0,7"1. Zhao et al. obtained a CM-
850 catalyst by direct calcination of LCO cathode black mass,
which achieved >94% removal of levofloxacin (LFX) within 60
minutes across a wide pH range, through Co(ll)/Co(lll)-medi-
ated generation of SO4~, *OH, and 0,72, Notably, residual ele-
ments from the current collectors, such as aluminum and cop-
per, can further enhance catalytic performance. Liang et al.
demonstrated that Al doping shortens the Co-O bond and pro-
motes persulfate adsorption, while Cu doping lowers interfa-
cial charge transfer resistance. Their synergistic effect
increased the BPA degradation rate constant of Co30,-LIBs to
0.523 min~', nearly double that of Co;0, prepared from com-
mercial precursors (Figure 6)73l. Recent advances also show
that certain lithium extraction processes can directly yield
active cobalt-based catalysts. For instance, Liang et al. treated
LCO cathode black mass with PMS to selectively leach lithium
(Leaching efficiency of 96.6% at an initial pH of 11) while pro-
ducing a cobalt oxide catalyst rich in oxygen vacancies. This cat-
alyst activates PMS through combined radical and non-radical
pathways to degrade CBZ efficiently across varied pH condi-
tions and complex water matrices74.,

Beyond cobalt-based systems, ternary cathode materials
have gained considerable interest due to their polymetallic syn-
ergy. Zhao et al. directly converted spent LiNigsCog,Mng 30,
cathode waste into an efficient PMS catalyst (NCM-650) (Fig-
ure 7). Leveraging the Co(ll)/Mn(IV) redox coupling, the cata-
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lyst completely degrade RhB within 25 minutes via a predomi-
nantly '0,-mediated non-radical pathway, supported by radi-
cal species (+OH, SO4+~, +O,7), while maintaining high activity
and stability over a wide pH rangel”3l, Similarly, Gao et al. trans-
formed spent LiNig5Coq,Mng30, black mass into a Ni-Co-Mn
ternary catalyst (CM-650) via one-step calcination. The coopera-
tive activation of PMS by the three variable-valence metals gen-
erated both radical («OH, SO4+~, «O,") and non-radical species
('0,), leading to complete iopamid degradation!’¢l, Further
introduction of active sites such as oxygen vacancies or cop-
per can enhance activity on this polymetallic basis. Dang et al.
achieved simultaneous lithium extraction and catalyst prepara-
tion through electrochemical oxidation of LiNi,Co,Mn,0,,
obtaining an oxygen vacancy-rich material that completely
degraded sulfamethoxazole (SMX) within 30 minutes with
PMSU7),. Zhou et al. treated spent NCM black mass by external
electric field polarization, producing an oxygen vacancy-
enriched E-PD@NCM catalyst with SMX degradation efficiency
1.61 times that of the unmodified counterpart, primarily via
SO4+~ and 0,78, Gong et al. employed sulfuric acid leaching
to recover valuable metals from spent NCM, achieving high
extraction efficiencies of 97.87% for Ni, 98.75% for Co, and
98.56% for Mnl79, Using the leached solution supplemented
with a copper salt, they synthesized a quaternary metal spinel-
type oxide ((MnCoNiCu)30,4), which enabled complete degrada-
tion of phenol within 10 minutes and exhibited excellent stabil-
ity, retaining over 90% degradation efficiency after four consec-
utive reaction cycles.

Deconstruction-reconstruction processes can often trans-
form recovered metal ions into catalysts with favorable proper-
ties. Tang et al. processed spent NCM cathode powder
through dissolution, lithium extraction, drying, and calcina-
tion to obtain a polymetallic catalyst (M/BP-BC-700) with a
high specific surface area (302.8 m?/g). This catalyst activated
PMS to generate SO4+~ and '0,, enabling rapid degradation of
MB, RhB, and ciprofloxacin (CIP)®%, Xu et al. followed a similar
synthesis route to treat NCM black mass, producing a polymetal-
lic catalyst that also effectively degraded MB, RhB, SMX, and
LFXBY, Yang developed an integrated recovery process to
extract Ni, Co, and Mn from spent NCM cathode powder and
rapidly synthesized a trimetallic layered double hydroxide cata-
lyst (NiCoMn-LDH) with a specific surface area of 115.98 m2/g.
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Fig. 6. Comparative analysis of Co;0,4-LIBs (with co-doping of Cu and Al) and commercial Co;0, catalysts73l.
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Under near-neutral conditions with very low dosages (catalyst
10 mg/L, PMS 0.1 mmol/L), it completely degraded tetrabromo-
bisphenol S (TBBPS) within 100 seconds and exhibited good
cycling stability!82),

Compared with cathode-derived catalysts, the non-metal
path of anode graphite has the advantages of low metal leach-
ing and environmental friendliness. Yan et al. used recycled
graphite as a direct catalyst to demonstrate that surface car-
bonyl and hydroxyl groups activated peroxymonosulfate
(PMS) for the degradation of carbamazepine (CBZ); at a pH of
3-11, 93% degradation efficiency was achieved in tap water®3l,
Qian et al. calcined spent anode graphite at 800 °C, identified
carbonyl groups as the main active sites for PMS activation;
the system degraded 99.2% of atrazine (ATZ) in 6 minutes and
was reusablel®4. Nitrogen doping and other modifications can
also be used to alter the electronic structure of graphite. Yan
et al. have shown that nitrogen-doped graphite promotes a
'0,-dominated non-radical pathway via graphitic N-sites to
enhance the degradation of RhB®>],

Combine cathode and anode materials to construct a
high-performance catalyst synergistically, although research is
still in its early stages. Chen et al. made CoO@C from cobalt-
rich leachate and anode graphite. Metal-support interactions
optimised electron distribution to achieve full degradation of
atrazine (ATZ) in 15 minutes (Figure 8). Immobilised catalysts
maintained a continuous-flow reactor efficiency of >90% for a
6L wastewater system[86l,

Biomass-assisted co-conversion of black mass and waste
biomass can be used to value-add multiple waste streams and
produce high-performance composite catalysts. Zhou et al.
used spent LCO black mass and wood chips for pyrolysis-reduc-
tion to produce CoO-C. Synergy of CoO and a carbon carrier
achieved 99.99% degradation of CIP in 30 minutes and a high
TOF (2.9714 min~1)[87]. Guo et al. combined LCO waste with
tobacco stalks to build a multi-element-doped CoONAI-C cata-
lyst (Figure 9), and this catalyst showed near-complete peroxy-
sulfate utilisation and a degradation rate that was 2-42 times
higher than that of conventional systems[88]. Hou et al. pre-
pared a CoqSg-immobilized biochar composite (LCo-NSBC)

'>ﬁ%/fmm&
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with a three-dimensional (3D) honeycomb-like structure by a
sol-gel method from spent LCO and polygonatum sibiricum
residue. LCo-NSBC completely degraded CBZ within 50 min-
utes, performing comparably to a catalyst (Co-NSBC) pre-
pared from commercial reagents while leaching far less cobalt
(0.084 vs. 0.616 mg/L)®9, Gao et al. combined spent NCM with
buckwheat husks to produce a biochar-supported Ni%/Co%
MnO polymetallic composite catalyst (850BC;,CM) that acti-
vated PMS to degrade IPM over a pH 5.0-10.0 with a rate con-
stant of 0.0944 min~! within 25 minutes, exhibiting low metal
leaching (0.035-0.089 mg/L) and good stability!®. Hu et al. uti-
lized rice husks and Co(ll), Ni(ll), Mn(ll) ions from NCM leachate
to synthesize a “dandelion-like” nanoparticle-cluster catalyst
(X@DRHC, X=Co, Ni, Mn) on desilicated rice-huck carbon; it acti-
vated PMS to degrade various dyes over a wide pH range with
good stability®],

While catalyst design advances, mechanistic understand-
ing is expanding from radical-dominated pathways to non-radi-
cal synergy. Li et al. showed that a Co-NC composite gener-
ated '0, via the PMS—+OH—+0—'0, route as the sole crucial
active species for BPA degradation®Z, Liang et al. found that
their manganese-based spinel ferrite activated persulfate via a
surface electron-transfer mechanism, remaining stable under
high salinity, humic acid, and alkaline conditions(®3. Structure-
activity studies further guide catalyst optimization. Zhao et al.
compared graphite catalysts calcined at different tempera-
tures and found that AM-450 primarily followed a non-radical
pathway dominated by surface electron transfer, while AM-
850 mainly involved a radical pathway. The former exhibited a
higher rate constant for CIP degradation (0.0514 vs. 0.0315
min~'), highlighting how the carbon electronic structure
directs the reaction path®4. Lv et al. synthesized different
MnO, phases (A-MnO, and 3-MnO,) from spent LMO; 8-MnO,
degraded >95% of SDZ, with its high crystallinity and rela-
tively high Mn(lll) proportion identified as key to its activity®>..

Despite the above merits, the applied battery-derived per-
sulfate catalysts still have deficiencies. Cobalt-based systems
with concentrations of >0.1mg/L and their relatives are still
prone to metal leaching, and the performance of graphite-
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Fig. 9. Co-conversion of Spent LCO and tobacco stalk waste for the synthesis of multi-element doped CoONAI-C catalyst[88l.

based analogues needs to be enhanced. Although the degrada-
tion results obtained in the laboratory have been all-around
good, they need to be applied to more difficult, real-water con-
ditions in subsequent experiments. In the future, precise con-
trol over active sites will be achieved to suppress leaching, all-
component valorisation of cathode-anode composites will be
realised, and optimisation studies will be conducted in conjunc-
tion with long-term stability tests under realistic conditions.
The above work will help to apply this technology in engineer-
ing practice.
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4.4. Other water treatment functional materials

Black mass can also be converted into photocatalysta,
ozone catalysts, catalytic wet air oxidation (CWAO) materials
and disinfectants for advanced water treatment, among oth-
ers. Hossain et al. synthesized phase-pure porous Cos0,
nanoparticles by pyrolysis for photocatalysis and showed
good degradation activity and cycling stability of dyes (e.g.,
MB) under visible-light irradiationl%l. Abozeid et al. prepared a
C/LisFesOg/Ag heterojunction from spent anode graphite and
achieved a 75% degradation rate of oxytetracycline (OTC) and
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an 80% reduction rate of Cr(VI) under UV light!’]. Yue et al.
transformed spent LFP into a NaFeS, visible-light catalyst that
degraded 98% of MB in 20 minutes, and its degradation rate
constant was 67 times than that of commercial TiO, (Figure
10)18l,

For ozone catalysis, Xu et al. have prepared thermally modi-
fied graphite from battery leaching residue to act as a good
ozone catalyst and have also determined the specific func-
tions of surface defects and pyridinic nitrogen(3'. Xu et al. devel-
oped a manganese-based oxide catalyst in catalytic wet air oxi-
dation (CWAO) for this purpose; based on old ternary batter-
ies, 98% of thiosulfate was removed and the performance sur-
passed that of existing manganese-based catalysts by 4.1
times®?. Abdel-Rahim et al. have created an antimicrobial nano-
material in disinfection by combining silver nanoparticles with
nitrogen-sulfur  dual-doped reduced graphene oxide
(AgNPs@NSG), which is derived from waste batteries, and
shown that it can inhibit the growth of various bacteria to an
extent of 9.67-12.00 mm in the inhibition zonel'0],

The above studies can extract high-value materials from
spent batteries and are also highly applicable to difficult-to-
treat water.

5. Conclusions and prospects

5.1. Research summary

Several ways have been investigated to develop high-per-
formance upcycled water treatment materials from spent LIB
black mass in this review. The first innovation of this "treating
pollutants with waste" approach is a change in paradigm; that
is to say, it no longer aims only to recover metals but uses the
inherent chemical and structural characteristics of black mass
components to produce functional materials for pollution treat-
ment directly. Based on the above key conclusions, this new
idea is supported: (i) The intrinsic value of black mass compo-
nents (transition metals, graphite) can be rationally utilized to
synthesize a variety of high-value materials, such as adsor-
bents, Fenton-like catalysts, and persulfate activators; (ii)
These recycled materials have shown good or excellent pollu-
tant removal performance in experiments compared with
many traditional ones (e.g., high adsorption capacity, ultrafast
degradation kinetics); (iii) Therefore, this approach can be
used to reduce both the environmental impact of battery
waste and the production costs of water treatment materials,
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thus achieving a material loop [101]. The scientific foundation
of the above recycling process is introduced in this paper, and
high-efficiency water purification materials from black mass
are to be developed.

5.2. Current limitations

Although upcycling the black mass of waste LIBs into
water-purification materials has shown positive results for
both the recovery of waste resources and environmental protec-
tion, many scientific and technical problems remain unsolved;
thus, these innovations cannot be widely applied or devel-
oped continuously at this time. The primary challenges are as
followed:

(i) Lack of Validation for Material Stability and Practicality.
Most of the studies are not conducted in a practical, real-world
setting. There is a critical lack of robust assessment regarding
the long-term operational stability, reusability, and efficacy of
these materials in complex, real-world water matrices contain-
ing diverse interfering ions and natural organic matter. Perfor-
mance claims derived from idealized conditions may not trans-
late directly to practical scenarios.

(ii) Absence of Scalable and Standardized Synthesis Proto-
cols. Current synthesis methods are predominantly batch-ori-
ented, intricate, and difficult to scale. The transition from lab-
scale proof-of-concept to industrial-scale production requires
the development of continuous, energy-efficient, and standard-
ized fabrication pathways that guarantee consistent material
quality, morphology, and performance—a prerequisite for reli-
able water treatment applications.

(iii) Inadequate Holistic Environmental and Risk Assess-
ment. A comprehensive evaluation of the net environmental
benefit is often missing. Key concerns include the potential
risk of secondary pollution from metal leaching during mate-
rial use and disposal, as well as the energy and environmental
footprint of the upcycling process itself. Systematic life cycle
assessment (LCA) is essential to quantify the true environmen-
tal sustainability of this approach versus conventional waste
treatment or material production routes.

(iv) Unclear Economic Viability and Cost-Benefit Analysis.
Although the raw material (black mass) is a low-cost waste
stream, the overall economic feasibility remains ambiguous. A
detailed techno-economic analysis is needed to compare the
total cost of the upcycling process (including collection, pre-
treatment, synthesis, and regeneration) against established
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commercial water treatment materials. Clear demonstration of
cost-effectiveness is crucial for industry adoption.

5.3. Future perspectives

To advance this innovative field from promising concept to
practical reality, future research should adopt a problem-
driven approach that directly addresses the current limita-
tions. Efforts must pivot from proof-of-concept demonstra-
tions to targeted investigations aimed at overcoming the spe-
cific barriers to scalability, stability, and sustainability. The fol-
lowing research directions are critical:

(i) Advanced Material Design Focused on Robustness and
Adaptability. Future synthesis strategies must move beyond
optimizing activity in ideal conditions. Research should priori-
tize developing robust pre-processing and design protocols to
handle the inherent variability of black mass feedstock, ensur-
ing consistent material performance. Concurrently, atomic-
level engineering (e.g., single-atom catalysts!'%2]) should be pur-
sued not only for activity but also for enhanced stability and
selectivity in complex media. Designing multifunctional, inte-
grated systems for synergistic processes remains a key
goall103],

(i) Translation-Oriented Engineering and System Integra-
tion. Bridging the lab-to-plant gap requires parallel advance-
ments in material engineering and reactor design(194-106], This
includes innovating reliable material immobilization tech-
niques and modular reactor concepts for easy integration into
existing water infrastructure. Most importantly, pilot-scale stud-
ies under real-world conditions are indispensable to validate
long-term performancel'%7], inform scale-up parameters, and
generate robust techno-economic data.

(iii) Holistic and Standardized Sustainability Evaluation. A
comprehensive validation of the technology’s net benefit is
paramount. This requires strengthening life-cycle assessment
(LCA) to quantify environmental footprints accurately and, cru-
cially, establishing standard protocols to assess long-term envi-
ronmental safetyl'%8], including systematic ecotoxicological
studies and leaching tests under operational conditions. Clear
metrics for environmental and cost competitiveness versus con-
ventional methods are needed for stakeholder adoption.

In summary, converting spent LIB black mass into func-
tional water treatment materials represents a transformative,
dual-value solution for critical environmental challenges. By
shifting focus to targeted research thataddresses feedstock pro-
cessing, real-world application engineering, and rigorous sys-
tem-level analysis, this field can mature into a viable and sustain-
able pillar of the circular economy, offering scalable solutions
for both resource recovery and environmental remediation.
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