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Thiocarbamoyl sulfamic acid-derived
mesoporous silica: a comprehensive study on
selective adsorption of cobalt and lithium
from spent lithium-ion batteries
Huda M Younis*

Abstract

BACKGROUND: The recycling of spent lithium-ion batteries (LIBs) is crucial for resource conservation and environmental sus-
tainability, particularly due to the valuable metals they contain, such as cobalt and lithium. This study focuses on developing
an ion-exchange method for cobalt recovery from waste LIB solutions, using a mesoporous silica derivative of carbamoyl sul-
famic acid (PST-SA) as the adsorbent.

RESULTS: The batchmethod for adsorption experiments identified themost effective conditions: a pH of 8, 0.08 g PST-SA, and a
shaking time of 60 min, at room temperature. These experiments demonstrated a remarkable cobalt uptake capacity of
270.70 mg g−1, highlighting PST-SA's exceptional adsorption capabilities. Additionally, thermodynamic studies revealed the
adsorption process to be both endothermic and spontaneous, enhancing our understanding of its chemically reactive
mechanisms.

CONCLUSIONS: The practical application of PST-SA, particularly when processing spent LIBs, showcases its real-world utility.
The efficient separation of cobaltous oxalate and lithium phosphate into pure forms emphasizes PST-SA's potential in recycling
and resource recovery. Given its cost-effectiveness and strong adsorption capacity, PST-SA stands out as an excellent solution
for the removal of Co(II) from discarded LIBs, promoting sustainable material recovery practices.
© 2024 Society of Chemical Industry (SCI).
Supporting information may be found in the online version of this article.
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INTRODUCTION
The distinctive qualities of lithium-ion batteries, used in electron-
ics, electric vehicles, and various battery technologies, underscore
the significance of cobalt and lithium.1,2 These metals exist in the
cathode solution of used lithium-ion batteries (LIBs), necessitating
their extraction from themixture before recycling can commence.
Projections indicate that by 20503 cobalt consumption in the EU
could surpass required levels by up to 15 times,3 while lithium
demandmay exceed necessary amounts by up to 60 times.4 Rapid
waste accumulation, fueled by high consumption rates and user
negligence, poses environmental challenges. Improper disposal
in electronic scrap landfills or waterways can lead to cobalt and
lithium leaching issues.5 Future prospects encompass the sustain-
able retrieval and recycling of cobalt and lithium from water-
based waste streams,1 aligning with the circular economy
concept,4 which aims to preserve resources andminimize adverse
impacts. Given the imperative to establish a low-carbon economy
and the role of electric vehicles in this transition,3 research into
battery metals is poised for substantial growth in the coming
years, building upon its historical relevance.
Companies have directed efforts toward cobalt extraction from

diverse sources, including mines and residues, driven by the

escalating demand for this metal, which is primarily used in the
production of electric vehicle batteries.6-13 Botelho Junior et al.14

delved into techniques to retrieve cobalt from the leachate of
nickel laterite waste, utilizing methods such as ion exchange
and solvent extraction. Additionally, the research focused on
hydrometallurgy of cobalt recovery from spent LIBs, involving
leaching and solvent extraction.15 Recycling discarded batteries
holds paramount importance for a circular economy, and hydro-
metallurgy, involving extraction in aqueous media, is preferred
for its energy efficiency and selective metal recovery.16

LIBs – the greatest prevalent rechargeable batteries – are
esteemed for their advantageous properties, including low
weight, high thermal stability (ranging from −20 to 60 °C), and
numerous charge–discharge cycles. LIBs have become an integral
part not only of the automobile industry and large-scale grid
energy storage systems but also an array of information technol-
ogy equipment (ITE) like computers, mobile phones, and other
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portable electronic devices. Between 2014 and 2019, the use of
LIBs in these movable devices surged significantly, exemplified
by the marked increase in specific battery types: 29% of these
were Li–Ni–Mn–Co oxide (LNMC) batteries and 37% were Li–Co
oxide (LCO) batteries, underscoring the diverse applications and
growing reliance on these power sources in various technology
sectors.17-22 Widely utilized in mobile phones, computers, and
other information technology and connection devices, LIBs also
play a pivotal role in the automotive sector and extensive grid-
based energy storage. Between the years 2014 and 2019 the use
of LIBs in transportable electronics surged, with LNMC batteries
comprising 29% and LCO batteries comprising 37%.17-22 Valued
at an estimated 33.1 billion US dollars, LIBs are a crucial compo-
nent of portable electronic devices.23

Approximately 90% of the economic value in used LIBs is
derived from their metal content, particularly in the active cath-
ode. Cobalt, with an anticipated presence of 4500 t in 1200million
mobile battery pieces,24,25 is considered the most valuable com-
ponent. The commercial recycling capability for LCO batteries is
valued at $8900 per tonne. In contrast, the significantly higher
value of cobalt in 2017, at $55 000 USD per tonne of discarded
LIBs, suggests that the economic potential for reuse is lucrative
in the case of batteries containing cobalt. The economic viability
of battery recycling according to numerous parameters, such as
the composition of the batteries, market demand for recovered
materials, and the efficiency of the recycling processes. Cobalt,
being a valuable and critical metal, contributes significantly to
the economic feasibility of recycling LIBs.
Designated as a vital, precious, and strategic metal by the

European Commission in 2017, cobalt's inflexible manufacturing
categorizes it as a potential threat to market supply and demand
structures (EU, 2017). Predictions indicate that by 20256,26-28 more
than half of the global cobalt resources will have been utilized by
the LIBs sector.
Pyrometallurgical and hydrometallurgical processes29,30 have

proven effective in extracting cobalt from spent LIBs. Some stud-
ies propose recycling LIBs without preliminary breakdown.31-34

However, both hydrometallurgy and pyrometallurgy have draw-
backs, such as the use of excess acids and organic solvents in
hydrometallurgy and the necessity for high temperatures in pyro-
metallurgy.35,36 Further investigation into the industrial applica-
tion of LIB recycling for cobalt is essential, as its potential has
not been fully realized, and its implementation remains some-
what limited. Presently, the most effective method for metal
recovery involves solid-phase extraction, utilizing sorbents with
chemically modified surfaces to optimize the process.37,38

Simply put, adsorption refers to the process where an adsorbent
captures a material (the adsorbate) dispersed within a fluid or gas,
facilitated by mass transfer. This method is favored for pollution
cleanup because of its straightforwardness and economic effi-
ciency and cost-effectiveness. It employs various adsorbents,
including activated carbon, chitosan, bacteria, carbon nanotubes,
⊍-alumina, palygorskite, resins, chitin, soils, and biosorbents such
as watermelon rind, rice straw, Spirulina, and Shewanella, specifi-
cally for the elimination of cobalt from water.39-45

Bodies of water sediment contain cobalt in both radioactive and
non-radioactive forms.46 Conversely, research into minerals, soils,
sediment, and environmental materials reveals that cobalt
adsorption depends upon the presence of clay minerals, iron,
and manganese oxides, in soils and sediment.47 Therefore, char-
acterizing the adsorbent and its functional groups is crucial for

understanding cobalt's behavior and the potential pathways in
the adsorption process.
This study is designed to prepare a novel adsorbent with the

ability to adsorb and separate cobalt from its aqueous solutions
and spent LIBs. The prepared adsorbent underwent thorough
characterization to confirm its composition using various investi-
gative tools. Adsorption conditions, including pH, sorbent dose,
reaction time, cobalt concentration, and temperature, were sys-
tematically tested to identify the optimal parameters for cobalt
adsorption.

MATERIALS AND CHEMICALS
In our examination of secondary market LIBs, the primary cathode
component was identified as LiCoO2 (ICR). To obtain the
cathode powder, we followed a process involving draining and
dismantling used LIBs. The working leaching solution for cobalt
and lithiumwere produced with HCl as acid and H2O2 as oxidizing
agent, detailed in the Supporting Information. Our supply of HCl
36%, 30% H2O2, oxalic acid, and Na2CO3 anhydrous type was
sourced from Aladdin Chemical Co., Ltd (Shanghai, China). Addi-
tionally, isophthalic acid, thiourea, ethyl alcohol, chlorosulfonic
acid, and triethoxy(3-isocyanatopropyl)silane (TEOS) were pro-
cured fromMerck Life Science Co., Ltd (Shanghai, China). The che-
micals utilized in our experiments required no further purification
as they were all of analytical grade. For the procurement of puri-
fied water necessary for our procedures, we utilized a Milli-Q
18.5 M water purification system supplied by Kertone Water
Treatment Co., Ltd of China. All reagents used were of analytical
grade and required no additional purification before application.

Cobalt solutions
All working solutions were prepared with distilled water and
cobalt(II) salt, namely nitrate hexahydrate (Co(NO3)2.6H2O) with
a purity of 99%. The pH for all cobalt solutions was adjusted to
5.5, except for the pH–adsorption experiments. Cobalt concentra-
tion was determined analytically using atomic absorption spec-
trophotometry (AAS; Varian AA240, Palo Alto, California,
United States) with a calibration curve generated from a
1000 mg L−1 cobalt reference (Merck). These solutions were
cobalt-based aqueous solutions.

Adsorption batchwise
The batch sorption trails were conducted by introducing the solu-
tion along with an appropriate dose of a mesoporous silica deriv-
ative of carbamoyl sulfamic acid (PST-SA) into a 100 mL
Erlenmeyer flask placed in a shaker–incubator apparatus of type
FTSH-301 MINI (SP) at 150 rpm. In the initial trial for
Co(II) adsorption, 0.1 g L−1 PST-SA was used, exploring the pH
range of 2–10 with a starting Co(II) concentration of 250 mg L−1.
The stirring duration was set at 30 min, and the temperature
was preserved at 25 °C to identify the optimal parameters
influencing Co(II) adsorption.
For pH adjustments, sodium hydroxide and hydrochloric acid

solutions were employed. Another set of tests was conducted to
determine the optimal adsorbent dose, dosing from 0.01
to 0.25 g L−1. This series of tests followed standard operational
parameters. Kinetic testing conditions included a temperature of
25 °C, 250 mg L−1 initial concentration of Co(II), and varying dura-
tions from 5 to 120 min.
Initial Co(II) concentrations between 250 and 1500 mg L−1 were

employed in equilibrium experiments. Sorption kinetics were
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used to control the time required to reach equilibrium. Sorbents
were evaluated for their ability to uptake Co(II) in the presence
of typical associated ions through a series of binary sorption
experiments. The final Co(II) concentrations in multicomponent
adsorption experiments were investigated using ultraviolet–
visible spectroscopy (Ultra-3660 spectrophotometer, RIGOL, Rigol
Technologies, Beijing, China) and AAS (Varian AA240). Each exper-
iment was performed in duplicate, and the results shown are the
averages.
The calculation of adsorption capacity (qt (mg g−1)) utilized the

following mathematical equations, which yielded the following
results for the uptake capacity and Co(II) ion adsorption efficiency:

qt=
C0−Ctð ÞV

m
ð1Þ

S%=
C0−Ce

C0
ð2Þ

where qt represents the quantity of cobalt ions adsorbed per unit
mass at time t (mg g−1) . The equation parameters are defined as
follows: Co is the cobalt ion initial concentration (mg L−1); Ce is the
concentration of cobalt ions at time t or at equilibrium (mg L−1);
V represents the volume of aqueous solution of Co(II) ion (L);
and m is the amount of working adsorbent (g).

Characterizations studies
Characterization investigations were carried out using various
analytical methodologies. The concentrations of dissolved metal
ions were determined using inductively coupled plasma optical
emission spectroscopy (ICP-OES) with an Optima 7000DV instru-
ment (PerkinElmer, Waltham, MA, USA). Fourier transform infrared
(FTIR) spectra were obtained using a Nicolet iS10 spectrophotom-
eter (Thermo Scientific, Waltham, MA, USA).
Additionally, nuclear magnetic resonance (NMR) spectra for 1H

(CD4O, 500 MHz) and 31P (CD4O, 202 MHz) of both ionic liquid
(IL) and ionic liquid after extraction (IL-ICR) were recorded on a
500 MHz NMR spectrometer (AVANCE III HD 500, Bruker BioSpin
GmbH, Ettlingen, Germany). Visual data were captured using an
energy-dispersive X-ray spectrometer attached to a field emission
scanning electron microscope (S-4800, Hitachi, Tokyo, Japan)
equipped with energy-dispersive spectroscopy (EDAX; Genesis
XM2, Mahwah, NJ, USA).

Synthesis of carbamoyl sulfamic acid mesoporous silica
derivative (PST-SA)
Thionyl chloride was used for the chlorination of isophthalic acid,
resulting in isophthaloyl dichloride. The latter wasmixed via reflux
with a suitable amount of thiourea in ethanol (see Scheme 1) to
produce N1,N3-dicarbamothioyl isophthalamide and was then
reacted with a suitable amount of TEOS.
N1,N3-dicarbamothioyl isophthalamide (2.4 g) and TEOS (10 g)

in a ratio of 1:2 in concentration (mmol) were liquefied in
170 mL dry acetonitrile under a special atmosphere of nitrogen
as shown in Scheme 1. For 24 h, themixture was subjected to heat
at 90 °C in a reflux system under inert conditions. Thin-layer chro-
matography (TLC) was utilized to analyze the results of the
reaction. A white precipitate was formed when the solvent
was evaporated, and was suspended in dry hexane for 7 h.
The white substance was then filtered, washed in hexane, and
finally dried in a vacuum. The obtained product was N¹,N³-bis
(((3-(triethoxysilyl)propyl)carbamoyl)carbamothioyl)isophthala-
mide and named PST.

Thematerials were synthesized using PST as the source of bridg-
ing organic groups and Pluronic P-123 as both the template and
structure-directing agent. First, P-123 is dissolved in HCl andwater
at 45 °C while the mixture is vigorously stirred. The mixture is stir-
red for 12 h at the specified temperature until a yellowish-white
precipitate forms, followed by an additional 12 h of stirring at
90 °C to homogenize the mixture. The resulting yellowish-white
precipitate is then separated using filtration, rinsedmultiple times
with water, and air-dried.
The produced PST was washed in an HCl–ethanol solution for

12 h at room temperature; this procedure was repeated twice to
confirm that all traces of surfactant had been removed. The final
product (PST) was made by filtering the substance, washing it
with C2H5OH, and drying it at 60 °C for overnight.
Finally, after 2 h of stirring at 45 °C, 4 g PST was submerged in

chloroform and themixture was treated with 0.08 mL chlorosulfo-
nic acid (ClSO3H), followed by 18 h of stirring at the same temper-
ature and with the addition of a sufficient quantity of
triethylamine to neutralize the hydrochloric acid that had been
liberated (see Scheme 1). The final product, designated PST-SA,
was an organic–inorganic hybrid mesoporous silica material
enhanced by the group of a sulfonic acid that was created by fil-
tering, washing with excess chloroform, and drying in a vacuum.

CHARACTERIZATION OF PST-SA,
CHELATING LIGAND
FTIR analysis for products
FTIR analysis data for the PST adsorbent indicates the presence of
specific peaks as follows: for stretching vibration of the OH group,
the peak appears at 3410 cm−1. Major representative peaks at
3239 cm−1 are attributed to stretching vibrations in the NH
group, even though those at 3069 cm−1 and in the range 2900–
3000 cm−1 are the result of aromatic and aliphatic C H stretching
respectively. Two peaks, at 1655 and 1596 cm1, identify the C O
and C N groups. Three bands, at 1073, 792, and 457 cm−1 of
Si O Si, are identified as belonging to silica. In addition, Si O
is attributed to a peak at 949 cm−1 as seen in Fig. 1.48-51

Contrastingly, the FTIR spectrum of PST-SA reveals the disappear-
ance of amino group peaks, accompanied by the emergence of
new peaks at specific wavenumbers. Notably, peaks are observed
at 1059 cm−1, attributed to the SO3 stretch52, 1598.86 cm−1 for
the N C stretching vibration, 744 cm−1 for asymmetric as well as
symmetric (C S) stretching vibrations,53 3408.86 cm−1 for the OH
stretching vibration, and 964 cm−1 for the quaternary nitrogen
(quaternary ammonium salt (NC4)) asymmetrical stretching.54

These findings provide conclusive evidence that the PST-SA adsor-
bent has indeed been successfully manufactured.

Brunauer–Emmett–Teller (BET) surface area of PST and
PST-SA
The BET surface areas of the PST-SA material increase with sulfo-
nation branching and are presented in Table 1. The introduction
of the sulfonyl group led to a rise in surface area, whereas the pore
volume showed an insignificant reduction of the microporous
fraction. Supporting Information Fig. SI.1 shows the pore size dis-
tributions that correlate with the nitrogen adsorption–desorption
isotherms for PST and PST-SA.
There was a unanimous agreement regarding the type IV iso-

therm for nitrogen adsorption–desorption (according to IUPAC
nomenclature).55 Supporting Information Fig. SI.1 shows that the
nitrogen sorption isotherm for PST exhibits an H1-type hysteresis
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loop in the pressure ratio ranging from 0.61 to 0.77, while the
nitrogen sorption isotherm for PST-SA displays an H1-type hyster-
esis loop within the relative pressure range of 0.46–0.73.56

1H-NMR analysis
1H-NMR (400.15 MHz, with diluent of DMSO-d6, temp.; 25 °C, TMS)
⊐, ppm: 7.94 (d, J = 8.3 Hz, 2H, benzene ring), 8.36 (s, J = 2.1 Hz,
1H, benzene ring), 0.72 (t, J = 9.3 Hz, 4H, CH2 adjacent to silicon
atom), 1.79–3.8 (m, 20H, CH2 aliphatic), 1.21 (t, J = 7.5 Hz, 18H,
CH3 groups), 9.08–9.33 (s, 6H, OH groups).
For the purpose of determining the structure of a newly synthe-

sized compound, 1H-NMR examination at 400.15 MHz in DMSO-d6
as a working diluent is a powerful and useful tool. Chief ⊐ (ppm)
assignments occur in the 7.94–8.36 ppm range, which are associ-
ated with the CH protons of the benzene ring. Multiple assign-
ments to the CH of benzene rings have been postulated, with
each being related to the orientation, proximity, and distance
from the primary active sites, which in turn determine the chem-
ical shift and coupling constant values. The significant dissimilar-
ity in proton assignments for CH2 (⊐ = 0.72–3.8 ppm) was

Scheme 1. Functionalization of PST and PST-SA with chlorosulfonic acid.

Figure 1. FTIR spectrum of PST and PST-SA.

Table 1. PST and PST-SA characteristics; pore size and surface area

Parameter PST PST-SA

BET surface area (m2 g−1) 456 668
BJH pore volume (cm3 g−1)a 0.96 0.57
Pore diameter (nm)a 5.85 5.13
Micropore volume (cm3 g−1)b 0.103 0.076
Micropore area (m2 g−1)b 206 143

a Determined from the desorption branch of the N2 isotherm.
b Determined from the t-plot method (de Boer method).
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found and is believed to be influenced by orientation, proximity,
and distance from the principal active sites. At 1.21 ppm, the
assignment of methyl groups is considered to be a triplet.
Hydroxyl groups, which show up as single, have a greater chemi-
cal shift (more de-shielded protons) at 9.08–9.33 ppm. Supporting
Information Fig. SI.2 illustrates the use of 1H-NMR in characterizing
the PST-SA ligand.

Thermogravimetric analysis of PST-SA adsorbent
Figure 2 shows the thermogravimetric analysis (TGA). Weight loss
in the TGA curve between 25 and 150 °C could be the result of the
desorption of organic groups and the release of water, solvent,
and other adsorbed species of physical type from the outer sur-
face of the PST-SA adsorbent. Decomposition of the grafted thio-
carbamoyl sulfumic acid moiety causes a second loss of mass
between 150 and 350 °C. Between 375 and 600 °C, silanol groups
(Si OH) are converted to siloxane (Si O Si) bridges, which
results in a third weight loss.57,58

13C-NMR analysis of PST-SA adsorbent
13C-NMR (DMSO-d6, 25 °C, TMS, 100.04 MHz) ⊐, ppm: 132.8 (s,
4CH, benzene ring), 133.2 (s, 2C, benzene ring), 147.2–163.1
(s, 4C, C O groups), 178.1 (s, 2C, C S groups), 9.5–58.3 (s,
12CH2), 18.3 (s, 6CH3).

13C-NMR investigation with energy at 100.04 MHz and a diluent
of DMSO-d6 is a vital tool that provides very useful information
regarding the sum of carbon atoms present in the created com-
pound. The principal ⊐ (ppm) is about 9.5–58.3 and 18.3 ppm,
which are connected to methylene and methyl groups, respec-
tively. The CH3 carbon assignments were established to bemore
shielded than the other CH2 carbons because methyl groups
were placed at the end of the ethyl group. The deprotonated car-
bon identification assignment was recognized to be extra de-
shielded than methyl and methylene groups, which appeared at
42 ppm. The higher de-shielded carbons of the C6H6ring were
also detected at a high chemical shift between 132.8 and
133.2 ppm, which are connected to CH and C atoms. It was
found that the carbon of thione groups ( C S, 178.1 ppm),
was more de-shielded than the carbonyl group ( C O, 147.2–
163.1 ppm), as the thione group was less polarized than the car-
bonyl group. The description of PST-SA ligand utilizing 13C-NMR
is given in Supporting Information Fig. SI.3.

Gas chromatographic–mass spectrometric (GC-MS)
analysis of PST-SA adsorbent
GC-MS (EI, 70 eV), m/z (% rel.): [m/z]+ of 78, 81, 42, 163, 177, 205,
134, 76, 45, 46 and 164. Anal. Calc. for C30H52N6O28S8Si2
(1257.41 g mol−1): C, 28.66; H, 4.17; O, 35.63; S, 20.4; N, 6.68; Si,
4.47. Found: C, 28.51; H, 4.22; O, 35.71; S, 20.35; N, 6.71; Si, 4.5.
A gas chromatograph connected to a mass spectrometer can

be used to make predictions about the purity, molecular struc-
ture, and the more stable fragment [m/z]+. GC-MS is also a
potent and influential instrument. There is no appearance in
the fragmentation pattern of the molecular ion peak that
would indicate the molecular weight (MW)of the produced
ligand. This disappearance may be due to the high energy used
in the electrical impact technique (EI-MS), which is categorized
as a hard ionization technique, causing an extensive fragmen-
tation. Some important patterns of fragmentation associated
with the prepared ligand were detected – for example, [C6H6]˙
with an MWof 78 (C6H6 ring); [SO3H]˙with an MW of 81 (sulfonic
acid group); [C3H7]˙ with an MW of 42, which is related to the
n-propyl moiety; [C6H15O3Si]˙ with an MW of 163 (triethyl silyl
moiety); [C7H17O3Si]˙ with an MW of 177 (methyl triethyl silyl
moiety); [C9H21O3Si]˙ with an MW of 205 (propyl triethyl silyl
moiety); [C6H16O3Si]˙with an MW of 164 (triethyl silane moiety);
[C8H6O2]˙ with an MW of 134 (phthaldehyde moiety);
[CH4N2S4]˙ with an MW of 76 (thiourea); [C2H5O]˙ with an MW
of 45 (ethoxide moiety) and MW of 46 defining the formation
of [C2H5OH]˙ ethyl alcohol moiety. Complete analysis ensures
successful PST-SA ligand synthesis. Supporting Information
Fig. SI.4 shows an example of PST-SA ligand specification using
GC-MS.

Factors controlling the adsorption process
pH study
The study on pH variation reveals a fundamental impact on the
adsorption behavior of Co(II) by PST-SA within the pH range 2.0–
10 (Fig. 3(A)). The adsorption percentage of Co(II) demonstrated
a gradual increase with rising pH, reaching a maximum at pH 8,
after which it began to decline. This trend might be attributed
to the reduced occupation of protons from acidic media on the
adsorption sites of PST-SA, leading to a decrease in its coordina-
tion ability with Co2+.
Figure 3(B) illustrates the predominant cobalt(II) species at

pH 2–10, including Co(OH)+,Co(OH)3−, Co(OH)2, and Co2+, with
Co2+ being the prevailing species. The sorption reaction primarily
targets Co2+ at pH ≤ 8.4. Notably, the PST-SA adsorbent exhibits
exceptional adsorption capacity for Co2+ at pH 8.4, where the
decreased group protonation allows the non-protonated groups
to chelate additional cobalt ions Co2+.
With an increase in pH, the potential of the adsorbent surface

becomes increasingly negative, leading to a more robust adsorp-
tion of cobalt ions. Remarkably, near-complete elimination of
cobalt ions from the solution is observed at pH 8.
The adsorbents exhibit minimal adsorption of cobalt ions

under acidic or neutral conditions. However, a noteworthy esca-
lation in adsorption capacity occurs when the pH is ≥8. This phe-
nomenon is ascribed to alterations in potential on the surface of
the sorbent, as illustrated in Fig. 3(C). Below the point of zero
charge (pHzpc), the PST-SA surface adopts a cationic charge
due to protonation. Conversely, when the solution pH surpasses
pHzpc, the surface acquires a (−) charge, facilitating cationic ion
adsorption.Figure 2. TGA of the PST-SA materials.
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Effect of PST-SA dose
Cobalt removal was assessed under constant conditions, includ-
ing a starting concentration of 250 mg L−1 metal, a contact period
of 30 min, pH maintained at 8, and an ambient temperature of
25 ± 2 °C. The data, illustrated in Fig. 4(A), indicate that cobalt
adsorption improved from 27.4% at a sorbent concentration of
0.01 g 20 mL−1 to 87.5% at 0.08 g 20 mL−1 in the study. This
observed trend aligns with expectations, as the number of adsor-
bent sites rises proportionally with the dose of sorbent, allowing
for more ions to bind to their surfaces.59 Interestingly, the adsorp-
tion of cobalt remained at 87.5% even with an increase in the dos-
age of PST-SA beyond 0.08 g. This indicates that the quantitative
sufficiency of cobalt adsorption was achieved with only 0.08 g
PST-SA.

Adsorption time
A critical indicator of an adsorbent's effectiveness is the time nec-
essary to achieve adsorption equilibrium. Experiments were con-
ducted at a starting Co(II) ion concentration (Co) of 250 mg L−1

to evaluate the impact of reaction time on uptake. As illustrated
in Fig. 4(B), the adsorption capacity for cobalt ions increases with
time. After a relatively slow initial 30 min, the adsorption process
accelerates significantly, reaching equilibrium after 60 min. To
gain insight into the uptake mechanism, the attained data were
fitted using both the pseudo-first-order kinetic model, deter-
mined using Eqn (3), and the pseudo-second-order kinetic model,
determined using Eqn (4). These models were employed to eluci-
date the dynamics of the uptake process.

Sorption kinetics
The kinetics of sorption is crucial, as it elucidates the rate at which
solutes adhere to surfaces and the chemical processes involved.
This knowledge is indispensable for comprehending and optimiz-
ing the adsorption mechanism. Since it reveals crucial details
about the solute adsorption rate and reaction pathways, adsorp-
tion kinetics is a critical part of the sorption process.60 A kinetics
investigation of the sorption process, illustrated in Fig. 4(C), exam-
ined howmuch time was spent in contact with the PST-SA before
any significant adsorption of cobalt(II) occurred. It was found that
practically all of the cobalt content was adsorbed in the first
60 min. To learn more about the adsorption progression
mechanism, the researchers examined three models: the
pseudo-first-order (Eqn (3)), pseudo-second-order (Eqn (4)), and
intraparticle diffusion (Eqn (5)) models61,62:

log qe−qtð Þ= log qe−k1t=2:303 ð3Þ
t
qt

=
1

k2q2e
+

t
qe

ð4Þ

qt=kintt
0:5 +C ð5Þ

The equilibrium uptake capability of metal ions is signified by qe
(mg g−1), and the sorption capacity at a specific time t (min) is
similarly quantified. The rate constants for the kinetic models –
pseudo-first-order, second-order, and intraparticle
diffusion – are represented by k1 (min−1), k2 (g mg−1 min−1),
and kint, respectively. Moreover, the constant C (mg g−1)

Figure 3. (A) Influence of pH on the elimination of cobalt by PST-SA. Initial cobalt concentration: 250 mg L−1; PST-SA: 0.1 g 20 mL−1; agitation time:
30 min. (B) Mean species of Co2+ at different pH values (CCo2+ = 1 mol L−1).(C) pH point of zero charges of PST-SA.
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symbolizes the constraint imposed by the thickness of the bound-
ary layer.
Table 2 presents the adsorption rate constants and linear

regression correlation coefficients (R2) for PST-SA. The uptake pro-
cess of Co(II) on PST-SA material is most accurately described by
the pseudo-second-order model, as evidenced by the high corre-
lation coefficient of 0.9945.

To delve deeper into the adsorption mechanisms, we also
applied the intraparticle diffusion model (Eqn (6)) to fit the
adsorption data. The resulting intraparticle diffusion kinetic plots
are illustrated in Supporting Information Fig. SI. 5. It is evident
from these plots that the adsorption of Co2+ occurred in multiple
steps, suggesting that the intraparticle diffusion model does not
solely dictate the rate-controlling step in the sorptionmechanism.

Figure 4. (A) Influence of PST-SA dosage. (B) Influence of contact time. (C) First-order and (D) second-order kinetics on the adsorption process of cobalt.
Initial cobalt concentration: 250 mg L−1; pH = 8; contact time: 30 min. (C0 = 250 mg L−1, pH = 8, V = 20 mL, T = 298 K, and m = 0.08 g).

Table 2. Kinetic factors controlling Co(II) adsorption on PST-SA

First-order kinetics qmax(exp) Second-order kinetics Intra-particle diffusion model

K1 q(max)cal R2 61.56 K2 q(max)cal R2 Kid Ci R2

0.0894 88.552 0.9602 0.00085 62.893 0.9945 6.0689 5.8835 0.8672

www.soci.org HM Younis

wileyonlinelibrary.com/jctb © 2024 Society of Chemical Industry (SCI). J Chem Technol Biotechnol 2024; 99: 1308–1324

1314

http://wileyonlinelibrary.com/jctb


Additionally, the low R2 values and intercepts associated with the
intraparticle diffusion model indicate a significant boundary layer
effect. The positive intercept values further imply rapid
adsorption.

qt=kit
1=2 +Ci ð6Þ

where qt (mg g−1) is the amount of adsorbate sorbed at time t. Ci
is the intercept and ki is the intraparticle diffusion rate constant
(mg g−1 min−1/2).

Impact of initial concentration
The sorption of metal ions upon PST-SA is a function of the origi-
nal Co(II) concentration from 0 to 60 mg L−1. According to the
results, the sorption capacity improves as the initial cobalt content
in the solution rises, as illustrated in Fig. 5.
Despite the empirical nature of the Freundlich isotherm, it has

proven to be a valuable tool for describing sorption processes char-
acterized by intricate interactions between surface-binding sites
and the sorbate. Additionally, it can serve as a representation of
scenarios where sorbatemolecules, once bound, interact with each
other. This interaction may be attributed to factors such as hydro-
phobic effects or the formation of multilayers.63 Data on sorption
were analyzed using a linearized version of the Freundlich sorption
isotherm, as shown below. In a mathematical expression, the Lang-
muir model can be signified as follows (Eqn (7)):

qe=
Q0bCe

ð1+bCeÞ ð7Þ

where qe is the concentration of the adsorbate at equilibrium
(mg g−1). At equilibrium, Ce is the concentration of the
Co(II) solution (mg m−3), presented as the concentration of
Co(II) solution (mg dm−3) at equilibrium. The constant theoretical
or predicted capacity for monolayer adsorption (mg g−1) is shown
by Qo. The energy of adsorption (dm3 mg−1), is shown by b.
The Langmuir equation can be represented linearly by Eqn (8)63:

Ce

qe
=
Ce

qm
+

1
qmK l

ð8Þ

The linear plot of Ce/qe versus Ce (Supporting Information Fig. SI.6A)
was used to calculate the Langmuir constants Qo and Kl, which were

determined to be 212.77 mg g−1 and 0.0186 dm3 mg−1, respec-
tively, according to Table 3.
The intrinsic attributes of the Langmuir isotherm are encapsulated

by a dimensionless constant, termed the equilibrium parameter RL
(Eqn (9)), which provides a fundamental description of its nature:64

RL=
1

1+bC0ð Þ ð9Þ

where b represents the Langmuir constant and C0 is presented the
initial concentration (mg g−1). The RL values serve as indicators of
the isotherm type, with values ranging from 0 to 1 signifying
favorable adsorption conditions. Specifically, for the concentra-
tions of Co(II) examined, the RL values were determined to lie
within the range 0.051–0.177, reaffirming the favorable nature
of the adsorption. the adsorption's favorable nature.
The Freundlich isotherm model is signified by (Eqns (10)

and (11))65:

qe=kf log C1=n
e ð10Þ

in logarithmic form:

log qe= log kf +
1
n
log Ce ð11Þ

where the sorption capacity and intensity are quantified by the
constants kf and n, respectively. These constants, integral to
the Freundlich isotherm model, are detailed in Table 3. They were
deduced from the linear relationship evident in the plot of log qe
against log Ce, as showcased in (Supporting Information
Fig. SI.6B). The constants kf and n specifically characterize the
sorption of Co(II) by PST-SA, offering insights into its adsorptive
behavior.

The Dubinin–Radushkevich (D-R) isotherm

qe=qme
−Bε2 ð12Þ
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Figure 5. Influence of initial Co(II) concentration on cobalt ion sorption
upon PST-SA.

Table 3. Isotherm factors of different models for sorption of Co(II)
ions by PST-SA

Kinetic model Parameter

Langmuir isotherm Equation y = 0.0037x + 0.2533
qmax (mg g−1) 270.27
K1 0.0186
R2 0.9919

Freundlich isotherm Equation y = 0.3259x + 1.4815
Kf (mg g−1) 30.304
1/n (mg min−1 g−1) 0.3259
R2 0.9483

D-R isotherm Equation y = −0.0078x
+ 5.5904

qD (mg g−1) 267.843
BD (mo12 kJ−2) 0.0078
ED (kJ mo1−1) 8.01
R2 0.9609

Practical capacity qexp 267.75
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The D-R isotherm can be represented in linear form (Eqns (12) and
(13)),66 capturing the essence of adsorption dynamics.

ln qe= ln qm−Bε
2 ð13Þ

In this model, qm symbolizes the theoretical saturation capacity
(mol g−1), while B denotes a constant reflecting the mean free
energy of sorption per mole of the adsorbate (mol2 J−2). More-
over, the Polanyi potential, represented by ε (Eqn (14)), is intri-
cately linked to the equilibrium concentration as follows:

ε=RT ln 1+
1
Ce

� �
ð14Þ

The latter can be described by the universal gas constant
R (8.314 J mol−1 K−1), the equilibrium concentration of the adsor-
bate in the solution Ce (mol L−1), and the absolute tempera-
ture T (K).
The D-R constants qm and ⊎ are derived from the linear relation-

ship of ln qe versus ε
2 and their values are cataloged in Table 3. The

constant ⊎ facilitates the determination of the mean free energy
E (kJ mol−1) of adsorption per adsorbate molecule, which is indic-
ative of the adsorption's nature when it transitions from the solu-
tion phase to the solid surface, and can be obtained by calculating
the constant using the following relationship:

ED=
1

2⊎ð Þ1=2
ð15Þ

This value is pivotal in discerning the nature of the adsorption pro-
cess physical or ion exchange Specifically, an energy barrier (ED)
(Eqn (15)) ranging from 8 to 16 kJ mol−1 signals an ion-exchange
adsorption mechanism, whereas a value less than 8 kJ mol−1 sug-
gests a physical sorption process.67,68 As depicted in Supporting
Information Fig. SI. 6C, the calculated average free energy of sorp-
tion for the current study is 8.01 kJ mol−1, aligning closely with
the characteristics of an ion-exchange adsorption method.
The experimental uptake closely aligns with the theoretical

values, affirming the suitability of the Langmuir model for eluci-
dating the adsorption equilibrium of PST-SA. The high correlation
coefficient value (R2 >0.99) underscores that the Langmuir model
offers the finest fit for the results obtained in this investigation.
For Co(II) ions, the correlation coefficient (R2) is 0.9609, and the

sorption energy dissipation (ED) value is 8.01 kJ mol−1. These find-
ings suggest that the sorption process involves chemisorption fol-
lowed by ion exchange. Consequently, the sorption mechanism
of Co(II) ions on the PST-SA compound can be aptly described
by the D-R isotherm, supporting and complementing the results
derived from the Langmuir isotherm.

Effect of adsorption temperature
In the uptake temperature study of Co(II) using PST-SA, the addi-
tion of 0.08 g (dry mass) of PST-SA to a 1000 ppm Co(II) solution
at pH 8 resulted in the following outcomes. The temperature
was systematically raised to 298, 313, 323, 333, and 343 K, and
the fitted and experimental data are presented in Fig. 6(A). The
obtained data distinctly show that with growth in temperature
the rate of sorption also rises. The observed temperature depen-
dence in the uptake of Co(II) ions suggests that it is an endother-
mic reaction, as higher temperatures are conducive to
accelerating the reaction rate.

Adsorption thermodynamics
The universal gas constant serves a crucial function in the thermo-
dynamic assessment of the uptake process. The temperature of
the adsorption experiments is denoted by T (K). In this context,
‘temperature’ refers to the measurement in kelvins (K) and the
integration of the universal gas constant (8.314 J mol−1 K−1).
For a comprehensive thermodynamic analysis, the enthalpy

(ΔH) and entropy (ΔS) variations associated with the uptake
method are calculated. This is achieved by examining the relation-
ship between log Kd and against 1/T, as depicted in the plot. From
the plot, a slope of −493.5 and an intersection (or y-intercept) of
4.3838 are obtained, along with a significant correlation coeffi-
cient (R2 = 0.9846), as illustrated in Fig 6(B). These parameters
are instrumental in considering the thermodynamics of the sorp-
tion process, providing insight into the heat exchange and disor-
der changes associated with the sorption of Co(II) ions.
The thermodynamic factors associated with the sorption of

Co(II) ions onto PST-SA are concisely tabulated in Table 4. The
values recorded for ΔG°, ΔS, and ΔH° provide substantial evi-
dence regarding the nature of the uptake process. Specifically,
the negative valueΔG° across all temperature ranges underscores
the spontaneous nature of the sorption of Co(II) ions. Conversely,
the positive value of ΔH° as detailed in Table 4 corroborates that
the sorption of Co(II) ions onto PST-SA is an endothermic process.
Furthermore, the positive value of ΔS° implies a rise in random-
ness at the solid–solution interface through the sorption process,
highlighting randomness or disordered state in the system under
consideration.69,70

Influence of selectivity for foreign metal ions
The sorption characteristics of Co(II) were explored in multi-
component solutions with varying concentrations (10–
250 mg L−1), including nickel, iron, copper, and lithium. The data,
shown in (Fig. 7), show that the selectivity of PST-SA is minimally
affected by the presence of high concentrations of Cu(II) and
Ni(II). However, it is significantly impacted by the occurrence of
iron ions and remains unaffected by the existence of Li(I). This
observed behavior may be attributed to the PST-SA adsorbent's
ability to adsorb foreign cations through an anion-exchange
mechanism. The PVC-derived material possesses both an acidic
sulfo group and a basic amino group, implying that the polyam-
pholyte can bind non-ferrous and heavy metal ions through che-
lation and ion exchange. The coordination of metal ions to the
amino group via the nitrogen's unpaired electron occurs through
ion exchange with the sulfo group in the polyampholyte.
The efficiency and selectivity of PST-SA in capturing Co2+ ions

depend on the separation factor parameter, denoted by SF*. Anal-
ysis of the results presented in Table 5 reveals that under the opti-
mal conditions PST-SA effectively adsorbs Co2+ ions with a
satisfactory SF* compared to other foreign ions. However, it was
noted that while a high SF could be achieved with cations of
metal such as Li+, the presence of heavy metals like Cu2+, Ni2+,
and Fe2+ could slightly impact the adsorption of Co2+ ions. This
is because these heavy metals may co-adsorb simultaneously
with Co2+ ions, resulting in different separation factor values.

Elution and regeneration studies
To explore the recovery of Co(II) from PST-SA, desorption assays
were conducted using various eluents. Different 0.5 mol L−1 acid
solutions, namely HCl, H2SO4, EDTA, and HNO3, were employed
as eluents. Additionally, the potential elution of Co(II) ions from
sorbents when exposed to deionized water was examined as a
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control. As depicted in Fig. 8(A), 0.5 mol L−1 HCl solution proved
to be the most effective in recovering Co(II) from PST-SA
(>84%), followed by solutions of, EDTA, HNO3, and H2SO4, each
with a concentration of 0.5 mol L−1. In Fig. 8(A) it is evident that
HCl is the most efficient eluent, recovering 84.64% of loaded
Co(II). Subsequently, the influence of altered concentrations of
HCl on the recovery of Co(II) was explored between 0.1 and
2 mol L−1 (Fig. 8(B)). The data illustrate that 1.5 mol L−1 HCl is able
to recover 90.4% of the loaded Co(II). Finally, the impact of

desorption time was considered in the range 5–90 min, and the
obtained data in Fig. 8(C) demonstrate that 60 min was sufficient
for recovering almost all Co(II) from the loaded PST-SA. Specifi-
cally, the data show that a 60 min desorption time can achieve a
recovery rate of >99% for loaded Co(II).

Recovery of PST-SA for uptake of Co(II) ions
The potential for recovering PST-SA following Co(II) adsorption,
thereby allowing for recycling and cost reduction, is a critical
aspect for the efficiency of the technology. The reusability of
PST-SA was investigated through eight successive adsorption–
desorption cycles. Figure 8(D) illustrates how the sorption/
desorption capacity of Co(II) ions changes with increasing number
of cycles. Based on the findings, PST-SA demonstrates promising
recyclability. It can be recycled five times with over 97% efficiency,
twice with over 95% efficiency, and twice with over 90% efficiency
while maintaining optimal adsorption and desorption conditions.
The findings imply that PST-SA demonstrates promising potential
as a reusable adsorbent for the treatment of Co(II) in practical,
real-world applications, indicating its efficacy and sustainability
in environmental remediation efforts. The cost-effectiveness of
PST-SA further enhances its potential as a viable adsorbent for
Co(II) in practical scenarios.
Furthermore, the adsorption capability of PST-SAwas compared

to that of other alternative adsorbents, as shown in Table 6. Since
PST-SA exhibited superior adsorption capacity compared to the
majority of the adsorbents, it could be a favorable choice for
the dispersion of cobalt ions.

Figure 6. (A) Temperature effect on the sorption of Co(II) on PST-SA. (B) Plot of log Kd versus 1/T of adsorption of Co(II) using PST-SA.

Table 4. Thermodynamic parameters for Co(II) ion uptake by PST-SA at various temperatures

ΔH° (kJ mol−1) ΔS° (J mol−1 K−1) ΔG° (kJ mol−1)

9.45 83.94 298 K 313 K 323 K 333 K 343 K
−25.01 −26.26 −27.1 −27.94 −28.78
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Figure 7. Influence of foreign ions on the uptake effectiveness of
Co(II) using PST-SA as an adsorbent.
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APPLICATIONS
Leaching process of lithium batteries
In this study, the systematic process of collecting and preparing
used LIBs for recycling has been meticulously outlined. The

process begins with the careful acquisition of batteries from lap-
tops equipped with LiCoO2 (ICR) cathodes, obtained from the sec-
ondary market for IT devices as well as from repair shops.
Prioritizing safety, a 24 h immersion in an electrolyte solution
(NaCl 5%, w/v) was implemented to mitigate the risk of short cir-
cuits.78 Thorough cleaning using distilled water and subsequent
drying at 90 °C for a period of 20 h ensured the removal of
contaminants.
The manual opening of cells by cross-cutting through the metal

cap followed, facilitating the subsequent separation of compo-
nents. The contents, including both plastic and sheets of alumi-
num housing the cathodes, and sheets of copper containing the
anodes, were meticulously sorted. The cathodic active material,
now in powdered form, underwent a controlled heating process
between 250 and 300 °C for 30 min to extract it from the alumi-
num sheets. This recovered powder then underwent further
refinement through milling, achieving a mesh size of less than
200 μm, and meticulous sieving. Each step in this comprehensive

Figure 8. (A) Elution of Co(II) from pregnant PST-SA surface with varies eluting agents, (B) at different HCl concentrations, (C) at changed times.
(D) Recycling of PST-SA for the sorption of Co(II) ions.

Table 5. The impact of foreign ions on Co2+ ion extraction using
PST-SA

Co-
ion

Feed
solution (mg L−1)

Raffinate
(mg L−1) SF*

Co2+ 250 — —

Li+ 250 250 62 250
Ni2+ 250 210.75 1338.71
Cu2+ 250 222.25 1995.19
Fe2+ 250 206 1169.014
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process was critical, laying the foundation for the successful recy-
cling and reuse of valuable components, particularly cathodes,
which potentially contain valuable metals like lithium and cobalt.

The detailed approach exemplifies the commitment to sustain-
able practices in the reuse of LIBs (Table 6).
Leaching experiments were conducted with 1.5 mol L−1 H2SO4,

a temperature set at 60 °C, a duration of 60 min, a solid–liquid
ratio of 40 g L−1, and a hydrogen peroxide concentration of
15%, providing the highest dissolution efficiencies for working
metal values as lithium and cobalt. Cobalt is leached with H2SO4

as hydrogen peroxide reduces it from Co3+ to Co2+, with Co2+ hav-
ing enhanced stability compared to Co+3. Both lithium and cobalt
are dissolute even at the lowest H2SO4 concentration. The dissolu-
tion progression of LiCoO2 in H2SO4 solution can be represented
by Eqn (16).79

2LiCoO2 sð Þþ3H2SO4 aqð ÞþH2O2 aqð Þ
→2CoSO4 aqð ÞþLi2SO4 aqð Þþ4H2O gð ÞþO2 gð Þ ð16Þ

The leaching procedure encompassed a time duration of
180 min. An Lafil 400 (Taiwan) vacuum filtration system was uti-
lized to disperse the leach solution from the insoluble residues.
During this process, Whatman (United States) grade GF/B filter
paper, measuring 12.5 cm, was employed for effective filtration.

Table 6. Adsorbents for Co(II) ion removal: a comparative study

Adsorbent
Adsorption

capacity (mg g−1) Reference

Amination graphene oxide
nanocomposite

116.4 71

Co(II)-imprinted polymer 181.7 72
Iron/graphene oxide 134.3 73
UiO-66-Schiff base 256 74
Ligand immobilized
mesoporous silica

170.2 75

Biogenic glutamic acid-based
resin

137 76

MIL-101-triglycine 232.6 77
PST-SA 270.27 This study

Table 7. Chemical characterization of the starting cathode material for leaching

Metal element Li Co Al Mn

Content (wt%) 5.79 47.86 0.05 0.02

Figure 9. (A) SEM images of cathodic material LiCoO2 and (B) XRD analysis of cathode electrode material.
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The liquid samples derived from the leaching process underwent
analysis using ICP-OES to scrutinize the metal content (Table 7),
with a specific focus on cobalt and lithium. The objective of this
analysis was to discern the pivotal factors governing the leaching
process.

X-ray diffraction (XRD) investigation of the black cathodic mate-
rial (Fig. 9(A)) indicated that lithium and cobalt in the form of
LiCoO2 were the primary constituents of the cathode's active
material. LiCoO2 exhibited the strongest diffraction lines at 19°
and 46°. Scanning electron micrography (SEM) of cathode LiCoO2

Figure 10. (A) XRD and (B) SEM of the precipitated lithium phosphate (Li3PO4).

Scheme 2. Mechanism of reaction between Co(II) and PST-SA.
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powders from used LIBs (shown in Fig. 9(B)) revealed unevenmor-
phologies and apparent larger agglomerates. The repeated charg-
ing and discharging processes contributed to standardization in
particle size. Therefore, LiCoO2 powders extracted from spent LIBs
are not suitable for direct use as active materials in cathodes with-
out first being subjected to appropriate recovery and recycling
treatments.
Ten grams of the black cathodic powder underwent a leaching

process using 250 mL H2SO4 (1.5 mol L−1) in the presence of H2O2

(15%) for 60 min at 60 °C. Following leaching, the leach liquor was
filtered, and the concentrations of cobalt (Co(II)) and lithium were
investigated using ICP-OES. The analysis revealed a concentration
of 5327 ppm for Co(II) and 1089 ppm for lithium.
Moving on to the second step, the optimal parameters estab-

lished using PST-SA adsorbent for Co(II) adsorption from the leach
liquor were applied. One gram of PST-SA was dispersed in 0.25 L
of the waste battery cathode leach liquor, and the liquor pH was
controlled to a value of 8 using either 1 mol L−1 ammonia or
1 mol L−1 H2SO4. The blend was stirred for 40 min at a tempera-
ture of 70 °C. The leaching efficiency surpassed 96% of the
Co(II) content. The Co(II)-loaded PST-SA then underwent an elu-
tion process using 1.5 mol L−1 HCl with stirring for 1 h at ambient
temperature. The obtained solution underwent precipitation
using ammonium oxalate, with the liquor pH adjusted to 1.5,
and stirring at 300 rpm for 1 h at 75 °C. Cobalt recovery using
ammonium oxalate was proposed, and the solid product was
cleaned, dried, and analyzed using EDAX and SEM.

Li+ aqð Þ+Co2+ aqð Þ+ NH4ð Þ2C2O4ðaqÞ→CoC2O4ðsÞ+Li+ aqð Þ+2NH+
aqð Þ

ð17Þ

The classification outcomes for CoC2O4 during the recovery
stages are illustrated in Fig. 9, showcasing both XRD patterns
and SEM images of the end product. The XRD analysis confirmed
that the final product aligned with the characteristics of pure
cobaltous oxalate dihydrate (JCPDS 014-0741). Further examina-
tion by SEM revealed that the cobalt oxalate precipitates mani-
fested as agglomerated rod structures, with sizes ranging
between 5 and 20 μm. These agglomerates exhibited an acicular
crystalline habit and were presented in a layered sub-structure.
CoC2O4 is pivotal in various applications, including the manufac-
ture of cobalt oxide, cobalt powder catalysts, and LiCoO2.

80,81

The residual filtrate remaining after the separation of CoC2O4-

contained all the lithium. This lithium was then exposed to a pre-
cipitation process using phosphoric acid. In the second step, a
filtrate obtained after separating the CoC2O4 in the first stage
served as the pregnant leach liquor of lithium, which was used
for separating lithium as phosphate using phosphoric acid as a
precipitating agent. The pH was raised to 13 and the solution is
heated to 70 °C while being agitated at 300 rpm for 60 min. The
resulting white precipitate is then filtered and washed several
times with distilled water.
A potential chemical reaction for the recovery of lithium from

the solution can be represented by the following equation:

3Li+ aqð Þ+H2PO4
−

aqð Þ+2NaOH aqð Þ→Li3PO4ðsÞ+2Na+ aqð Þ+2H2O

ð18Þ

The product was subjected to characterization using micro-
graphs obtained by SEM and XRD. The XRD patterns of the result-
ing white lithium phosphate precipitate closely matched those of

Li3PO4 (JCPDS 015-0760). Additional examination using EDAX pat-
terns reveals that the lithium phosphate particles possess an oliv-
ine structure, with a diagonal length ranging from 1 to 2 μm (refer
to Fig. 10).
For instance, Li3PO4 is employed in the manufacture of dental

supplies, and lithium iron phosphate cathode batteries, catalysts
underscoring its versatility and significance as a catalyst across
various sectors. CoC2O4 is employed in the production of a variety
of cobalt-based products, excluding powder, catalysts, cobalt
oxide, and lithium cobalt oxide.80

Mechanism of interaction between Co(II) and PST-SA
The interaction between Co(II) ions and PST-SA is likely to occur
through a chelation mechanism, involving the utilization of lone
pairs of electrons from oxygen and sulfur atoms. Alternatively, it
may take place via a cation-exchange mechanism, facilitated by
the occurrence of sulfonic acid groups, as illustrated in Scheme 2.

CONCLUSIONS
In this research endeavor, the novel adsorbent PST-SA has
emerged as a highly effective material for Co(II) ion adsorption,
exhibiting its versatility by performing well with both synthetic
standard solutions and spent LIBs. The comprehensive character-
ization process, employing FTIR, BET surface area, TGA, 1H-NMR,
13C-NMR, and GC-MS analyses, provided detailed insights into
the structure and properties of PST-SA. Adsorption experiments
were conducted using the batch technique, revealing optimal
conditions at pH 8, a dosage of 0.08 g for PST-SA, a shaking dura-
tion of 60 min, and a temperature of 30 °C. Adsorption experi-
ments yielded impressive results, showcasing an extreme
uptake capability of 270.70 mg g−1 for cobalt, attesting to the effi-
cacy of PST-SA as an adsorbent. Furthermore, thermodynamic
examination illuminated the endothermic and spontaneous
nature of the sorption method, contributing to a deeper under-
standing of the underlying mechanisms. Langmuir and D-R iso-
therms also recommended that the sorption process is a
chemical reaction mechanism between Co(II) and the PST-SA
binding sites. Applying these findings to real-world scenarios, par-
ticularly with spent LIBs, demonstrated the practical utility of PST-
SA. The successful separation of cobaltous oxalate and lithium
phosphate in a pure state further underscores the potential of
PST-SA in the realm of recycling and resource recovery. Its cost-
effectiveness and robust adsorption performance position PST-
SA as a hopeful candidate for the effective elimination of
cobalt(II) from discarded LIBs, thereby contributing to sustainable
practices in materials recovery.
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