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The exponential growth in the consumption of lithium-ion batteries (LIBs) necessitates the
development of environmentally benign recycling technologies to address the impending surge
in end-of-life waste. This study presents a novel, sustainable hydrometallurgical approach for
the recovery of critical metals (Li, Ni, Co) from spent NMC/LCO cathode materials utilizing a low-
concentration ammonia system. In contrast to conventional methods relying on high ammonia
concentrations (4-6 M), this work demonstrates efficient metal leaching using only 0.5 M NH,OH
buffered with ammonium sulfate, employing sodium sulfite (Na,SOs) as a reducing agent to facilitate
the breakdown of the oxide matrix.

Through systematic optimization, the optimal process parameters were established: 0.5 M
NH,OH, 0.273 M (NH,),;SO4, and 0.8 M Na,SO; at pH 10.5 and 80°C. Under these conditions, the
system achieved leaching efficiencies of 99.6% for Ni, 96.4% for Li, and 89.1% for Co. A distinctive
feature of the developed process is the selective retention of manganese; unlike acid leaching,
this method retains 76% of manganese in the solid residue, significantly simplifying downstream
purification and target component separation. The proposed method offers an eight-fold reduction
in ammonia consumption compared to conventional ammoniacal schemes, substantially lowering
both operational costs and the carbon footprint of the recycling process.

Keywords: lithium-ion batteries; waste recycling; hydrometallurgy; ammoniacal leaching;
electrode mass.
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JIUTUiA-oHAbl akkymynaTopnapabl (JIMA) KkongaHyablH, 3KCMOHEHUMaNapl ecyi KangbiKtap
KeNeMiHiH, angafbl KypT apTybl MaceneciH welwy yWiH 3KONOTUANbIK Kayincis Kailta eHaey
TEXHONOrMANAPbIH 33ipneyai Tanan etedi. bya 3epTreyne TOMeH KOHLEHTPALMANbI aMMUAK XKyHeciH
Ko/4aHa oTbipbIn, nanganaHbinFadH NMC/LCO KaToATbIK MaTeprangapbiHaH MaHbl34bl MeTanaapapl
(Li, Ni, Co) benin anyablH XaHa, TYPaKTbl TMAPOMETANNYPrUAAbIK TACIAI YCbIHbIAFAH. AMMMWAKTbIH,
JKOFapbl KOHUeHTpauuanapbiHa (4-6 M) HerisgenreH 4acTypai a4icTepaeH alblpMalublibifbl, By
YKYMbICTa OKCMATIK MaTPULLAHbIH, biAbIPaybIH KeHINAeTy YWiH TOTbIKCbI3AaHAbIPFbIW PETiHAE HaTpUI
cynbouTiH (Na,SOs) KonaaHa oTbipbin, aMMOoHUM cynbdaTtbimeH bydepneHreH Hebapi 0,5 M NH,OH
KONAQHY apKblibl MeTanaapAbl TMIMAI Waimanay MyMKiHAIr kepceTinreH.

Xyieni oHTalinaHAbIpy KoHe TePMOAMHAMUKaANbIK Tanaay 6apbicbiHAA NPOLECTIH, OHTalbI
napameTpnepi aHbikTangbl: pH 10,5 xaHe 80°C temnepatypaga 0,5 M NH,OH, 0,273 M (NH,4),SO4
»koHe 0,8 M Na,SOs. Bbyn kafpanapaa xyme Niywin 99,6%, Li ywiH 96,4% xaHe Co ywiH 89,1%
Wwarmanay TMimainiriHe Kon KeTki3aj. O3ipNeHreH NpouecTiH epekweniri — mapraHeuTiH, iwiHapa
epimeyi; KbIWKbIIAbIK LWakmanayaaH ablipmallbiibliFbl, 6yn agic mapraHeuTiH 76%-blH KaTTbl
KangblkTa cakTanvabl, 6yn MakcaTTbl KOMMOHEHTTEpAi TasapTy »KaHe 6enin anyaplH, KewniHri
caTblNapblH aUTap/bIKTal KeHingeteai. YCbIHbINFAH dA4ic ASCTYpP/Ai aMMMAK  cxemanapbiMeH
canbICTbIpFaHAa aMMMaKTbl TYTbIHYAbI Ceri3 ecere asanTyabl KamTamacbi3 etesi, byn Kavita eHaey
NPOLECiHiH, onepaLMAnbIK WbIFbIHAAPbIH 43, KOMIpPTETi i3iH Ae aTapabIKTak TemeHaeTesi.

TyhiH ce3pep: /IUTUW-MOHAbLI  AKKYMYNATOPAAp;  Kan4bIKTapAabl
TMAPOMETANNYPrUA; aMMUAKTbI WaManay; 3SNeKTPOATLIK macca.
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IKCMOHEHUMaNbHbIA POCT UCNONb30BaHWUA JIMTUN-UOHHbIX BaTapeit TpebyeT pa3paboTku
9KONI0rMYecKM 6e30mnacHbIX TEXHONOrNI NepepaboTkn Ana peweHua npobaems! HagsuratoLweroca
Pe3Koro yBeNWYeHWA KOAMYeCTBa OTXOAO0B. B JaHHOM uccnefoBaHWM NpeAcTaBNeH HOBbIN,
YCTOWYMBBIA  TMAPOMETANYPIUYECKUIA  MOAXOL K M3BNEYEHUIO  KPUTUYECKM  BaKHbIX
metannos (Li, Ni, Co) u3 oTpaboTaHHbIX KaTogHbix matepuanos NMC/LCO ¢ ucnonb3oBaHuem
HW3KOKOHLEHTPUPOBAHHOW aMMMAYHOW CUCTeMbl. B oTanuMe OT TPafMUMOHHBIX MeTOAOB,
OCHOBaHHbIX Ha BbICOKMX KOHLEHTpaUuUAX ammuaka (4-6 M), B saHHoM paboTe femMoHCTpUpyerca
abdeKTMBHOE  BbIWleNAYMBaHME  MeTannoB € ucnosnb3oBaHmem  Bcero 0,5 M NH,OH,
bydepupoBaHHOro cynbGpatom ammMoHUA, C NpuMeHeHnem cynbduta Hatpua (Na,SOs) B KauecTse
BOCCTaHOBUTENA A7 06erYeHnn paspyLeHna OKCUAHON MaTPULLbI.

Bnaropapa cuctemaTMyeckoin onTMMM3aLMmn Bbian ycTaHOBNEHbI ONTUMAsbHbIE MapameTpbl
npouecca: 0,5M NH,OH, 0,273 M (NH4),SOs n 0,8 M Na,SO; npu pH10,5 u 80°C. B 3Tux
ycnosuax cuctema gocturna apdekTMBHOCTM BbiwenaumsaHua 99,6% pns Ni, 96,4% ana Li m
89,1% gna Co. OTIMUMTENbHON OCOBEHHOCTLIO pa3paboTaHHOro mpouecca ABAAETCA YaCTUYHas
HepacTBOPMMOCTb MapraHLua; B OT/IMYME OT KUCNOTHOTO BbILLEeNauynBaHNA, STOT METOA, COXpaHAET
76% MmapraHua B TBepAOM OCTaTKe, YTO 3HAUUTE/IbHO YMNpoLLAeT nocaeayolwme cTagum OYUCTKU
1 BblAENEHUA LeneBblX KOMNOHEHTOB. lMpeanoxeHHbI meTon obecrneynBaeT BOCbMUKPATHOE
CHUXXeHMe NoTpebneHnsa amMmuaka no CPaBHEHUIO C TPAAULMOHHBIMMU aMMMUAYHBIMU CXEMaMMU,
YTO CYLLECTBEHHO CHMMXAEeT KaK IKCMayaTaLMOHHble pacxoAbl, TaK U YIepoaHblit cnep npouecca
nepepaboTku.

KnioueBble cnoBa: ANTUA-UOHHbIE 63Tap€l/1,' nepepaGOTKa OTX0408B; TMAPOMETANNYPIUA;
adMMMUaYHOe BblllenavdynBaHMe; 3/1IeKTpoaHaA macca.
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Graphical abstract

1. Introduction

The rapid expansion of the global electric vehicle and
consumer electronics markets has created a critical need for
the development of sustainable recycling technologies for
spent lithium-ion batteries (LIBs) [1]. Projections indicate that
approximately 140 million electric vehicles will be in operation
by 2030, resulting in the generation of more than 11 million
metric tons of battery waste [2]. Despite the global scale of this
challenge, worldwide recycling rates for LIBs remain low [3].

Such a disparity between waste generation and recycling
rates poses multifaceted challenges across environmental,
economic, and strategic dimensions. Improperly disposed LIBs
are a significant source of soil and water contamination,
introducing transition metals and hydrogen fluoride (HF), a toxic
compound generated by electrolyte hydrolysis, into the
ecosystem [4]. From the perspective of economic security, the
global battery industry is highly vulnerable to geopolitical

disruptions. According to data from the United States Geological
Survey (2025), the geographic concentration of primary reserves
— a factor that will dictate the industry’s future reliance on
resource-holding nations —is distributed as follows: Co — Congo
(58.5%), Li — Chile (31%), Mn — Australia (29.41%), Ni— Indonesia
(42.31%), and graphite — China (27.93%) (Figure 1) [5]. Recycling
is regarded as a fundamental instrument for achieving carbon
neutrality targets, since converting mixed-stream lithium-ion
batteries into battery-grade materials reduces environmental
impacts by at least 58% [6].

The modern LIB recycling industry utilizes
fundamentally different approaches. Pyrometallurgy, which

three

involves high-temperature processing exceeding 1000°C in
specialized furnaces, yields metal-rich alloys and lithium-
containing slags. This method is characterized by technological
simplicity and the absence of requirements for preliminary
battery sorting; however, pyrometallurgical
methods encounter excessive energy

conventional
drawbacks of
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Figure 1 — Distribution of resources required for LIB production
by country [5]

consumption, high CO, emissions, and substantial lithium loss
withlithiuminslagand off-gas posing challengesforrecovery [7].
Contemporary assessments indicate that pyrometallurgy is
economically viable primarily for batteries containing a high
proportion of valuable metals, such as nickel and cobalt [8,9].

Hydrometallurgical methods, which are based on
processing in solutions of chemical reagents, provide high and
selective recovery of metals. The classical approach employs
acidic leaching media such as 2 M H_SO, with the addition of
H,O,, 2-4 M HCl, or mixtures of HNO, and HCl. These systems
achieve nearly complete dissolution (>98%) of all metals;
however, acid utilisation requires specialised conditions and
subsequent neutralisation and remediation of the acidic
solutions [10].

Direct recycling, which involves the regeneration of
cathode materials without complete separation into their
primary constituents, represents the most environmentally
benign approach, characterized by minimal wastewater
generation. However, a key drawback of this technology is its
limited technological maturity, which currently hinders the
large-scale industrial- implementation of direct recycling
processes [11].

Within the prevailing dichotomy between non-selective
acidic hydrometallurgy and the yet industrially unavailable
direct recycling, the search for alternative leaching systems
emerges as an optimal solution. A method is required that
preserves the high reaction rates inherent to aqueous media
while simultaneously enabling a high degree of process
selectivity. One promising approach to addressing this challenge
is leaching in ammoniacal solutions, where selectivity is
governed by the differentiated behavior of individual
components. Transition metals (Ni?*, Co?, Cu?*) form stable

ammonia  complexes  with  stability’ constants  of
loghy"”(pH) > 8 , whereas aluminum and iron precipitate as

hydroxides, AI(OH), and Fe(OH),, at pH=3.0-5.0[12,13].
Manganese in ammoniacal media undergoes oxidation to form
insoluble MnO, or ammonium complex salts [14]. This
mechanism enables primary separation of metals directly at the
leaching stage, thereby eliminating the need for costly
downstream separation operations.

Although the ammoniacal method is well established in
conventional hydrometallurgy for copper and nickel ores [12],
its application to the processing of spent lithium-ion batteries
remains underexplored and warrants systematic investigation.
Despite these apparent advantages, the existing literature
predominantly focuses on highly concentrated ammoniacal
systems (2-6 M NH,OH) with large excesses of ammonium salts,
which compromises the environmental benefits of the approach
due to issues related to ammonia volatilization, high reagent
consumption, and the complexity of regenerating volatile
components [15].

Ammoniacal leaching of lithium-ion battery cathode
materials is predominantly carried out in strongly alkaline
buffered media with high concentrations of NH, and ammonium
salts (Table 1), which enables almost complete recovery of Co
and Ni, as well as high Li leaching efficiencies at moderate
temperatures. [16]. The effectiveness of this process is governed
by the formation of stable ammonia complexes and the
maintenance of an optimal pH window; however, such a
strategy is associated with increased reagent consumption,
ammonia volatilization, and greater complexity in gas and

Table 1 - Summary of the results of studies of the ammonia leaching process

Cathode  Leaching agent Reductant Conditions Leaching efficiency, Ref.
material  (concentration) (concentration) (T, t, S/L) %

Lco 4.0 M NH,OH +1.5 M (NH,),50, 0.5 M Na,50, 90°C, 120 min, 10g/L  Li: 99.5, Co: 96.5 [19]
LCO 4.0 MNH,OH+ 1.5M NH,CI 0.5 M Na,SO, 80°C, 4h, 1 g/100 mL Li: 70.8, Co: 98.2 [20]
NMC 6.0 M NH,0H - 0.5 M (NH,),CO, 0.5 M Na,50, 150°C, 30 min, 10g/L  Co: 99.5, Ni: 91.1, Li: 87.0, Mn: 2.5 [21]
NMC 4.0 M NH,0OH - 1.5 M (NH,),50, 0.5 M Na,50, 80°C,5h, 10 g/L Co: 80.7, Ni: 89.8, Li: 95.3, Mn: 4.3 [22]
NMC 120.0 g/LNH,OH + 75 g/LNH,HCO,  Na,SO, (n :n_ =2:1) 80°C, 240 min, 20g/L  Co:91.2, Li: 97.57 [23]
NMC 1.0 M NH,0H - 1.0 M (NH,),CO, 0.5 M (NH,),50, 80°C,1h,10g/L Co: 94, Ni: 37 [24]
NMC 1.5 M NH,OH -1 M NH,HCO, 1.0 M (NH,),SO, 60°C,3h,20g/L Co: 80.99, Ni: 100, Li: 60.53 [25]
NMC 4.0 M NH,0OH +1.0 M (NH,),CO, 0.3 M Na,SO, 80°C,5h10g/L Li: 98.4, Co: 99.4, Ni: 97.3 [26]
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wastewater treatment [17]. The accumulation of ammonium
nitrogen in solid residues and effluents further amplifies
toxicological and environmental risks and necessitates
resource-intensive neutralization technologies [18,19]. In this
context, an important research challenge is the development of
ammoniacal leaching systems with reduced NH, content that
can deliver comparable selectivity and recovery of valuable
metals while lowering the environmental and technological
burden of the process.

The objective of this study is to demonstrate efficient
recovery of valuable metals at low concentrations of
ammoniacal buffer through precise optimization of
thermodynamic parameters (pH, temperature) and the
introduction of an effective sulfite-based reducing system. The
aim is not merely to prove the conceptual feasibility of the
process, but to perform an in-depth optimization of all relevant
parametersin order to achieve industrially meaningful recovery
rates while minimizing costs and environmental burdens. This
work presents the first systematic investigation of ammoniacal
leaching of electrode mass from spent LIBs based on LCO/NMC
at NH,OH concentrations < 0.5M, providing a rationale for
achieving high efficiencies (>90%) at reduced reagent
consumption and for selecting the leaching regime from the
standpoint of the underlying mechanism of metal dissolution in
ammoniacal media.

2. Experiment

2.1 Materials and reagents

Analytical grade and chemically pure reagents were used
in this study, including aqueous ammonia solution (NH,OH,
25%), ammonium sulfate (NH,),SO,), ammonium" carbonate
(NH,),C0,), ammonium chloride (NH,Cl), sodium sulfite (Na,SO,),
as well as sulfuric acid (H,SO,) and hydrogen peroxide (H,0,,
35 wt.%). All solutions were prepared using distilled water. The
electrode mass employed in the experiments was obtained
from spent prismatic-type lithium-ion batteries.

2.2 Sample preparation

To obtain the target fraction of electrode mass, the spent
cells were subjected to a sequence of discharging, crushing,
drying, and fractionation steps, as outlined in Figure 2.

Figure 2 — Schematic illustration of electrode
mass preparation process

ISSN 1563-0331
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For the leaching process, the fraction with a particle size
of less than 100 um was selected, as it represents the most
homogeneous portion enriched with the target components.

2.3 Leaching methodology and optimization

All leaching experiments were conducted in a 150-mL
three-necked round-bottom flask equipped with a reflux
condenser to prevent evaporative losses. A 1.00 g sample of
homogenized electrode mass was introduced into 100.0 mL of
ammoniacal buffer solution containing Na, SO, additives at a
fixed temperature, with the suspension stirred at 600 rpm. A
water bath was employed to control the reaction
temperature. To obtain a representative sample and ensure
uniform distribution of components within the electrode
mass, each test portion was prepared using the “cone and
quartering” method.

Optimization was performed using the One-Variable-At-a-
Time (OVAT) approach [28,29], investigating the following
parameters: NH,OH concentration(0.1-1.0 M), Na,SO, reducing
agent concentration (0.1-1.0 M), solution pH (10.0-11.75), which
was adjusted by adding (NH,),SO,, temperature (50-80°C), and
leaching duration (2-8 h).

To determine the initial ‘metal content in the electrode
mass, a control acid leaching method was utilised using 2 M
H,SO, + 5% H,0, as a traditional reagent regime for electrode
mass leaching (so-called standard for black mass dissolution).
The treatment involved ultrasonic agitation (1 h) followed by
stirring (16 h) to ensure complete metal recovery.

2.4 Analytical methods

The phase composition of the solid products was analyzed
by X-ray diffraction (XRD) using a TD-3700 diffractometer
(Tongda, China) with Cu-Ka radiation. The elemental
composition of the solid phase was assessed by X-ray
fluorescence (XRF) analysis using a FOCUS-2M spectrometer.

The concentration of metal ions (Li, Ni, Co, Mn) in the
pregnant leach solutions was determined by atomic
absorption spectrometry (AAS) using an AA-6200 spectrometer
(Shimadzu, Japan).

2.5 Calculation of leaching efficiency

The leaching efficiency was calculated as the ratio of the
mass of metal transferred into the solution to its mass in the
initial sample (eq. 1):

3 C[swoelutlon .V

E= T -100% (1)
e

Where —Cj2#tom js the metal concentration in the solution
under investigation (mg/L); C
electrode mass determined by the standard (section 2.3)
method (mg/g), V—is the volume of the diluted solution (L) and
m — is the mass of the electrode mass sample subjected to
leaching (g).

solid
Mo -

is the metal content in the
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3. Results and Discussion

3.1 Physicochemical characterization of electrode
materials

To determine the composition and structure of the
feedstock, a comprehensive set of physicochemical studies was
conducted, including elemental analysis and investigation of
the phase composition.

Quantitative determination of the major elements was
performed by AAS using a wet chemistry (standard acid
leaching) procedure. The analysis results, presented in Table 2,
indicate that carbon is the dominant component of the mixture
(60.2 wt.%), evidencing a high content of graphite (anode
material) in the initial mass. Among the valuable metals, cobalt
constitutes the largest fraction (23.5 wt.%), followed by nickel
(7.0 wt.%) and lithium (5.4 wt.%). The manganese content is 3.9
wt.%. Such a ratio suggests that the processed feedstock
represents a mixture of materials, likely based on lithium cobalt

oxide and NMC.

Table 2 — Elemental composition of the electrode mass

Element C Mn Co Li Ni
23.5+0.6 5.4+0.8

wt.% 60.2+1.0 3.9+0.5 7.0+0.5

To confirm the qualitative composition and identify the
crystalline phases, XRF and XRD methods were employed. The
XRF spectrum (Figure 3a) clearly exhibits characteristic energy
peaks corresponding to the Ka lines of manganese (Mn), cobalt
(Co), and nickel (Ni), confirming the presence of these transition
metals in the material and corroborating the elemental analysis
data. The XRD analysis (Figure 3b) confirmed that the initial
electrode massis a multiphase composite. Quantitative Rietveld
refinementidentified the presence of two main cathode phases:
LiCoO, (LCO, ~18.4%) and LiCoNiMn 0, (NMC, ~18.1%). In
addition to the active cathode components, graphite, which is
the primary anode material, is present in significant quantities

(~60.6%). All identified crystalline phases are characterized by
narrow and intense reflections, indicating a high degree of
crystallinity of the starting materials.

3.2 Optimization of the ammoniacal leaching process

The optimization of electrode mass leaching from spent
LIBs represents a multi-stage process of identifying the optimal
value for each of the investigated factors. The selected initial
conditions are averaged values used in previous studies (Table
1): leaching time — 2 h, stirring speed — 600 rpm, temperature
—80°C; reagent concentrations—4 M NH,OH +0.75 M (NH,),CO,,
pH = 11.0

3.2.1 Effect of buffer additive anion composition on
leaching efficiency

The selection of the optimal composition for the leaching
system requires not only determining the ligand (ammonia)
concentration but also justifying the nature of the anionic
background created by ammonium buffer salts. Given the
limited systematic data in the current literature regarding the
specific influence of anions on the dissolution of NMC-type
cathode materials, a series of comparative experiments was
conducted. The effect of three ammonium salts was
investigated: chloride (NH,Cl), sulfate ((NH,),SO,), and carbonate
((NH,),CO,), maintaining the following reagent regime: 4M
NH,OH + 0,75M (NH,),SO, + 0,5M Na,SO,; 4M NH,OH + 1,5M
NH,Cl + 0,5M Na,SO,; 4M NH,OH + 0,75M (NH,),CO, + 0,5M
Na,SO0,.

Analysis of the obtained experimental data (Figure 4)
demonstrates the absence of a critical influence of the anions’
nature on the final leaching efficiency of the target metals. The
variability of leaching rates across salts falls within a 5-7%
confidence interval, consistent with data from several
researchers indicating that the dominant factor in complexation
is free ammonia concentration ([NH,] free) rather than the
nature of the anion.

Nevertheless, the ammonia system based on ammonium
sulfate ((NH,),SO,) was selected for further process optimization
in this work. This choice is dictated by a combination of
physicochemical and technological factors that determine the
stability, controllability, and environmental compatibility of the

Figure 3 — a) XRF spectrum of the electrode mass, b) XRD pattern of the electrode mass
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Figure 4 — Comparative diagram of leaching using different
ammonium salts

leaching medium. First, ammonium sulfate is characterized by
high solubility (approximately 750-760 g/L at 20°C), which
allows for the formation of solutions with increased buffer
capacity in the NH,/NH,* system. This is fundamentally
important for maintaining a quasi-stationary pH in the range of
9.5-11.5, where, on one hand, a sufficient concentration of free
ammonia for complexation is ensured, and on the other hand,
intensive hydrolysis of metal ammonia complexes and
premature precipitation of hydroxide phases upon NH,
consumption are prevented [30]. Second,  corrosion and
operational aspects serve as significant arguments in favor of
the sulfate medium. The chloride ion (Cl) is an effective initiator
of pitting corrosion in stainless steels, necessitating the use of
expensive corrosion-resistant alloys (e.g., titanium or high-alloy
nickel-containing materials) [31]. Carbonate systems based on
ammonium salts, despite their widespread use, possess limited
thermal stability: at temperatures above 50-60°C, ammonium
carbonate undergoes decomposition with the evolution of
gaseous ammonia and carbon dioxide, accompanied by
uncontrolled changes in the leaching solution composition and
increased specific reagent consumption (eq. 2) [32, 33]:

T
(NH,),C03 - 2NH3 T +CO, T +H, (2)

This leads to uncontrolled variations in the leaching
solution composition and increased reagent costs. Thus, the use
of the sulfate system ensures an optimal balance among
leaching efficiency, process-parameter stability, and equipment
design requirements.

3.2.2 Effect of solution pH on leaching efficiency

The pH of the leaching solution in the ammonia—sulfate
system is a secondary parameter determined by the ratio of the
free base NH, to its conjugate acid form NH,*, as well as by the
concentration of the ammonium salt, in accordance with the
Henderson—Hasselbalch equation (eq. 3) [34]:

[NH{]
[NHs] @)

pH = pK, + log
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where [NH,] is the equilibrium concentration of the
conjugate acid (mol/L) and [NH,] is the concentration of the
base (mol/L). Thus, the actual pH value depends on the ratio of
the equilibrium concentrations [NH,] and [NH,"], implying that
the target pH can be achieved even when using economically
preferable low ammonia concentrations.

To maintain a pH of 10.5 in a solution with a high total
ammonia concentration (4.0 M), the addition of a significant
amount of ammonium sulfate as a buffering agent is required.
This leads to a drastic increase in the concentration of sulfate
(SO,*) and ammonium (NH,*) ions in the system.

Under these conditions, the solubility product of
ammonium—metal double sulfates (Tutton salts) of the type
(NH,),Me(SO,), - 6H,0, where Me = Ni, Co, may be exceeded.
The precipitation of these sparingly soluble salts, whether on
particle surfaces or in the bulk solution, effectively removes the
target metals from the liquid phase, which appears as a decrease
in extraction efficiency.

Consequently, transitioning to a low-concentration system
at the same pH helps avoid this “salt overload” effect, ensuring
sufficient ligand concentration for complexation, maintaining
high ionic mobility, and preventing secondary salt precipitation.

As illustrated in Figure 5b, increasing the concentration of
(NH,),SO, leads to a monotonic decrease in the system’s pH,
consistent with the theoretical shift in equilibrium towards the
conjugate acid. However, the addition of the reducing agent
(Na,SO,) results in a systematic increase in pH relative to the
initial buffer solution, attributable to the alkaline hydrolysis of
the sulfite ion (SO,> + H,0 <> HSO, + OH). This buffering
behavior effectively stabilizes the medium, although the final
operating pH is slightly higher than values predicted solely by
the ammonia/ammonium ratio [35].

According to the experimental data presented in Figure
5a, the pH value of the buffer system decreases as the
concentration of (NH,),SO, in the solution increases, which is
characteristic behavior for solutions containing salts formed
from a strong acid and a weak base (eq. 3) [35]. This leads to a
decrease in the fraction of free NH, and a reduction in the
effective capacity of the medium to stabilize coordination-
saturated [Me(NH,),]** complexes.

As demonstrated in Figure 5a, the three pH regions. In the
“ligand deficiency zone” (the lower bound of the pH interval), a
significant portion of ammonia is protonated; consequently, the
conditional stability constants logp’, and logp’  decrease, and
the fraction of soluble ammonia drops, leading to reduced
leaching efficiencies for Li, Co, and Ni [26, 36]. Under these
conditions, a fraction of Mn(ll), not being as strongly stabilized
by ammonia, remains in ionic form and may be additionally
incorporated into solid sulfite or oxide phases, which manifests
as a relative increase in its leaching upon transitioning to more
favorable pH values [37, 38]. In the optimal zone (around pH
10.5), the fraction of free NH, is close to unity, corresponding to
the maximum of logP’ = 2.83 and logf’_ = 6.60 and ensuring
the formation of stable [Ni(NH,),]** and [Co(NH,),]** complexes
while the supersaturation threshold for Me(OH), has not yet
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Figure 5 —a) Graph of the effect of (NH,),SO, concentration on leaching efficiency;
b) Graph of pH dependence on (NH,),SO, concentration

been exceeded, due to the drastic reduction of free metal ion
activity (a,,,.) [36, 37]. Even though the concentration of OH-
ions is high at pH 10.5, the competitive coordination by NH,
keeps the ion product [Me?*][OH]? strictly below the Solubility
Product constant (Ksp), effectively masking the metal cations
from precipitation. Under these conditions, maximum leaching
efficiencies for Ni, Co, and Li are achieved, whereas Mn is
partially retained in the solid phase and/or precipitates as
sulfite- and sulfate-containing compounds [26]. With a further
increase in pH (>11.0), the rise in OH" activity leads to the
dominance of hydrolysis over complexation: the solubility
products of Ni(OH),, Co(OH),, and Mn(OH), hydroxides are
exceeded, resulting in the formation of sparingly soluble
hydroxide and oxide films on the particle surfaces.

Comparing two leaching regimes with different total
ammonia concentrations at a fixed pH of 10.5 showed that
decreasing NH,OH from 4.0M to 0.5 M, accompanied by a
reduction in (NH,).SO, from 0.75M to 0.273 M, did not
compromise the process; conversely, it substantially improved
the recovery of all target metals (Figure 6a). Lithium recovery
increased from 46.1% to 83.1%, nickel from 81.7% to 98.3%,

cobalt from 17.8% to 57.6%, and manganese from 11.2% to
26.1%.

The observed increase in metal recovery upon reducing
the ammonia concentration from 4.0M to 0.5M requires a
precise. mechanistic interpretation. The lower efficiency
associated with the high-concentration medium (4.0 M NH,OH
+0.75M (NH,),SO,) is not attributable to any inhibitory effect of
excess ligand (NH,), but rather to the disruption of the acid-base
equilibrium within the system [39].

As demonstrated in Figure 6a, at high base concentrations
(NH,OH), the amount of ammonium sulfate used (0.75 M)
provides insufficient buffering capacity. According to the
Henderson—Hasselbalch equation, thisresultsinanuncontrolled
risein pH (>11.5), pushingthe system outside the thermodynamic
stability window of soluble ammonia complexes. At such
elevated pH levels, the equilibrium shifts toward the formation
of thermodynamically stable but insoluble hydroxides,
specifically Ni(OH), and Co(OH),. These hydroxide phases form
passivating films on the surface of the electrode particles,
hindering reagent diffusion and effectively blocking the
dissolution process [36,38].

Figure 6 — a) Comparison of metal leaching efficiency at different equilibrium NH,/NH,* concentrations at pH 10.5; b) Dependence
of metal leaching efficiency on NH,OH concentration in the range of 0.1-1.0 M
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Consequently, the transition to the 0.5 M NH,OH regime,
balanced with adequate buffering, maintains the pH within the
optimal ‘stability window’ (10.0-10.5) (Figure 6b). This prevents
the secondary precipitation of metals and facilitates the
complete leaching of target components.

To quantitatively refine the boundaries of this optimum,
the dependence of leaching efficiency on NH,OH concentration
was investigated in the range of 0.1-1.0 M at constant pH,
temperature, and reducing agent concentration (Figure 6b). The
obtained curves demonstrate that increasing concentration of
NH,OH to 0.5 M is accompanied by a significant rise in the
recovery of Ni, Co, and Li, whereas a further increase in the base
concentration has virtually no effect on the process efficiency,
confirming the existence of a “plateau”.

3.2.3 Effect of process temperature on leaching efficiency

The investigation of the temperature dependence was
conducted in the range of 50-80°C at fixed pH and reagent
concentrations, allowing the changes in leaching efficiency to
be interpreted as a manifestation of kinetic limitations of the
leaching process (Figure 7). For nickel and lithium, a nearly
linear dependence of leaching efficiency on temperature was
established: Ni recovery increases from 57.0% to 97.5%, and Li
from 58.8% to 87.1%, indicating a significant reduction in the
energy barrier for oxide lattice destruction and an acceleration
of diffusion and complexation steps upon heating.

Figure 7 — Graph of leaching efficiency dependence on process
temperature

Cobalt also exhibits a monotonic increase in leaching
efficiency (from 25.5% to 56.2%); however, the absolute values
remain substantially lower than those for nickel, confirming the
more inert nature of Co(lll)-containing phases and the higher
energy requirements for their reductive dissolution in the
ammonia—sulfite medium. Against this background, the
behavior of manganese is fundamentally different: in the 50-
70°C interval, its leaching rate remains practically unchanged
(=20%), and only at 80°C is a moderate increase to 26.6%
observed.
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The observed weak temperature dependence of Mn
recovery indicates its unfavorable thermodynamic position in
the Ni/Co/Li—-Mn system: manganese ammonia complexes are
less stable, and the corresponding solid phases (higher oxides)
exhibit high solubility only under conditions outside the
selected pH. Collectively, this suggests that increasing the
temperature primarily intensifies the reductive dissolution of
nickel and cobalt while maintaining the selective retention of
manganese in the solid phase, which constitutes a significant
advantage of the ammonia—sulfite system for processing
cathode materials.

3.2.4 The role of the reducing ‘agent in the leaching
mechanism

The use of a reducing agent in the leaching of LIB
electrode mass is a well-known and generally accepted practice,
necessary for converting the transition metals of the cathode
material into a more soluble form, thereby. facilitating their
transfer into solution and binding by the complexing agent.
However, the electrode mass of batteries may also contain
elements initially present in readily soluble forms. Thus, the
efficiency of Li* recovery from the electrode mass should
proceed without significant difficulties even in systems where a
reducing agent is absent.

To verify the aforementioned hypothesis, an experiment
was conducted using two solutions - with and without the
addition of a reducing agent. 0.5 M Na,SO, was used as the
reducing agent. The solutions employed had the following
composition: 0.5 M NH,OH +0.273 M (NH,),SO,; 0.5 M NH,OH +
0.273 M (NH,),SO, + 0.5M Na,50,.

The results (Figure 8a) clearly demonstrate that in the
absence of a reducing agent, the process is virtually blocked:
the leaching efficiencies of nickel and cobalt are close to zero.
The exception is lithium, which partially transfers into solution
via ion exchange; however, its leaching remains low due to the
integrity of the oxide matrix, which hinders ion diffusion from
the particle bulk.

The introduction of Na,SO, fundamentally changes the
process kinetics. The sulfite anion, containing sulfur in an
intermediate oxidation state (S**), acts as an effective reducing
agent, facilitating heterogeneous electron transfer at the phase
interface (eq. 4):

2Mels + S03™ + H,0 - 2Me(2;q) + S0 +2H* (4)

The resulting Co? and Ni?* cations exhibit a high affinity for
ammonia and are instantly bound into stable, soluble ammonia
complexes of the type [Me(NH,) 1** (where n=4-6), which shifts
the reaction equilibrium towards the complete dissolution of
the solid phase.

To minimize reagent costs, a series of experiments was
conducted to determine the critically necessary concentration
of the reducing agent. The concentration of Na,SO, was varied
in the range of 0.1-1.0 M under otherwise identical conditions.
Analysis of the dependence of leaching efficiency on the
concentration of the reducing agent (Figure 8b) allows for the
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Figure 8 — a) Comparative leaching diagram: with and without reducing agent,

b) Graph of leaching efficiency dependence on Na,SO, concentration

identification of two characteristic regions: 1) Deficiency
Region (< 0.5M): a sharp decline in process efficiency is
observed. Insufficient reducing agent results in incomplete
reduction of Co*, leaving a portion of the material undissolved.
2) Saturation Region (= 0.5 M): at a concentration of 0.8 M, the
maximum leaching of the target components is achieved. A
further increase in concentration to 1.0 M does not lead to a
statistically significant increase (only Co efficiency is increased)
in efficiency (a “plateau”).

Following the reductive leaching process in the optimized
low-concentration medium (0.5 M NH,OH +0.273 M (NH,),SO,
+0.8 M Na,S0,), the diffractogram of the solid residue (Figure 9)
demonstrated a near-complete disappearance of reflections
associated with the nickel-rich phases, confirming the effective
transfer of nickel into the solution. Crucially, the manganese-
bearing phase, identified as the spinel LiMn,0,, remained intact
in the residue. This crystallographic evidence confirms that
under the established conditions (pH 10.5), manganese does

not form stable soluble ammonia complexes and is selectively
retained in the filter cake, validating the in-situ separation
capability.of the process.

Furthermore, the diffraction pattern of the leached
residue revealed the persistence of characteristic peaks
attributed to the LiCoO, phase. Despite the high cobalt leaching
rate (89.1%), the presence of this residual phase indicates that
the highly crystalline core of lithium cobalt oxide possesses
greater kinetic resistance to reductive dissolution compared to
the mixed oxide phases. Consequently, the refractory fraction
of cobalt remains in the solid phase alongside graphite and
manganese compounds, explaining the difference in leaching
efficiency between nickel and cobalt.

3.3 Comparison of leaching efficiency with other systems

To assess the competitiveness of the optimized reagent
regime, a comparative analysis was conducted to evaluate the
efficiency of the developed system against traditional inorganic
and organic leaching agents, as well as high-concentration

Figure 9 — X-ray diffractograms of the studied black mass: a) before and b) after leaching at optimal conditions
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Figure 10 — (a) comparative diagram of metal leaching efficiency; (b) comparative photographs of leached liquor for different

systems: (1) 2.0 M H,SO, + 5 v/v % H,O

27

T=70°C; (2) 1.25 M H,Cit + 1 v/v% H,0

T=90°C;(3) 0.5 M NH,0H +0.273 M (NH,),S0, +

"

0.8 M Na,SO,; (4) 4.0 M NH,OH + 0.75 M (NH,),SO, + 0.5 M Na,SO,

ammonia media. Optimization studies established that the low-
concentration system (0.5 M NH,OH, 0.273 M (NH,),SO,, and
0.8M Nazsoa), under conditions of constant pH maintenance at
10.5 and a temperature of 80°C, yielded the highest recovery
rates for target metals within the studied reagent composition:
Ni—99.6%, Li—96.4%, and Co — 89.1%. A distinct feature of this
process is its high selectivity towards manganese, with a
leaching efficiency of only 24.1%, confirming its predominant
retention in the solid phase.

Analysis of the experimental data presented in Figure 10
reveals significant disparities in the behavior of the systems
investigated. While the use of sulfuric acid (Figure 10, System 1)
results in the nearly complete dissolution of all electrode mass
components (close to 100%), this method is characterized by
extremely low selectivity. The co-dissolution of impurities (Mn,
Fe, Al) alongside target metals, combined with the generation
of toxic acidic effluents, significantly complicates downstream
purification stages and increases the environmental burden.
Although the application of organic acids, specifically citric acid
(Figure 10, System 2), represents a more environmentally
sustainable alternative, it is frequently associated with surface
passivation phenomena induced by a local pH increase within
the reaction zone, ultimately leading to reduced overall leaching
efficiency compared to mineral acids [40].

In contrast to acidic methods and traditional high-
concentration ammoniacal leaching (4-6 M NH,OH, Figure 10,
System 4), the proposed low-concentration approach (Figure
10, System 3) achieves comparable leaching efficiencies for
nickel and lithium while significantly reducing reagent
consumption. The transition to ammonia concentrations at the
level of 0.5M ensures an eightfold reduction in ammonia
consumption compared to classical schemes. This not only
decreases direct operating costs but also lowers the carbon
footprint of the process, considering the energy intensity of
ammonia production (2.5kg CO,-eq/kg NH,) [41], thereby
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enhancing the economic and environmental feasibility of the
proposed method.

4. Conclusion

This study successfully demonstrates the feasibility of a
sustainable, low-concentration ammoniacal leaching process of
critical metals from black mass of spent NMC/LCO lithium-ion
batteries. Through the optimization of thermodynamic and
kinetic parameters, a highly efficient reagent regime was
established, utilizing 0.5M NH,OH, 0.273 M~ (NH,),SO,, and
0.5M Na,SO, at a temperature of 80°C and pH 10.5. Under
these conditions, the system achieved leaching efficiencies of
99.6% for nickel, 96.4% for lithium, and 89.1% for cobalt,
effectively competing with traditional high-concentration
methods requiring significantly lower ammonia
consumption.

From an industrial perspective, this method offers a
compelling alternative to traditional routes. An 8-fold reduction

while

in  ammonia concentration lowers environmental risks
associated with volatility and substantially decreases the
carbon footprint of the recycling process. The obtained results
create a solid scientific foundation for the development of
“greener” and economically efficient closed-loop recycling

technologies suitable for the growing stream of battery waste.
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