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The increasing reliance on lithium-ion batteries (LIBs) has raised significant concerns regarding the disposal of
spent batteries, particularly regarding the recovery of critical metals such as nickel (Ni), cobalt (Co), and lithium
(Li). This study presents a novel hydrometallurgical strategy integrating selective leaching and bio-based
adsorption for the efficient recovery of Ni, Co, and Li from LiNiCoAlO; (NCA) cathode material, which con-
tains aluminum (Al) impurities that are challenging to separate. A reagent-optimized leaching process using a
stoichiometric HpSO4~H20, system enabled the efficient extraction of 98.4 % Li, 99.5 % Co, 99.1 % Ni, and
91.5 % Al under mild conditions. Subsequently, a novel 3D macroporous xanthate-functionalized wood flour
(WT) adsorbent derived from waste biomass. At pH 5.5, WT enabled highly selective adsorption of Ni and Co
(both >99 %), while Al was removed via pH-controlled precipitation and Li remained in solution, allowing for
complete downstream recovery. Furthermore, the adsorbed Co and Ni ions were easily desorbed using a weak
acid, facilitating adsorbent regeneration. Lithium in the leachate was subsequently recovered as high-purity
Li2CO3 (99.2 %) through NayCOs precipitation. Mechanistic insights were obtained through FTIR, SEM, XPS,
and XRD. This environmentally friendly, bio-based approach offers a cost-effective and scalable strategy for
critical metal recovery, minimizing reagent consumption and secondary waste generation, thereby contributing
to sustainable battery recycling and resource conservation.

1. Introduction critical metals such as nickel (Ni), cobalt (Co), and lithium (Li) is

becoming increasingly constrained, driving up their prices [18].

As global demand for sustainable energy continues to rise, lithium-
ion batteries (LIBs) have become the preferred choice for electric vehi-
cles and other applications due to their high energy density, long life-
span, and excellent stability [8]. However, the widespread use of LIBs
has led to a growing concern over the disposal of spent batteries. If not
properly managed, these batteries can release toxic substances that pose
significant environmental risks [17,22]. At the same time, the supply of

Consequently, the recovery of these valuable metals from spent power
batteries has become essential to reduce resource consumption and
mitigate environmental impacts.

Based on the high energy density, ternary lithium batteries occupy a
dominant position in the early stage of the development of new energy
vehicles (2015-2020). Relevant data show that, in 2022 the market
share of ternary lithium batteries in new energy vehicles exceeded half
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of the total lithium-ion battery installations [41], and the retirement
period of ternary lithium batteries is short, usually entering the recy-
cling stage within 5-8 years [11]. Due to the obvious difference of
loading capacity in the early market and the short service life of ternary
lithium batteries (NCA/NCM), it can be expected that a large number of
ternary lithium batteries will enter the recycling stage in near years
[14]. This trend not only brings technical challenges to the battery
recycling industry but also provides an important opportunity for the
recycling of precious metals such as nickel and cobalt.

To address these challenges, Recycling technologies have been
developed, including direct regeneration, pyrometallurgical, and hy-
drometallurgical methods [13,26]. In direct regeneration technology,
the cathode materials of spent LiFePO4 batteries are blended with
lithium sources to replenish the lost lithium and restore the electro-
chemical performance [16]. However, Direct regeneration is limited by
the impurity levels and consistency of cathode materials, making it less
versatile [15,40]. Pyrometallurgical processes are easily scalable and
typically extract target metals through high-temperature treatment
[24]. However, from an economic and environmental perspective, py-
rometallurgy is not attractive for extracting lithium from LiFePOg4
cathode materials [21,37]. Hydrometallurgical methods are more
applicable for recycling lithium-ion batteries [8,15]. In traditional pro-
cesses, metal ions such as Li are first dissolved in the leach solution, and
then separated and purified by precipitation, ion exchange or extraction
methods to finally obtain high-purity metal products [12,30]. However,
in ternary cathodes like NCA, soluble ARt complicates leaching and
must be effectively removed to avoid interfering with downstream Ni
and Co recovery. Poor control can cause co-precipitation of target
metals, increasing losses and reagent use, while also generating more
waste and environmental burden. Wang et al. [37].

In the context of the dual carbon goals, more and more studies are
focusing on developing green and clean new materials to recycle heavy
metals. Biochar has gradually attracted attention due to its wide source
of raw materials and low risk of secondary pollution [1,3,7]. Lignocel-
lulosic biomass, as a forestry residue, has garnered significant attention
due to its low cost and ease of modification [10,34]. For example, waste
bagasse has been used to remove Pb(II) and Ni(II) from wastewater [7].
Other studies have demonstrated that chemical modifications can
significantly enhance adsorption capacity, a composite adsorbent with a
lead removal capacity of 50 mg/g was developed [28], while low-cost
Acorus calamus rhizomes were utilized for the removal of Cr(VI) and
Pb(Ill), achieving adsorption capacities ranging from 74.32 to
88.08 mg/g [32]. Similarly, a carboxyl-functionalized adsorbent was
prepared by chemically modifying cellulose nanofibers derived from
orange peels. Under pH 5-6 conditions, the material exhibited a Ni(II)
adsorption capacity of up to 37.5 mg/g, which was well described by the
Langmuir isotherm model. Matsedisho et al. [25].

Among various chemical modification methods, the xanthate modi-
fication reaction, based on the Hard Soft Acid and Base (HSAB) theory, is
considered as one of the simplest methods to achieve excellent heavy
metal removal [5,39]. Organic substrates containing hydroxyl groups
can easily react with CS, in an alkaline environment to form-C(=S)-S-Na
groups (insoluble xanthates), while soft ligand groups such as sulfur
have a strong affinity for soft acids (including lead, cadmium, copper,
etc.) and easily form highly insoluble and stable metal complexes [38].
In addition, the product modified with xanthate will show gel-like
properties and contain a large number of liquid water molecules.
Through lyophilization, a three-dimensional porous block structure can
be formed, which ensures solid-liquid separation performance while
improving adsorption selectivity [20]. Despite these improvements, the
adsorption efficiency of these materials still requires enhancement.
Moreover, some complex pretreatment methods, such as lignin-poly
(N-methylaniline)-reduced graphene oxide hydrogels, while improving
adsorption performance, involve time-consuming multi-step processes
[27,36]. However, studies focusing on biochar-based materials for the
recovery of critical metals from battery leachate remain scarce.
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In this study, a reagent-optimized HoSO4-H50- selective leaching
system was developed to enable the efficient recovery of Li, Ni, Co, and
Al from NCA cathode active materials under mild conditions, with
significantly reduced sulfuric acid consumption compared to conven-
tional high-acidity hydrometallurgical processes. To address the limi-
tations of solid-liquid separation and selective metal enrichment in
traditional approaches, a three-dimensional macroporous bio-adsorbent
was further fabricated from waste wood flour. This green lignin-based
material not only simplifies the modification process but also achieves
enhanced selective adsorption of Ni and Co, transforming traditional
powder or granular forms into a robust porous structure for effective
solid-liquid separation and improved adsorption rates. Furthermore,
based on the distinct adsorption affinities of Ni, Co, and Li on the bio-
adsorbent, we designed a sequential two-step desorption protocol. In
the first stage, water selectively eluted the weakly bound Li without
displacing the more strongly adsorbed Co and Ni. Subsequently, a mild
acid solution was applied to desorb the retained Co and Ni. Achieving
efficient selective separation and higher recycling purity. By integrating
low-acid leaching with the low cost and environmental advantages of
biochar and green chemistry principles, this method minimizes reagent
use and waste generation, offering a sustainable and scalable solution
for battery recycling. This approach bridges critical gaps in existing
technologies, providing a novel pathway for resource recovery and
environmental protection.

2. Experimental
2.1. Materials

The LiNiCoAlO; battery (NCA) in this study comes from a local
lithium-ion battery company in China. The 3.1 Ah power battery was
completely discharged in (CH3COO),Zn solution, and the discharged
LiNiCoAlO; battery (NCA) was used in this study. The pine powder (size
range from 0.15 to 0.18 mm) comes from wood industry residues in
Lianyungang City, Jiangsu Province, China. Nickel, cobalt and lithium
standard solutions are provided by the National Nonferrous Metal
Electronic Materials Analysis and Testing Center. Carbon disulfide (CSz
99 %) is available from Macklin Biochemical Co. Ltd. (Shanghai, China).
Sulfuric acid (H2SO4, 98 %), hydrogen preoxide (H202,30 %), sodium
carbonate (NayCOs, 99.8 %) and sodium hydroxide (NaOH, 96 %), all of
analytical grades, purchased from Guangzhou Chemical Reagent Fac-
tory. Ultrapure water (Eco-S15UVF, Shanghai Hetai Instrument Co. Ltd,
Shanghai, China) with a resistivity of 18.2 MQ was used to prepare
solutions.

2.1.1. Preparation of WT

The detailed procedure for preparing the xanthate-modified wood
flour (WT) is based on our previous study [39], which systematically
investigated the optimal conditions for chemical modification of ligno-
cellulosic biomass. A brief description is provided as follows: As pre-
sented in Fig. S1, a certain amount of wood powder was weighed and
ground, followed by sieving through a 60-mesh screen. Transfer the
sieved wood powder into 37.5 mL of 14 % (wt) NaOH solution, then add
a certain volume of CS,. Stir the mixture at room temperature for 3 h to
ensure thorough interaction between the wood powder, NaOH solution,
and CSy. The reaction product was collected and washed thoroughly
with ultrapure water by centrifugation until the pH reached neutrality.
The final modified product was frozen at —80 °C for 1 h and subse-
quently freeze-dried for 24 h using a lyophilizer to obtain a
three-dimensional modified wood flour adsorbent, designated as WT,
respectively.

2.1.2. Cathode materials treatment

Generally, the NCA cathode material containing Al foil (with di-
mensions larger than 150 x 150 mm) was baked at 60° C for 30 min, and
then the dried cathode material was immersed in 0.01 mol/L HSO4
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(60 + 1°C) for 2 h to facilitate the detachment of the active material
from the Al foil (Fig. 1a). The stripped black active substances were
collected, and the prepared fine powder was characterized via SEM and
XRD, as presented in Fig. 1b and 1c. A microwave sample preparation
system was used to digest the active substances. Initially, 0.3 g of the
active substance was mixed with 10 mL of aqua regia. Microwave
digestion was then performed at 180°C and 2.0 MPa for 40 min. The
resulting clear solution was collected and prepared for ICP-MS analysis,
as shown in Table 1. The characterization results indicated that the
cathode material was primarily composed of Ni (39.72 wt%), Co
(8.59 wt%), and Li (7.24 wt%), as along with the troublesome Al im-
purity with a minor amount of 1.01 wt% (Fig. 1d).

2.2. Batch experiment

2.2.1. Leaching

The leaching tests were performed with a programmable titration
instrument (ThermoFisher Metrohm 905). The schematic diagram of the
overall experimental procedure is presented in Fig. 2. Sulfuric acid
(H2S04) has been widely utilized as a leaching agent in metal recovery
processes. However, its limited reducing power often results in incom-
plete metal dissolution when used alone in inorganic acid systems [4].
The addition of appropriate reducing agents, such as hydrogen peroxide
(H505), into the leaching process significantly enhances metal leaching
efficiency [42]. Typically, HySO4 or HoSO4-H20- solution was used to
leach raw material powder at different temperatures, liquid to solid ratio
(L/S in mL/g) and reaction time, with a constant stirring speed at
500 rpm.

After leaching, the slurry was filtered in a Buchner funnel with a
paper sheet. The residue was washed multiple times with deionized
water, then dried at 60°C for 24 h. The leaching solutions were diluted
to appropriate concentrations, filtered with a 0.22 pm pore solid-liquid
separation membrane, and analyzed to determine the metal ion
concentrations.

The leaching efficiency Xi of each element is calculated using Eq.1 as
follows:

(a) 1 ‘ Al foil ’ r
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Table 1
Desorption behavior of metal ions (Ni, Co and Li) using various agents. Ambient
temperature, L/S = 10 and with a contact time of 30 min. nd = not detected.

Li release rat% Co release rat% Ni release rat%
Pure water 82.6 nd nd
0.5 mol/L NaCl > 100* nd nd
05 mol/L KCl > 100" nd nd
0.5 mol/L KNO3 > 100* nd nd
0.1 mol/L HCl > 100" 74.1 77.4
1.0 mol/L HCl > 100" 96.1 97.6
0.1 mol/L HNO3 > 100* 79.4 85.9
1.0 mol/L HNO3 > 100" 98.9 99.6

* Note: > 100% (particularly for Li) may result from minor measurement
fluctuations, dilution effects, or background Li in the leachate.

ci-V

X = x 100% @

Wi
Where c; (g/L) and V (L) are the concentration of element i and the
volume of filtrate, respectively, and m (g) and w; are the mass of the
cathode active material and the weight content of element i in the initial
active material, respectively.

2.2.2. Selective adsorption

To optimize the preparation conditions of three-dimensional porous
adsorbent, 60 mg of xanthate-modified wood flour prepared under
different conditions, with varying amounts of original wood flour and
different volumes of CS,, was mixed with 20 mL of leachate solution (pH
= 5.0) for 24 h. The WT prepared under the optimal conditions was used
in the following experiments.

All experiments were conducted at a constant shaking speed of
500 rpm. To evaluate the selectivity of WT, 20 mL of the original
leachate solution was mixed with 500 mg of WT and agitated for 24 h.
The influence of pH (1.0-6.0) and WT dosage (10 g/L — 50 g/L) on
adsorption efficiency was investigated determined based on the
adsorption capacities of Ni and Co, were used in subsequent adsorption
kinetics and thermodynamics experiments. The pH adjustment in the
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Fig. 1. (a) schematic of the separation of cathode material and aluminum foil. (b) SEM image of the cathode material. (¢) XRD pattern of the cathode material. (d)

The mass percentage of the metal elements in solid cathode powder.
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(Purification).

experiment was precisely controlled using the Metrohm 905 Titrator
through a dynamic titration method. Aqueous solutions of 0.5 M and
0.1 M NaOH were used for pH regulation, allowing for both rapid
adjustment and fine-tuning as needed. Initially, the pH was rapidly
adjusted to 4.0, ensuring that the metal ions (Ni and Co) remain in
dissolved form, facilitating subsequent adsorption studies. The pH is
then gradually adjusted to the range of 5.0-5.5, with fine-tuning per-
formed to avoid any adverse effects on solubility and adsorption caused
by excessively high or low pH levels. After each pH adjustment, the
solution is allowed to stabilize for 10-15 min to ensure complete equi-
librium and to observe the solubility and adsorption behaviors of the
metal ions. Real-time monitoring data are used to assess the stability of
the pH adjustment, ensuring that the target pH is accurately achieved at
each stage. During the pH adjustment process, samples are collected at
each pH level and analyzed for metal ion concentrations. The pH is then
further adjusted to 6.0, where additional samples are collected for
further analysis. Adsorption kinetics were studied over varying time
intervals up to 24 h at 25°C, and both first-order and second-order ki-
netic models were applied to analyze the data.

After the adsorption reaction, all samples were filtered with a
0.22 ym filter membrane. The filtrate was then detected with an
inductively coupled plasma emission spectrometer (ICP, 900 T, Perki-
nElmer Co., USA) measure the metal ions concentration in the solution
after adsorption, and the solid metal-loaded WT was collected and dried
for further processing. The adsorption capacity q (mg/g) of WT for Co,
Ni was calculated using the following formula:
q:(cofce)xv )

m
where, ¢y and c, (mg/L) are the initial and equilibrium concentrations of
Co, Ni in the solution, v (L) is the volume of the solution, and m (g) is the
mass of WT.

2.2.3. Desorption

A series of desorption experiments were conducted to evaluate the
desorption efficiency for the target-metal recovery from WT. The metal-
loaded WT was treated with various desorption agents including pure
water, 0.5 M NacCl, KCl, and KNOs solutions, as well as HCl and HNO3

solutions with different concentrations. Each mixture was thoroughly
agitated at room temperature (25 + 1 °C) for 10 min to ensure complete
desorption. The suspension was then filtered through a 0.22 ym mem-
brane to separate the solid phase, and the concentrations of Ni and Co in
the filtrate were quantified using ICP-OES and/or ICP-MS.

2.3. Characterization and test methods

The changes in the physicochemical properties of the modified
adsorbent WT before and after the adsorption of Ni and Co were
investigated using various characterization techniques. The morphology
and elemental composition of WT were analyzed using cold field-
emission scanning electron microscopy (SEM, S4800, Hitachi Co.,
Japan) combined with an energy-dispersive X-ray detector (EDS,
Quantax400, Bruker Co., Germany). The crystalline structure of the
samples was examined using an X-ray diffractometer (XRD, D/max-
2500, Rigaku, Japan) at a scanning speed of 4°/min over a 20 range of
5° - 80°.

The surface chemical properties were characterized using X-ray
Photoelectron Spectroscopy (XPS, Escalab 250Xi, Thermo Fisher Scien-
tific Co., USA) with monochromatic Al Ka radiation, using the C1s peak
at 284.8 eV as an internal calibration standard to correct for surface
charging effects. Additionally, Fourier transform infrared spectroscopy
(FTIR, Tensor 27, Bruker Co., Germany) was employed to analyze
structural changes in the organic functional groups on the WT surface
before and after adsorption, covering a spectral range of
500-4000 cm™ at room temperature.

3. Results and discussion
3.1. WT synthesis and structure characteristics

Fig. 3a presents the SEM images of WT, illustrating the morpholog-
ical characteristics of the prepared bio-adsorbent. The surface of WT
appears smooth with a highly interconnected porous structure,
providing excellent internal connectivity. Furthermore, irregular pro-
trusions and grooves are observed in certain regions, likely resulting
from the combined effects of xanthation and freeze-drying. The hydroxyl
groups in the wood flour react with xanthate groups, enhancing the
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Fig. 3. SEM images of WT (a) before and (b) after adsorption.

integrity of the surface structure. Simultaneously, rapid temperature
changes from 25°C to —80°C accelerate the freezing and crystallization
of water within the mixture, minimizing the time for water aggregation
and rearrangement, ultimately forming a layered microstructure with a
well-oriented porous network.

The adsorption properties of lignocellulosic biomass are primarily
governed by its surface chemical characteristics, specifically the func-
tional groups [2]. The FT-IR spectrum (Fig. 4a) reveals that WT is rich in
surface functional groups. The characteristic bands observed at
3340-3200 cm ™! are attributed to the stretching vibrations of the -OH
and -NH, group [33]. Peaks at 2930-2870 cm ™! correspond to C-H
stretching vibrations in aromatic rings and alkanes, indicating the
presence of lignin and holocellulose [31]. Additionally, the band at
1646 cm™! is associated with the C=0 stretching vibration of carboxyl
groups [5]. The spectral region between 1500 and 1320 cm ™! represents
C-H bending vibrations, while the band around 1020 cm™! indicates
R-OH vibrations from aliphatic hydroxyl groups.

3.2. Cathode material separation and leaching

The effects of leaching conditions are presented in Fig. 5. Consid-
ering the leaching results and the energy consumption, experiments
were conducted using an HoSO4-H202 system under optimized condi-
tions: a temperature of 25 + 1°C, stirring speed of 500 rpm, reaction
duration of 90 min, 0.5 M H5SO4 solution as leaching agent, and 8H;04
with a L/S ratio of 30, respectively. The leaching efficiencies of Li, Ni, Co

and Al under these conditions were observed to be 98.4 %, 99.1 %,
99.5 % and 91.5 %, respectively. The content of metal ions in solid
cathode material, and leachate concentration after optimized leaching
test were presented in Table S1. The optimized leaching parameters here
were chosen to ensure maximal extraction of Ni, Co, and Li, which is
essential for enabling high-efficiency separation and recovery in the
subsequent steps. Although Al was partially co-leached, it was effec-
tively removed via pH-controlled precipitation and did not affect
downstream selectivity.

3.3. Selective adsorption of Ni and Co

3.3.1. Effect of WT and CS; dosage ratio

The ratio of raw material and modifying agent not only influences
the formation of active binding sites but also affects the macrostructure
structure of the prepared adsorbent. Therefore, the effect of the dosage
ratio of wood flour dosage and CS; volume (g: mL) on Ni and Co
adsorption capacity and bulk structure of xanthate-modified wood flours
was initially examined. The results are presented in Fig. 6a. Compared to
unmodified wood powder, xanthate modification significantly enhanced
the adsorption capacity of wood powder for Ni and Co. At a fixed wood
powder dosage, the adsorption efficiency of Ni and Co increased with
the volume of CS,. Additionally, increasing the wood powder amount
led to higher adsorption of Ni and Co by WT, which can be attributed to
the increased number of binding sites. The adsorption ratio of Ni and Co
by WT, prepared at a 1.0: 2.0 ratio, achieved 78.9 % and 79.3 %,
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respectively, compared to unmodified wood powder. Furthermore, WT
remained intact after water immersion. Xanthate modification improved
the structural stability of the material, maintaining the integrity of the
pore structure and cell walls. The optimal conditions, involving 1.0 g of
wood powder and 2.0 mL of CS,, were selected for further adsorption
studies of WT.

3.3.2. Effect of WT dosage

The dosage of wood flour (WT) has a significant effect on the
adsorption efficiency of Ni and Co. As shown in Fig. 6b, increasing the
wood flour dosage is directly correlates with a higher adsorption rate for
both Ni and Co, which is attributed to the increased availability of
binding sites on the wood flour surface. At a dosage of 10 g/L, the
adsorption efficiency for Ni was 32.4 %, with a standard deviation of
0.8, and for Co, it was 35.1 %. When the dosage increased to 25 g/L, the
adsorption efficiency for Ni and Co rose significantly to 78.5 % and
79.3 %, respectively, indicating improved consistency and efficiency at
higher dosages. At the highest dosage of 50 g/L, the adsorption effi-
ciency reached 99.6 % for Ni and 99.7 % for Co, respectively, demon-
strating the near-complete adsorption of both metals.

3.3.3. Effect of the pH of solution and Al removal

The solution pH is a critical factor influencing adsorption efficiency
and metal solubility. As shown in Fig. 6¢ and 6d, the adsorption ca-
pacities of WT for Ni and Co vary significantly with increasing pH. At
low pH values, the adsorption efficiencies of Ni and Co are relatively low
(below 4 %), likely due to two factors: first, the high concentration of H*
ions competes with metal ions for adsorption sites, reducing efficiency;
second, the high concentration of H* ions partially protonates functional
groups on the WT surface, weakening their binding affinity for Ni and Co
[29]. Additionally, extremely acidic conditions may destabilize xanthate
groups, further affecting adsorption performance [9]. At a pH of 6.0, the
adsorption efficiencies of Ni and Co reached 99.8 % and 99.9 %,
respectively. However, as pH increases further, the adsorption effi-
ciencies decrease. This decline could be attributed to changes in the
chemical speciation of metal ions at high pH, as well as increased

negative charge on the adsorbent surface, which may induce electro-
static repulsion, limiting further adsorption of metal ions. It should be
noted that a small amount of Li was adsorbed, with a maximum
adsorption efficiency of 1.2 % at pH 6.0. This limited adsorption of Li
could be attributed to two factors: first, the weaker binding affinity of Li
ions to the active sites on WT, likely due to their lower charge density
and smaller ionic radius, which limits their interaction with functional
groups on the adsorbent; second, after the near-complete adsorption of
Ni and Co at pH 6.0, the absence of competitive adsorption allowed the
remaining active sites to interact with Li ions, leading to their slight
adsorption. Moreover, adjusting the solution pH significantly impacts
the separation of impurities such as Al ions. As pH increases, Al un-
dergoes precipitation attributed to the extremely low solubility of Al
(OH)3 (Ksp = 1.9 x 10733 at 25 °C). The dissolution rate of Al decreases
from 100 % at pH 1.0-2.0 to complete precipitation at approximately
pH 5.5. Further increase the pH to 6.0, both Ni and Co begin to partially
precipitate from the solution, as indicated by their solubility values of
93.2 % for Ni and 87.6 % for Co. This behavior suggests that pH 6.0 is a
threshold at which the adsorption process is compromised due to the
formation of Ni(OH), and Co(OH);, precipitates.

This behavior demonstrates that by adjusting the pH of solution, Al
ions can be effectively precipitated and removed through filtration.
Following the removal of Al allows WT to achieve exceptionally high
adsorption efficiencies for Ni and Co, thereby significantly improving
the overall separation and purification process.

At pH 5.0, adsorption efficiencies for Ni and Co were maintained
above 98 %, while A" was effectively removed through pH-controlled
precipitation. Within the pH range of 5.0-5.5, selective separation was
achieved, as Al interference was minimized and Ni?**/Co?*" were pref-
erentially adsorbed by the WT adsorbent. Although the highest overall
adsorption rates for Ni and Co were observed at pH 6.0, it is acknowl-
edged that partial precipitation of Ni(OH); and Co(OH), may have
contributed under this condition. In future studies, further efforts will be
made to differentiate between adsorption and chemical precipitation
mechanisms, and to evaluate whether slightly higher pH values could be
strategically utilized to enhance separation purity while maintaining
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+ 1 °C). (d) Effect of solution pH on metal ion solubility. Standard deviation based on triplicates.

acceptable recovery efficiency.

3.3.4. Adsorption kinetics

Adsorption kinetics is a crucial tool for investigating the effect of
contact time on the adsorption of Ni and Co by WT. Kinetic experiments
revealed that the adsorption capacity of WT for Ni and Co increased
rapidly over time. As shown in Fig. 7, within the first 30 s, the adsorp-
tion rates for Ni and Co exceeded 64 % and 66.8 %, respectively, as
metal ions rapidly diffused to the outer surface of WT, where abundant
active sites were available. Over time, as these surface sites became
saturated, the metal ions diffused into the internal pores, leading to a
slower adsorption rate [9,19]. Equilibrium was achieved after approxi-
mately 2 h, with Ni and Co adsorption efficiencies reaching 99.5 % and
99.8 %, respectively. Notably, after Ni and Co reached adsorption
equilibrium, Li began to exhibit minor adsorption due to the absence of
competitive adsorption for active sites. For example, Li adsorption
initiated at 0.01 % after 2.5h and increased to 1.1 % at 24 h. The

adsorption kinetics and mechanisms of WT for Ni and Co were investi-
gated using pseudo-first-order and pseudo-second-order kinetic models.
Table S2 gives the relevant parameters of the model. A comparison of
the experimental adsorption capacities with the model-calculated
values, along with the correlation coefficients (RZ), indicates that the
pseudo-second-order kinetic model offers a superior fit for both metal
ions. This is supported by high R? values (0.999 for both Ni and Co) and
the close agreement between the calculated qe,ca1 and qe exp values.
These results suggest that the adsorption process is dominated by
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Fig. 7. Effects of reaction time on Ni and Co adsorption efficiency using WT.
standard deviation based on triplicates.

chemisorption, likely involving specific interactions between Ni, Co ions
and surface functional groups such as -COOH, -NHz, and —~OC(=S)S-.
The relatively low ky values (0.120 g/(mg-h) for Ni and 1.021 g/(mg-h)
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for Co) further support the presence of strong metal-ligand binding.
Therefore, the adsorption of Ni and Co onto WT is primarily controlled
by surface complexation mechanisms characteristic of chemical
adsorption.

Furthermore, the distinct adsorption behaviors of Ni, Co, and Li
under kinetic conditions underscore the importance of selecting an
optimal adsorption time. Under the adsorption time of 2 h, the adsorp-
tion rates for Ni and Co reached 99.5 % and 99.8 %, respectively, while
Li remained unadsorbed. This time point enables a high-purity separa-
tion of Ni and Co from Li.

3.3.5. Adsorption mechanism

To investigate the mechanisms involved in the adsorption of Ni and
Co, various characterization techniques were employed to analyze WT
samples before and after adsorption. EDS results revealed the presence
of Ni and Co on the WT surface post-adsorption, with respective contents
of 21.84 % and 22.81 %. The weight percentages of S and Na on the
surface of WT decreased, suggesting that both S and Na were involved in
the adsorption process. Furthermore, SEM images (Fig. 3b) showed
noticeable changes in the surface morphology of WT after adsorption,
transitioning from a smooth texture to a rough surface with particle
formation. These observations collectively provide evidence for the
formation of new substances.

To investigate the role of functional groups in the adsorption of Ni
and Co, FTIR characterization was performed on WT before and after
adsorption (as shown in Fig. 4a). Significant differences were observed
in the spectral range of 1000-3600 cm ™ *. After adsorption, the char-
acteristic band near 3317 cm™! showed a noticeable shift and
enhancement, indicating that -OH groups formed stronger metal-ligand
bonds with metal ions during the adsorption process [23]. Additionally,
changes in the peaks at 1646 cm™* and 1592 cm™! suggest the
involvement of amide I groups in the adsorption reaction [6]. Further-
more, shifts and enhancements at 1226 cm™ ' and 1020 cm ™!, corre-
sponding to C=S bonds and R-OH groups, respectively, imply that
newly introduced xanthate groups also played a significant role in the
adsorption process. Active sites containing N, S, and O atoms formed
complexes with M(II), further elucidating the adsorption mechanism.

X-ray Photoelectron Spectroscopy (XPS) was used to analyze the
surface composition of the WT material (Fig. 4b-h). The major compo-
nents of the WT surface before adsorption were Na, O, N, C, and S. After
adsorption (Fig. 4b), the Na 1 s peak disappeared, while new peaks
corresponding to Ni 2 s and Co 2 s appeared on the WT surface. This
suggests that Ni and Co ions underwent ion exchange withsodium ions in
the insoluble xanthate groups(-O-C(=S)-SNa). The appearance of the Ni
2 s and Co 2 s peaks further confirms the successful adsorption of Ni and
Co. The binding energies of 780.8 and 796.52 eV are attributed to CoS,
while 782.88 and 798.31 eV correspond to Co(OH)s. The binding en-
ergies at 855.87 and 873.35 eV are characteristic of NiS, and 858.30 and
875.83 eV correspond to Ni(OH),. These findings indicate the formation
of CoS, Co(OH),, NiS, and Ni(OH),, which is consistent with the X-ray
diffraction (XRD) results.

In the Cls spectrum (Fig. 4e), the peak at 284.8 eV is attributed to
standard C-H bonds, while the peaks at 286.3, 287.9, and 289.6 eV
correspond to C-O-C, C=0, and -COOH groups, respectively. In Fig. 4f,
the peaks at 531.52, 532.86, and 535.31 eV are attributed to -OH, C=0,
and C-O groups. After the adsorption of Ni and Co, the -OH peak shifted
from 531.52 to 531.97 eV, accompanied by a decrease in peak intensity.
The peak related to -COOH also shifted from 289.6 to 288.6 eV, and the
C—O0 peak showed a shift with significant changes in peak intensity.
These changes suggest that the -OH, -COOH, and C=0 groups partici-
pated in complexation reactions with the metals, leading to significant
alterations in the electron density around the oxygen atoms.

In the N1s spectrum (Fig. 4g), three signals were observed: C=N at
397.3 eV, -NH2 at 399.4 eV, and C-N at 400.4 eV. After the adsorption
of Ni and Co, these functional groups shifted to 398.2 eV, 399.0 eV, and
400.3 eV, respectively, confirming that the amine groups also
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participated in the adsorption process [35].

In the S 2p spectrum (Fig. 4h), the peak corresponding to S-Na at
161.5 eV disappeared, replaced by peaks at 161.48 eV and 163.1 eV
corresponding to S-Co and S-Ni, respectively. This indicates the forma-
tion of S-Co and S-Ni metal complexes, where Ni and Co ions replace Na
and share lone pair electrons with sulfur atoms. These results demon-
strate that various functional groups in WT, such as -OH, -COOH, C=0,
and xanthate groups, exhibit a strong affinity for Ni and Co, and that
heteroatoms such as N, S, and O also play a role in the fixation of Ni and
Co, leading to the formation of CoS, Co(OH),, NiS, and Ni(OH), [38,43].

The adsorption performance of an adsorbent is strongly influenced
by its morphological characteristics and chemical composition. WT
possesses a highly flexible and porous structure, which not only facili-
tates the diffusion of Ni and Co ions but also provides abundant active
sites for interaction. This porosity significantly enhances the overall
adsorption capacity by enabling easier access to functional sites within
the adsorbent matrix. Chemically, WT is rich in functional groups,
including carboxyl, amino, hydroxyl, and xanthate groups, which
exhibit strong affinities for Ni and Co ions. These functional groups
promote diffusion and adsorption through mechanisms such as van der
Waals forces, electrostatic attraction, and hydrogen bonding. Notably,
the lone pairs of electrons on nitrogen atoms in -NHy groups, oxygen
atoms in COO- groups, and sulfur atoms in -O-C(=S)-SNa groups
strengthen the binding with Ni and Co ions, leading to the formation of
stable bonds. This interaction may also induce the precipitation of
insoluble Ni and Co-containing granules, further contributing to the
adsorption process (Fig. 8).

3.4. Selective desorption

The desorption rate is a key parameter to evaluate the desorption
efficiency of adsorbed ions, reflecting the distribution of target ions
between the desorption solution and the adsorbent after the desorption
process. A higher value indicates better desorption performance, as
more ions are released into the desorption solution and fewer remain on
the adsorbent. Different options to extract metal ions from WT were
tested, including pure water, salt solutions, and acids, with the results
summarized in Table 1.

Under pure water conditions, approximately 82.6 % of Li could be
eluted due to its weak physical adsorption on the biomass surface. Salt
solutions, including 0.5 mol/L NaCl, KCl, and KNO3, were similarly
desorption behavior, though they achieved over 100 % release of Li,
likely due to competitive ion exchange where Na or K ions displaced
weakly bound Li from the adsorbent surface. In contrast, Ni and Co ions,

> electrostatic attraction ¥ Co(II) ion

............ > complexation Ni(II) ion
\_ 7 transform into attraction ® NiS/CoS
Ni(OH)2/Co(OH):

Fig. 8. The possible mechanism of Ni and Co adsorption by WT.
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which are bound through stronger mechanisms such as ion exchange
and complexation with functional groups like -O-C(=S)-SNa and -COOH,
showed negligible desorption.

Optimal desorption of Co and Ni was achieved under acidic condi-
tions. For example, in 0.1 mol/L HNOs, desorption efficiencies reached
79.4 % for Co and 85.9 % for Ni, while 0.1 mol/L HCI yielded similar
results with efficiencies of 74.1 % for Co and 77.4 % for Ni. Higher acid
concentrations, such as 1.0 mol/L HNOg, significantly improved the
desorption efficiencies to 98.9 % for Co and 99.6 % for Ni. These results
highlight the critical role of acidic protons in disrupting the coordination
bonds between metal ions and functional groups on the adsorbent sur-
face, enhancing desorption efficiency. Release rates were calculated
based on desorbed concentration relative to initially adsorbed amounts.
Values exceeding 100 % (e.g., for Li) may result from small experimental
fluctuations or trace background ions.

The findings reveal that the distinct desorption behaviors of metal
ions under different desorption agents can be effectively utilized in a
stepwise desorption strategy. Initially, pure water or salt solutions can
be employed to remove small amounts of Li that are weakly bound to WT
through physical adsorption. Subsequently, Ni and Co can be desorbed
in an acidic environment, leveraging the disruption of their strong
chemical interactions with functional groups on the adsorbent. This
approach not only enables the efficient separation of Li but also en-
hances the recovery purity of Ni and Co, optimizing the overall recycling
process.

Cathode active
substance

|

Leaching

0.5M H,SO4 _,) achir
Lis=

30% H,0,
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3.5. Preliminary process evaluation and economic assessment

The schematic diagram of the proposed process for recovering heavy
metals from battery cathodes using modified wood flour is shown in
Fig. 9. The process is divided into four main steps: preparation of the
modified bio-adsorbent (Fig. S1), leaching of cathode active materials,
selective adsorption of nickel and cobalt, and desorption for recovery.
Initially, 14 % NaOH, CS,, and wood flour are mixed in specific pro-
portions, and the resulting bio-adsorbent is prepared through freeze-
drying. The cathode active materials are leached at room temperature
using a 0.5 M HySO4 and 30 % HyO5 system, effectively extracting
nearly all Ni, Co, Li, and portion of Al. The leachate pH is then adjusted
to ~5.5, ensuring complete precipitation of Al from the solution. This pH
also corresponds to the optimal adsorption conditions identified in our
experiments.

Subsequently, the prepared bio-adsorbent is employed to selectively
adsorb Ni and Co, achieving adsorption efficiencies of 99.5 % for Ni and
99.8 % for Co, while Li remains in the leachate. To recover Ni and Co
from the adsorbent, a two-step desorption process was carried out:the
loaded bio-adsorbent is first washed with pure water to remove any
weakly adsorbed lithium, followed by desorption using 1 M HNOs,
which ensures complete desorption of Ni and Co. The recovered metals
are then precipitated using NaOH. For Li recovery from the leachate,
precipitation is achieved using saturated Na;CO3 at 90 °C.

Based on the experimental results shown in Fig. 9 and the literature
data presented in Table 1, material turnover and energy consumption
were calculated and analyzed. A preliminary cost assessment of the
process was also conducted. The cost for processing a single batch (1 kg
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of waste LIBs) is approximately $13.05 (Table 3), while the total value of
the products (LioCOs, Ni(OH)z, Co(OH)) is significantly higher,
amounting to $39.34 (Table 4). The value of these products effectively
offsets the costs of chemicals and electricity. Moreover, scaling the
process to an industrial level is expected to further reduce the overall
cost. When comparing the cost and profit, it is evident that our process
requires fewer chemicals and less energy, while producing higher-purity
Li»CO3 and Co/Ni(OH),. This optimized approach offers considerable
potential for the efficient recovery of LIBs. Future studies should focus
on a more comprehensive evaluation of both the economic and envi-
ronmental factors, such as labor costs, maintenance, CO5 emissions, and
secondary waste management (including the handling and potential
environmental impact of spent WT adsorbents due to the potential re-
sidual heavy metals), especially at the pilot scale.

In this study, modified wood flour was used for the green recovery of
cathode active materials from spent batteries, enabling recovery of Ni,
Co and Li selectively and efficiently, while also reducing costs. Tradi-
tional methods of cathode material recovery, such as those involving
organic adsorbents, often generate significant waste and incur high re-
covery costs. In contrast, the WT after desorption can be potentially
reused, effectively minimizing the production of secondary waste. It is
observable that fewer chemicals and energy were consumed, and a
higher purity product (LioCO3) was achieved. Our optimized strategy
shows great potential for NCA recovery. However, the environmental
risks associated with the disposal of spent WT adsorbents after desorp-
tion should not be overlooked. Despite high desorption efficiencies for
Ni and Co, improper handling may lead to trace metal release and sec-
ondary pollution. It is recommended that future studies conduct a more
comprehensive techno-economic and environmental feasibility assess-
ment based on pilot-scale laboratory operations, taking into account
factors such as labor costs, equipment maintenance, and secondary
waste treatment, to support decision-making for large-scale production
of the WT adsorbent.

4. Conclusion

This study presents an innovative and environmentally friendly hy-
drometallurgical process for the efficient recovery of Ni, Co, and Li from
spent NCA lithium-ion batteries. By integrating optimized leaching, se-
lective adsorption, and controlled precipitation, this process enables the
high-efficiency separation and recovery of critical metals while mini-
mizing reagent consumption and secondary waste generation.

The leaching step, utilizing a stoichiometric HySO4-H204 system,
achieved 98.4 % Li, 99.5 % Co, 99.1 % Ni, and 91.5 % Al extraction
under optimal conditions. To selectively recover Co and Ni from the
leachate while ensuring the complete separation of Li, a novel 3D
macroporous network-structured modified wood flour (WT) was
developed. The WT adsorbent exhibited high selectivity and efficiency,
attaining over 99 % recovery of Co and Ni at pH 5.5, while Al was
removed via pH-controlled precipitation, and Li remained entirely in
solution, allowing for its subsequent recovery as high-purity Li;CO3
(99.2 %) through NayCOg precipitation. Furthermore, the adsorbed Co
and Ni ions could be easily desorbed using a weak acid, facilitating the
regeneration and reusability of WT.

The strong selectivity of WT for Ni and Co was driven by multiple

Table 2
Recovery of Ni, Co and Li from LIBs cathode material, all results are presented in
% of the content in the original cathode material sample.

Ni Co Li
in % of the metal content in the cathode material sample
Leaching 99.1 99.5 98.5
Adsorption 96.6 98.7 -
Desorption 99.6 98.9 -
NayCOg precipitation - - 96.7
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Table 3
Experimental inputs, energy consumption and waste products from one batch
(one batch for 1.0 kg LIBs).

Materials Flow per Cost/ US$ per ton Cost/ US$ per
batch (Market price in batch
China, 2024)
Water for stripping (L) 10 0.59 0.006
Water for washing (L) 1.58 0.001
Water for NaCO3 0.66 0.0004
dilution
H,S0,4 (L) 0.135 150 0.02
H,0, (L) 0.50 700 0.35
NayCO3 (kg) 0.264 1680 0.44
NaOH for precipitation 5.5 x 107* 540 0.03
(kg)
NaOH for WT 6.1 3.294
preparation (kg)
CS, for WT preparation 2 690 1.38
@
Waste NCAs (kg) 1.0 7020 7.02
Electricity - 0.15/kWh 0.51
Drying 0.066
Leaching/stripping 0.15
Leaching/drying 0.66
Filtration 0.09
Adsorption/desorption 1.02
Precipitation/ 0.074
evaporation
Precipitation/drying 1.36
Total 13.05
Table 4
Cost and net products value for one batch experiment.
Categories Cost/ US$
Chemicals and waste NCAs, etc. 12.54
Electricity 0.51
Landfilling as hazardous waste —0.37
Products value (Li,CO3, Ni(OH),, Co(OH),) —39.34

adsorption mechanisms, including complexation, ion exchange, and
precipitation. The active functional groups on WT, such as -O-C(=S)-
SNa, -OH, and —~COOH, played critical roles in immobilizing Ni and Co
ions, enhancing both adsorption capacity and desorption efficiency.
These functional groups provided strong binding sites for metal ions,
while ion exchange interactions further contributed to the high selec-
tivity of WT, ensuring efficient Co/Ni separation from Li.

Mechanistic studies using FTIR, SEM, XPS, and XRD provided in-
sights into the adsorption and separation processes, confirming the
effectiveness of the developed system. Compared to conventional
methods, this process reduces reagent consumption, enhances selec-
tivity, and improves metal recovery efficiency, making it a scalable and
sustainable strategy for LIB recycling. Further investigation into the
interaction between xanthate groups and Ni?*/Co?" ions will be con-
ducted to enhance the mechanistic understanding of WT’s selectivity. In
parallel, future research should focus on further optimizing the process
for large-scale industrial applications, with particular attention to
adsorbent regeneration, process scale-up, and comprehensive assess-
ment of economic feasibility and the exploration of greener function-
alization reagents to further improve environmental compatibility.
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