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1  Introduction
The rapid growth in the use of lithium-ion batteries (LIBs) in electric vehicles and porta-
ble electronic devices has led to a significant increase in spent batteries, creating a press-
ing need for efficient and environmentally friendly recycling methods [1, 2]. Recycling 
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Abstract
The recycling of lithium-ion batteries (LIBs) is of critical importance due to the 
increasing demand for electric vehicles and portable electronic devices. It also helps 
address supply risks of critical raw materials and reduces the environmental impact 
of mining. Traditional recycling methods are often inefficient and environmentally 
damaging. This study investigates the use of deep eutectic solvents (DES), made 
from citric acid and choline chloride, for leaching valuable metals from black mass 
derived from spent LIBs. The research focuses on optimizing the leaching parameters, 
such as temperature, DES ratio, and solid-to-liquid ratio, to maximize the extraction 
efficiency of lithium, cobalt, nickel, and manganese. A key aspect of the study 
was the examination of the rheological properties of the DES system, as these 
properties significantly impact the leaching process. The viscosity and pH of the 
DES were measured, providing insights into their behavior under various conditions. 
Understanding the viscosity and flow characteristics of these DES systems is crucial 
for developing scalable and effective recycling methods. The DES mixture with a 
2:1 ratio of citric acid to choline chloride, mixed with 50% water, showed the best 
performance. At 90 °C for 24 h, this DES mixture achieved leaching efficiencies of 
77.5% for lithium, 79.9% for cobalt, 80% for manganese, 66.2% for nickel, 82.5% 
for copper, and 93.8% for aluminum. These findings suggest the potential of citric 
acid-choline chloride DES as a sustainable and environmentally friendly reagent for 
recycling LIBs.

Keywords  Battery, Lithium-based black mass recycling, Deep eutectic solvents (DES), 
Leaching, Critical metal recovery
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can be performed via two major methods. Pyrometallurgy techniques are energy-inten-
sive operations that necessitate costly gas treatment, generate large volumes of waste, 
and are inefficient in recovering Li, which is typically lost in the slag alongside Mn and 
Al [3–6]. In contrast, hydrometallurgy techniques are more flexible, associated with 
low energy consumption and allow the recovery of Li, Al, and Mn [3, 4]. Processes start 
with the dissolution of the metal from the cathode material in acidic media. This is usu-
ally done via strong inorganic acids such as H2SO4, HCl and HNO3. Hydrogen peroxide 
(H2O2) acts as a reducer to decrease the oxidation state of some metals (for example 
Co3+ to Co2+) and improves their leachability, though it easily decomposes, limiting its 
efficiency. Although hydrometallurgy has advantages, it can also cause environmental 
impacts, since it requires large amounts of water, releases gases, produces secondary 
pollution, and requires corrosion-resistant equipment [7, 8].

In recent years, deep eutectic solvents (DESs) have emerged as a promising alterna-
tive for metal recovery from various waste streams due to their unique properties, such 
as low volatility, high thermal stability, and tunable solubility [9–12]​​. DESs are typically 
composed of a hydrogen bond donor (HBD) and a hydrogen bond acceptor (HBA), 
which, when mixed, form a eutectic mixture with a melting point much lower than that 
of the individual components [13, 14].

Among the various DESs, citric acid-choline chloride has shown particular promise 
for its effectiveness in metal leaching applications. Citric acid, as an organic acid, pro-
vides strong complexation abilities, indeed the citrate ligand formed by hydrogen dis-
sociation can form strong complexes with cationic metals. While choline chloride, a 
cheap organic salt, enhances the solubility and stability of the DES [15, 16]. It is worth 
mentioning that cationic metals could also be complex with the chlorine ion. A research 
paper investigated the synthesized citric acid monohydrate-choline chloride-based DES 
and characterized their physicochemical properties, including density, viscosity, and 
surface tension at different temperatures. They found that a higher ratio of citric acid 
resulted in higher density, viscosity, and surface tension, while a higher ratio of choline 
chloride increased the melting point of the DES​​. This insight is critical for tailoring DES 
formulations to specific recycling needs, ensuring both efficiency and sustainability [16].

Previous studies have demonstrated the potential of citric acid-choline chloride DES 
in the recovery of valuable metals from spent LIBs, achieving high leaching efficiencies 
under mild conditions [17–20]​​. A study examined the pH behavior of seventeen differ-
ent aqueous DES combinations, including citric acid-choline chloride (CA-ChCl), across 
a temperature range of 25–60 °C. The solvents were tested in various ratios diluted to 
0.5 mol/L. It was found that the pH of the oxalic acid-choline chloride (1:1) DES showed 
the highest temperature dependency, while the citric acid-choline chloride (2:1) DES 
exhibited the least temperature dependency [20]. In another study, CA-ChCl mixture 
diluted with water (i.e. CA: ChCl, molar ratio 1 : 1, diluted with 20 wt% water) was used 
to recycle LiCoO2-type cathode based black mass, and the optimized leaching condi-
tions where more than 98% cobalt(II) recovered were recorded as 60 min of leaching 
at 40 °C with a solid to liquid ratio of 20 g/L [19]. These findings highlight the stability 
and suitability of citric acid-choline chloride DES for use in varying thermal conditions, 
which is advantageous for recycling applications.

We have previously conducted a preliminary study involving the experimental selec-
tion and characterization of various deep eutectic solvents (DESs), as reported by 
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Strömberg [21]. In that work, DESs composed of organic acids and chloride-based salts 
were investigated for the recovery of valuable metals from lithium-based black mass. 
The organic acids used were citric acid monohydrate, oxalic acid dihydrate, and malic 
acid, which were combined with chloride salts including ammonium chloride, aluminum 
chloride hexahydrate, choline chloride, and tetramethylammonium chloride in molar 
ratios of 1:1, 1:2, and 2:1. Twelve DES combinations were characterized in terms of pH 
and optical viscosity to identify solvents with low acidity and viscosity. The selected 
DESs were subsequently applied in leaching experiments targeting nickel, cobalt, and 
manganese from black mass materials with NMC 111 and NMC 622 cathode structures. 
Leaching parameters, including temperature (60–150 °C), solvent ratio, solid-to-liquid 
ratio, and duration were systematically optimized. Kinetic studies further evaluated the 
effect of leaching time on metal extraction efficiency. Among the tested DESs, the com-
bination of citric acid and choline chloride exhibited the highest potential for efficient 
metal recovery.

An important and distinctive aspect of this research is the comprehensive investiga-
tion of the rheological properties of DES, particularly their viscosity and flow behavior. 
These properties are crucial because they influence the mass transfer rates and the over-
all efficiency of the leaching process [22]. Higher viscosity can hinder the movement of 
ions and reduce the contact between the solvent and the metal particles, thereby affect-
ing the leaching efficiency. Conversely, lower viscosity facilitates better flow and mixing, 
enhancing the leaching process [23]. Understanding these properties allows for the opti-
mization of the DES formulation and processing conditions, ensuring effective and scal-
able recycling methods​​. This study aims to explore the use of citric acid-choline chloride 
DES for the selective recovery of lithium, cobalt, nickel, and manganese from the black 
mass of spent LIBs.

The novelty of this work lies in coupling leaching optimization with a detailed rheo-
logical analysis of the DES and in elucidating the effect of water incorporation on viscos-
ity and metal recovery efficiency. Introducing controlled amounts of water significantly 
decreases viscosity, thereby improving mass transfer and facilitating the practical appli-
cation of DES in leaching. The findings of this research could contribute to the advance-
ment of green chemistry approaches in the recycling industry, promoting the circular 
economy and reducing the environmental impact of battery waste.

2  Experimental
2.1  Materials and methods

The materials used in this study include citric acid monohydrate (98%) and choline chlo-
ride (99%) purchased from VWR BDH chemicals. Black mass from recycling of a battery 
pack with an NMC622 cathode (LiNi0.6Co0.2Mn0.2O2) was provided by Hydrovolt AS, 
Norway.

2.2  Black mass characterization

The elemental composition of the black mass was characterized using an Agilent 5800 
inductively coupled plasma–optical emission spectrometry (ICP-OES). Prior to con-
ducting the ICP-OES analysis, a specific digestion procedure was employed to ensure 
accurate results. In this procedure, a 0.3 g sample of black mass was dissolved in 30 mL 
of aqua regia (i.e., a concentrated acid mixture containing HCl/HNO3 in a 3:1 volume 
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ratio - using Emsure Supelco Hydrochloric acid 37% w/w and Emsure Supelco Nitric 
acid 65% w/w) at approximately 107 °C for 3 h. Following digestion, the slurry produced 
was filtered, and the filtrate was subsequently analyzed by ICP-OES.

XRD data were collected on a Bruker D2 Phaser with LynxEye XE detector and Cu 
K-alpha radiation. The powders were packed in a 2 mm deep specimen holder and data 
were collected over a 2-Θ range of 5-100 ° with a step size of 0.02 ° and a count time of 
0.7  s/step. The crystalline phases were identified using the crystallography open data-
base (COD) in Bruker EVA version 6.0.0.7. Quantitative analysis (QPA) was carried out 
with TOPAS V7 over the angular range from 12 to 100 deg. A fundamental parameters 
peak shape derived from the D2 Phaser geometry was used. The background was fitted 
with a 3rd order Chebyshev polynomial and the amorphous component was fitted with 
a broad peak with refined position, area and Lorentzian crystallite size. The crystalline 
phases were fitted using the Rietveld method with refined scale factors, lattice param-
eters and Lorentzian crystallite size. The amorphous content was determined using the 
total integrated area of the refined phases. Small unidentified peaks at 42.4, 77.5 and 83.6 
° 2-Θ were fitted with a single crystallite size parameter and individual position and area 
parameters and flagged as crystalline components for amorphous content determina-
tion. The amorphous content was estimated from a broad peak at 23 ° 2-Θ fitted with 
crystallite size, position and area parameters.

2.3  Rheological analysis of studied DES

Rheological analysis was conducted to characterize the rheological properties of the 
samples. Anthon Paar MCR702e, twin drive, was employed which was equipped with 
disposable plate-plate configuration with diameter of 25 mm; it is made of aluminum. 
Since the fluids were thick and pasty at room temperature, it was decided to study the 
shear behavior of the samples at a low shear rate of 1  s− 1. The characterization was 
decided to be conducted in a temperature range of 20–120 °C and ambient pressure. The 
temperature ramp-up rate selected for this study was 1 °C/min. The upper temperature 
limit was decided due to the results obtained in the screening phase where fluid evapo-
ration from the samples becomes a concern. The characterization decided to present in 
this work is the effect of temperature on viscosity of the afore-mentioned samples.

2.4  Leaching procedure

For the experiments, a simple leaching setup was used that consists of a round three 
neck flask heated in an oil bath with integrated stirrer and condenser. DES mixtures 
were prepared by mixing citric acid monohydrate (CA) and choline chloride (ChCl) in 
the ratios of 1:1, 1:2, and 2:1. These mixtures were heated in an oil bath with continuous 
stirring at 300 rpm and at 90 °C for 30 min. Temperature was gradually increased from 
25 °C to 100 °C to observe phase changes and determine the melting points. The pH was 
measured using a sensION TM + PH31 pH meter from HACH, calibrated regularly.

The leaching experiments were conducted using the three CA-ChCl based DES com-
binations with 50 ml of the selected DES in an Erlenmeyer flask at relevant temperature 
with continuous stirring for at least 30 min. Subsequently, 50 mL of DES was transferred 
to a round-bottom flask, and 2.5 g of black mass was also added to the flask to achieve 
the designated solid-to-liquid ratio (S/L). The leaching process was then carried out at 
different temperatures (i.e. 60, 90, 120, 150  °C) for two hours. Afterward, the leaching 
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slurries were filtered and analyzed for calculating the extraction yields of Ni, Mn, Co, 
and Li.

The best performing DES from the initial leaching experiments were selected for fur-
ther investigation and kinetic study. A kinetic study was conducted at two different tem-
peratures (90 °C and 150 °C) with a S/L of 50 g/L. Leaching duration was set at 1, 2, 4, 
6, 18, and 24  h to investigate the effect of time on leaching efficiency. Afterward, the 
leaching slurries were filtered and analyzed to determine the concentrations of Ni, Mn, 
Co, and Li.

The leaching efficiency of metal i (Yi) in the solution was calculated using Eq. (1)

Y i (%) = Ci,l × ml

Ci,BM × mBM
× 100%� (1)

where Ci,l is the concentration of a metal i in the leachate (mg/kg), ml is the mass of 
the leachate (kg), Ci,BM  is the concentration of a metal i in the black mass sample (mg/
kg), and mBM  is the mass of the black mass sample used in leaching (kg).

To reduce viscosity, certain DES mixtures-specifically the 2:1 CA: ChCl formulation-
were prepared with 50 wt% deionized water and used as leaching agents in 24-hour tests. 
The outcomes were then compared to those from CA: ChCl mixtures without added 
water at both 90 °C and 150 °C.

3  Results and discussion
3.1  Black mass characterization

The results from the analysis of the black mass sample provided a detailed understand-
ing of its elemental composition, phase structure, and transformations following treat-
ment with the citric acid-choline chloride DES system. Initial characterization of the 
black mass, conducted using an Agilent 5800 inductively coupled plasma optical emis-
sion spectrometry (ICP-OES), provided the concentration of main elements such as 
nickel, manganese, cobalt, and lithium (Table 1), and present impurities.

To further investigate the crystalline structure and composition, X-ray diffraction 
(XRD) analysis was performed on the black mass both before and after the extraction 
process. Seven distinct crystalline phases were identified in the initial black mass, and 
these phases were quantified using Rietveld analysis, with the crystalline-to-amorphous 
ratio calculated for each sample. Differences in composition, crystallinity, and phase dis-
tribution before and after DES leaching underscore the selective recovery capabilities 
of the DES system and its impact on the structure and distribution of valuable metals 
within the black mass.

Table 1  Elemental composition of the black mass sample (wt%) as determined by ICP-OES analysis
Composition Weight (%) Relative Standard Error (%)
Ni 13.64 2.76
Mn 4.36 3.45
Co 4.47 2.54
Li 2.56 3.13
Cu 2.42 1.12
Al 1.12 1.47
Fe 0.005 2.27



Page 6 of 16Sitorus et al. Discover Sustainability          (2025) 6:1298 

3.2  Rheological properties

The viscosity-temperature relationship of citric acid-choline chloride (CA) deep eutectic 
solvent (DES) mixtures was investigated across a range of temperatures and molar ratios. 
Viscosity is important during the leaching to ensure the efficient interaction between 
solid and liquid species. This investigation provides insights into the suitability of each 
DES formulation for scalable applications in black mass recycling. As shown in Fig. 1, 
viscosity measurements were conducted for DES systems with varying ratios of citric 
acid to choline chloride (1:1, 1:2, and 2:1) and tests were repeated three times for each 
mixture. The study reveals a distinct inverse relationship between viscosity and tempera-
ture for all DES formulations, with viscosity decreasing as temperature increases from 
room temperature to 120 °C.

The results obtained reveal that the CA: ChCl 1:1 ratio exhibits the highest viscosity 
across the selected temperature range. When comparing the viscosity profiles at room 
temperature, the viscosity of this sample is an order of magnitude higher, ten times 
greater than that of the CA: ChCl 2:1 ratio. A similar observation holds true for the CA: 
ChCl 2:1 ratio compared to the CA: ChCl 1:2 ratio. The 1:2 and 2:1 ratios displayed com-
paratively lower viscosities at each temperature, suggesting that the balance between cit-
ric acid and choline chloride or water content due to the hygroscopic nature of the DES 
affects the fluidity.

As the temperature increases, the CA: ChCl 2:1 sample experiences a much faster 
reduction in viscosity compared to the other two samples; however, this trend is valid 
only up to 90  °C. Upon reaching 90  °C, the viscosity profile of CA: ChCl 2:1 begins 
to increase. Various hypotheses can be proposed to explain this behavior, such as the 
decomposition of the solvent mixture, initiation of a consecutive reaction, or the flow 
of fluid outside the disposable plates, creating an end effect. However, this behavior was 
not observed for the other samples. This needs further investigation.

Fig. 1  Viscosity vs. Temperature for different CA: ChCl ratios
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From the measurements, it is evident that the viscosity of all samples decreases sig-
nificantly as the temperature rises. The significant drop in viscosity with temperature 
suggests that elevated temperatures are favorable for reducing resistance to flow, which 
can facilitate the leaching process by enhancing the interaction between the DES and the 
black mass particles. Notably, at the optimized leaching temperature of 90  °C, all DES 
mixtures achieved manageable viscosities suitable for practical application.

In general, we observed that the viscosity of CA-ChCl system decreases as the cho-
line chloride content increases which was consistent with the literature. However, when 
citric acid increases, we observed also a decrease in the viscosity which contrasts with 
reports in the literature suggesting that higher citric acid content increases viscosity [16, 
24]. Typically, the higher viscosity of CA-ChCl is attributed to the polyfunctional nature 
of citric acid, which forms a dense hydrogen bonding network [25]. However, water con-
tent in the DES can significantly impact viscosity and performance. Citric acid’s three 
carboxyl groups enable it to attract and retain water molecules through extensive hydro-
gen bonding networks. Literature reports that CA-ChCl 1:1 system exhibit some water 
content (around 7.42%), which proves naturally existing hydrogen bonding sites that 
retain water [26]. This retained water can act as a co-solvent, disrupting the hydrogen 
bonding network and reducing viscosity. This behavior could explain our observation of 
decreasing viscosity with increasing citric acid content as our study was not conducted 
under controlled atmospheric conditions. This decision was intentional, as the study was 
designed to ensure that the process would be easily adaptable to industrial applications. 
The observed viscosity reduction in our setup, influenced by environmental moisture, 
reflects practical conditions, providing a more realistic understanding of the system’s 
behavior and its potential for industrial applications.

3.3  Recovery yield of target elements with studied DES

Figure 2 presents the leaching efficiencies of nickel (Ni), manganese (Mn), cobalt (Co), 
and lithium (Li) across four temperatures (60 °C, 90 °C, 120 °C, and 150 °C) for three dif-
ferent molar ratios of citric acid to choline chloride (1:1, 2:1, and 1:2). The data indicate 
that both temperature and ratio significantly influence metal recovery rates, with dis-
tinct trends observed for each metal.

As shown in Fig. 2a, nickel leaching efficiency was generally low across all conditions 
but showed a slight increase with temperature. The 2:1 displayed the highest efficiency at 
90 °C, reaching approximately 25%, after which the efficiency plateaued. The reason may 
be attributed to that most likely the reaching a suitable viscosity values before observing 
some viscosity changes in the solvent system such as the decomposition of the solvent 
mixture. The 1:1 exhibited more stable but lower recovery rates across the temperature 
range, while the 1:2 showed minimal recovery efficiency, suggesting that nickel extrac-
tion is less favored under these conditions. This behavior may be also attributed to the 
nickel forming stable complexes with citrate ions, where the higher citric acid content in 
2:1 ratio facilitates complexation and enhances dissolution at moderate temperatures. 
The complexolysis mechanism of citric acid with Ni and other transitional metals is 
given below via Eq. (2) [27].



Page 8 of 16Sitorus et al. Discover Sustainability          (2025) 6:1298 

C6H8O7 →




C6H7O−
7 + H+

C6H6O2−
7 + H+

C6H5O3−
7 + H+

+ Mn+ →
M [C6H7O7]n
M2[C6H6O7]n
M3[C6H5O7]n

� (2)

Figure 2-b, manganese leaching efficiency increased significantly with temperature, par-
ticularly for the 2:1, which achieved the highest recovery of around 80% at 90 °C. This 
efficiency slightly decreased at 120 °C and 150 °C but remained significantly higher than 
the other ratios. Both the 1:1 and 1:2 showed moderate efficiencies, peaking at 90 °C and 
then stabilizing, indicating that manganese recovery is optimal at moderate tempera-
tures with a 2:1. The high efficiency of manganese recovery under 2:1 ratio may result 
from the higher acidity and strong complexing ability of citric acid, promoting the dis-
solution over the highly soluble complex formation. The citrate ions further stabilize Mn 
ions through complexation, ensuring their solubility via Eq. (2).

Figure 2-c shows that cobalt recovery was most efficient with the 2:1, achieving a peak 
leaching efficiency of over 90% at 90 °C. This efficiency decreased at higher tempera-
tures, with a notable drop at 150 °C. The 1:1 and 1:2 ratios produced lower efficiencies 
across the temperature range, with only minor improvements at elevated temperatures. 
These results suggest that cobalt is most effectively extracted at 90 °C with a 2:1 DES 
ratio, as higher temperatures do not favor further improvement in recovery. Similar to 
Ni and Mn cases, Co also most likely formed soluble complexes via Eq. 1 that gives ideal 
conditions at 90 °C where stability of the most soluble complex is favorable. Considering 
Ni, Mn and Co complexes, it is known that the order of the stability constants increases 
from Mn to Co and then finally Ni that means that dipositive metal ion complexes follow 
the Irving-Williams stability series [28]. However, Ni shows lower leaching yields com-
pared to Co and Mn in our study. The reason for this might be the different oxidation 

Fig. 2  The leaching efficiency of a Ni, b Mn, c Co, and d Li at four different temperatures (i.e., 60 °C, 90 °C, 120 °C, 
and 150 °C) for three CA: ChCl ratios (i.e., 1:1, 2:1, and 1:2) and for 2 h
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states of these transitional metals in the cathode structure as it is known that the oxida-
tion state might affect the stability and solubility of the complexes [29].

Lithium leaching efficiency (Fig. 2-d) followed a different pattern, with the 2:1 again 
demonstrating the highest recovery, peaking at approximately 45% at 90 °C. However, 
unlike the other metals, lithium leaching efficiency did not show substantial increases at 
higher temperatures, and recovery remained relatively constant across the temperature 
range. The 1:1 and 1:2 produced lower and stable efficiencies, indicating limited temper-
ature dependence for lithium extraction. Overall, the 2:1 at 90 °C consistently provided 
the highest leaching efficiencies for Mn, Co, and Li, with varying degrees of success for 
Ni. These findings highlight the importance of optimizing both temperature and DES 
composition to maximize the recovery of each target metal, particularly with the 2:1 at 
moderate temperatures being most effective for efficient metal leaching that was also 
reported in the literature previously [19].

Overall, the observed increase in leaching efficiency around 90 °C, followed by a 
decline at higher temperatures, can be explained by the influence of temperature on 
reaction kinetics and the stability of the system. At 90 °C, the reaction rates are sufficient 
to enhance lattice breakdown and the dissolution of metals, leading to higher recovery 
rates [30]. At higher temperatures, such as 150 °C, competing reactions might acceler-
ate or changes in the behavior of the DES can occur, such as altered viscosity or reduced 
complex stability. These factors could limit the recovery rates, even though they might 
result in faster initial kinetics, as explained below in the kinetics section.

3.4  Leaching mechanism

The black mass used in this study primarily consists of transition-metal oxides, where 
lithium occupies interstitial sites within a layered oxide lattice, and Ni, Mn, and Co are 
present in octahedral coordination with oxygen. These oxides are chemically stable and 
require both proton attack and complex formation to break the metal-oxygen frame-
work effectively.

Mechanically, the leaching process can be described as a proton-assisted complexol-
ysis reaction governed by the interplay between acidity, complex stability, and solvent 
viscosity. At moderate temperatures (~ 90 °C), the DES exhibits optimal viscosity, allow-
ing efficient diffusion of protons and citrate ligands to the cathode surface. This facili-
tates metal–oxygen bond cleavage and subsequent complexation with citrate ions. The 
effect is most pronounced for the 2:1 CA-ChCl ratio, where higher citric acid content 
enhances both proton availability and chelation capacity. The high leaching efficiency of 
cobalt (≈ 90%) and manganese (≈ 80%) under these conditions suggests that both metals 
form soluble and moderately stable metal-citrate complexes, whereas nickel shows lim-
ited recovery (~ 25%) due to the formation of highly stable but less soluble complexes. 
Thus, the leaching selectivity follows the order Co > Mn > Ni, with a selectivity for cobalt 
over nickel of approximately ~ 3.6:1.

3.5  Leaching challenges of nickel-rich NMC cathodes

Nickel-rich NMC-type cathodes are characterized by their high energy density and 
thermal stability, making them suitable for high-performance lithium-ion batteries [31]. 
However, the presence of nickel in higher oxidation states within these cathodes con-
tributes to the formation of stable oxides or mixed oxides, which are not readily soluble 
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under mild acidic conditions [32]. Additionally, lithium is incorporated within stable 
layered oxide lattices, which restricts its release during mild leaching processes, further 
complicating the extraction of metals from these cathodes [33]. Organic-acid-based 
deep eutectic solvents (DESs) facilitate metal dissolution primarily through protonation 
and the formation of stable metal-ligand complexes, rather than relying on oxidative 
dissolution mechanisms typical of mineral acids [34]. This mechanism leads to slower 
kinetics and reduced leaching rates [35]. In addition, the relatively high viscosity of DES, 
especially at low water content can impede ion diffusion and hinder solid–liquid interac-
tions, thereby reducing dissolution rates [13].

3.6  XRD and quantitative phase analysis of black mass

Black mass was analyzed with XRD before and after the DES extraction process. Seven 
crystalline phases were identified in the black mass, as shown in Table 2, and were used 
in quantitative Rietveld analysis (QPA). Three small peaks from crystalline material at 
42.4, 77.5 and 83.6 ° 2-Θ were fitted individually (pks phases in TOPAS) for use in the 
crystalline content determination but not used in the QPA. These peaks are labelled in 
Fig. 3. The agreement factors for the fits to the data before and after leaching were Rexp : 
1.95, Rwp : 5.14, GOF : 2.63 (before) and Rexp : 3.64, Rwp : 11.54, GOF : 3.17 (after). Full 
results of the fitting are given in the Annex I. Supplementary Information.

The XRD pattern before extraction had a crystalline area of 48382.544 (including the 
peaks from the unidentified phase) and an amorphous area of 3584.929, giving a degree 
of crystallinity of 93.1%. After extraction the crystalline area was 23813.054 vs. an amor-
phous area of 12796.471, giving a 65.05% degree of crystallinity.

The results show significant loss of LiNMC after the extraction process along with a 
small loss of Cu and Al, the fractions of which we might expect to have increased rela-
tively on removal of the main crystalline component. Some of the Al may have been con-
verted to Gibbsite and Boehmite (the fractions of which increase) during the extraction 
process. The loss of crystallinity after extraction is consistent with the removal of the 
highly crystalline LiNMC phase.

3.7  Leaching kinetics

Figure 4 presents the leaching fraction, X(t), for nickel (Ni), manganese (Mn), cobalt 
(Co), and lithium (Li) over time at two temperatures: 90 °C and 150 °C normalized to the 
initial metal content. The use of t-X(t) differs from the overall leaching efficiency rep-
resentation, as it focuses on the rate and mechanism of leaching over time rather than 
cumulative recovery. The results show a clear temperature dependency in the leaching 

Table 2  Results of XRD quantitative analysis of the crystalline part of the black mass sample, 
estimated standard deviations in the final digit of the weight percentages are given in brackets after 
the values
Phase name COD number composition Weight% before leaching Weight% after

leaching
Graphite 2 H 1,200,017 C 23(1) 73.8(6)
LiNMC 4,002,443 LiNi0.6Co0.2Mn0.2O2 61(1) 2.3(2)
corundum 9,009,783 Al2O3 5.0(3) 8.8(3)
copper 9,012,954 Cu 1.5(1) 1.2(1)
Aluminum 9,012,956 Al 2.4(2) 0.7(2)
Gibbsite 9,015,976 Al(OH)3 4.6(2) 11.3(4)
Boehmite 9,012,275 AlO(OH) 1.8(3) 2.0(3)
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Fig. 4  The leaching efficiency of a Ni, b Mn, c Co, and d Li over time at two different temperatures (i.e., 90 °C and 
150 °C) for CA: ChCl of 2:1

 

Fig. 3  Rietveld plots of the QPA fit results before (top) and after (bottom) leaching with 2:1 CA: ChCl at 90 °C for 
48 h. The plots on the right are zoomed in to show the quality of fit at high angles. The y-axis scale is plotted on a 
square root scale to better show the weak peaks
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kinetics, with a higher temperature of 150 °C significantly enhancing both the rate and 
extent of metal recovery across all elements compared to 90 °C.

At 150 °C, a rapid initial leaching was observed, with reaction fractions approaching 
0.7–0.9 within the first 6 h, and gradually plateaued over time. This behavior supports 
the hypothesis that higher temperatures accelerate the metal dissolution process, allow-
ing for more efficient extraction within a shorter timeframe. The leaching yield for all 
metals continued to rise slightly beyond 24 h at 150 °C, suggesting that extended leach-
ing times could further improve recovery, though the rate of increase diminishes as 
equilibrium is approached.

In contrast, at 90 °C, the leaching yield for all metals was notably lower and reached 
a plateau much earlier, stabilizing around 0.4–0.5 after 24 h which was also expected. 
This indicates that the leaching process is slower and less efficient at lower temperatures, 
as lower thermal energy reduces the rate of dissolution. The results demonstrate that 
150 °C provides optimal conditions for maximizing metal recovery rates, achieving sig-
nificantly higher extraction efficiencies compared to 90 °C. However, at such high tem-
peratures, even though a flux condenser to help reduce evaporative losses was employed, 
some water loss is inevitable.

On the other hand, this might be due to the decomposition of deep eutectic solvents 
that might assist further metals extraction [36]. The decomposition of the solvents, 
hence the higher the leaching at higher temperatures is not desired as it might prevent 
the reuse of the solvents [37] and increase the energy demand of the process.

While kinetic models are often applied to analyze leaching processes, we did not fur-
ther investigate model fitting in this study due to the limited number of data points and 
variability in the experimental results. Although we explored applying kinetic models to 
analyze the leaching process, the models tested did not provide a good fit to the experi-
mental data. The complexity of the system, which likely involves competing chemical 
processes such as diffusion, surface reactions, and potential re-deposition or precipita-
tion of dissolved species, would require a more detailed dataset to yield meaningful and 
robust kinetic interpretations. Instead, we focused on descriptive trends observed in the 
raw data, which provide valuable insights into the time-dependent behavior of metal dis-
solution under the tested conditions. High viscosity in the deep eutectic solvent (DES) 
system likely contributed to slower solid-liquid interactions, which could influence the 
leaching kinetics by limiting mass transfer at the interface. This effect introduces vari-
ability in experimental data and complicates the identification of a consistent rate-limit-
ing mechanism, such as diffusion or chemical reaction control. These factors, combined 
with the limited number of data points, made it difficult to achieve reliable fits with con-
ventional kinetic models.

Figure 5 shows the effect of water addition to the DES mixture. The results highlight 
that adding water and keeping the leaching temperature at 90 °C improves leaching effi-
ciency even more than increasing the temperature to 150 °C. Water addition significantly 
reduces the viscosity of the DES, making it less thick and allowing the leaching process 
to proceed more efficiently. This lower viscosity enhances mass transfer, allowing metals 
to dissolve more easily. As a result, leaching efficiencies at 90 °C with water exceed those 
achieved at 150 °C without water for all metals, showing that water addition can effec-
tively boost performance without needing higher temperatures.
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The presence of water in the DES, both naturally retained due to its hygroscopic nature 
and through deliberate addition, significantly affects viscosity and plays a crucial role in 
improving mass transfer and enhancing extraction efficiency. The hygroscopic character 
of the CA-ChCl system allows it to naturally attract and retain water molecules, which 
disrupt the dense hydrogen bonding network and reduce internal friction. This inher-
ent water retention already contributes to lower viscosity and better performance at 
higher citric acid content. Adding additional water to the DES amplifies this effect, fur-
ther reducing viscosity and enabling more efficient extraction processes. These findings 
highlight the complex dynamics of CA-ChCl systems and emphasize the importance of 
optimizing both composition and water content, leveraging the hygroscopic nature of 
DES to enhance their applicability in open and industrially relevant conditions.

An additional advantage of using water is the possibility of evaporating it after the 
leaching process to recover the target elements, as the solubility of each component var-
ies. This approach could make the process more sustainable and economical, as water 
could be reused after separation. Further study is needed to optimize this recovery step, 
but the results give a strong indication that water addition is a promising strategy. This 
finding suggests that water addition is a practical way to enhance metal recovery while 
keeping the process energy-efficient and scalable.

4  Prospective studies on CA: ChCl regeneration
A recent review by Svärd, et al. [37] compiled several studies demonstrating that cho-
line chloride–based DESs can be effectively regenerated and reused. In particular, sys-
tems based on choline chloride with lactic acid have shown stable performance for up 
to four reuse cycles, while choline chloride–oxalic acid DESs have maintained leaching 
efficiency over three to five consecutive uses without significant compositional degrada-
tion. These findings confirm that regeneration and reuse of DESs are feasible. However, 
experimental data for choline chloride–citric acid (CA: ChCl) systems remain limited. 
To date, Yu, et al. [38] have provided the only detailed study assessing the reusability of 
CA: ChCl, demonstrating that the solvent maintained high copper leaching efficiencies 

Fig. 5  Comparisons of the leaching efficiencies of Ni, Mn, Co, Li, Cu, and Al over 24 h under different viscosity 
conditions
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of 98.43%, 95.48%, and 94.74% over three consecutive cycles, with complete metal recov-
ery via electrodeposition in each case.

5  Potential downstream processing steps following leaching
After leaching, the solution typically contains a mixture of metals along with impurities 
such as aluminum and iron, necessitating effective purification. Chemical precipitation 
is commonly employed as an initial recovery method, where adjusting the pH selectively 
removes impurities as hydroxides, enriching the solution in target metals [39]. Nickel, 
cobalt, and manganese are usually precipitated before lithium using specific precipitants 
such as NaOH or Na₂CO₃ [40]. Copper and aluminum recovery can also be achieved 
through careful pH control and precipitant selection. Solvent extraction further refines 
separation, selectively extracting metals such as cobalt and nickel from the aqueous 
phase using appropriate organic extractants [39].

 For metal recovery, purified metals can be retrieved via electro-deposition, depositing 
ions like cobalt and nickel onto electrodes under controlled electrochemical conditions 
[39, 41], and lithium is typically recovered through crystallization as lithium carbonate 
from purified solutions [42].

6  Conclusions
This study demonstrates that a citric acid and choline chloride-based deep eutectic 
solvent (DES) in a 2:1 ratio, with 50% water, provides an efficient and environmentally 
friendly method for black mass recycling. Under optimized conditions of 90 °C for 24 h, 
high leaching efficiencies for lithium, cobalt, manganese, and nickel were achieved, at 
approximately 77.5%, 79.9%, 80%, and 66.2%, respectively. These recovery rates highlight 
the potential of this DES system for sustainable metal recovery.

The addition of water in the DES formulation appeared to reduce viscosity and 
improve recovery yields, addressing one of the challenges in DES-based recycling pro-
cesses. For the selective recovery of leached metals, precipitation with targeted chemical 
additives or through direct water evaporation/distillation may be feasible approaches.

Future studies should explore the decomposition pathways of citric acid and choline 
chloride under high-temperature conditions to determine any possible release of vola-
tile, potentially toxic compounds. While this study did not focus on this aspect, stability 
of the mixture was confirmed at 90 °C, the primary temperature used in this work.

Overall, this research supports the effectiveness of a citric acid-choline chloride DES 
as a more environmentally friendly alternative for black mass recycling compared to the 
traditional inorganic acids and points to the need for continued optimization and safety 
assessment.
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