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Lithium, often referred to as ‘white gold," is a vital element in modern technology, and its applications
are found in various fields, including Li-ion batteries (LIBs). Being explored for countless technological
applications, lithium recovery from spent batteries is a significant concern. In this study, we report a
titanium nanorod-based adsorbent modified with PEI for the adsorptive removal of lithium from various
sources. The hydrothermally synthesized adsorbent was mesoporous, with a specific surface area of
458 m? g~1. The characteristics of the adsorbent material were corroborated using multiple analytical
techniques such as BET-N, isotherm analysis, XPS, PXRD, TGA, FESEM-EDS, FTIR, and DLS. The

Received 4th April 2025, maximum adsorption capacity of the material under optimized conditions was 2.76 mg g~*. The

Accepted 2nd June 2025 adsorption process was endothermic and feasible, fitting well with the Langmuir isotherm following
DOI: 10.1039/d5ya00092k pseudo-first-order kinetics. The spent adsorbent was recovered and exhibited a regeneration capacity of

up to 4 cycles. Furthermore, desorbed lithium was successfully converted into Li,O, contributing to a
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1. Introduction

Lithium is the 33rd most prevalent element in the Earth’s crust,
with its concentration ranging from 20 ppm to 70 ppm. It is
among the lightest and least dense alkali metals and is also
highly reactive. Lithium is considered a critical element called
the “new white gold.”" Since its discovery, it has become an
indispensable material owing to its various applications, with
the majority being in the energy industry, which includes
lithium batteries.>* Lithium batteries are widely used in por-
table electronic devices due to the unique properties of the
Li-ion, such as high energy density, compact size, highest
specific heat capacity, outstanding electrochemical features,
wide working temperature, long lifespan, etc., making them
an attractive choice and superior to any other energy storage
devices.*® Lithium also finds applications in various other
fields, including ceramics, lubricating agent, pharmaceuticals,
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as an antipsychotic drug, etc.>” One of the most common areas
where lithium has been widely utilized is Li-ion batteries (LIBs).
With the steadfast demand for LIBs and the transition towards
cleaner and more sustainable energy systems, LIBs have
become the basis of this change, necessitating an in-depth
exploration of various lithium recovery methods more than
ever. Lithium recovery from various sources was investigated,
including seawater,® salt lakes,” brine solutions," etc. However,
due to a very low concentration (0.17 ppm),"* they may not satisfy
the growing demand for lithium. In recent years, the increased
growth towards the development of cleaner energy has led to
the introduction of LIBs in the global market, with their
accelerated production rate due to their excellent benefits over
other technologies. Various techniques have been established
for recovery, such as co-precipitation,’®> chromatography,'?
liquid extraction'* and adsorption,'*"” membrane-based tech-
nologies,'® use of microorganisms,'® solvent extraction, etc.
Conventional techniques like pyrometallurgy and hydro-
metallurgy®>*' are undoubtedly the direct methods for the
recycling process and can be considered simple procedures.
However, these techniques have certain disadvantages, which
include the production of secondary waste and harmful gases,
the use of toxic solvents and their improper discharge, sophis-
ticated requirements, high-cost material and technology, con-
sumption of high energy, limited recovery of other valuable
elements apart from lithium, etc. Consequently, there are
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numerous reports on environmental and financial issues
brought about by the production and consumption of LIBs;>*
hence, proper management of spent LIBs is necessary, which
would reduce environmental impacts and encourage a circular
economy by reintroducing valuable end-of-life materials.>*
To find sustainable ways to recover this precious metal, bio-
leaching has been explored. However, this approach relies on
specific microorganisms, is relatively slow, and has low effi-
ciency. Additionally, harmful heavy metal ions in batteries can
inhibit bacterial growth, further limiting the process’s effec-
tiveness. Adsorption has the most advantages due to its low
cost, simplicity in preparing the materials with a maximum
sustainable approach, high selectivity, easy tunability, and low
energy consumption. Several adsorbents have been investigated
for lithium adsorption, including carbon-based,*® lithium-ion
sieves, metal ion and carbon-based composites, LDHs,>**’
spinels, etc. Metal ion-based adsorbents, in particular alumi-
nium,*® manganese, and titanium, have been less explored; one
of the significant disadvantages of utilizing manganese-based
adsorbents is their dissolution, which reduces their efficiency,
thus affecting their reusability over cycles. Titanium-based
adsorbents have received increasing interest in recent years
due to their exceptional stability in an acidic environment,
comparatively reduced dissolution compared to the manganese-
based adsorbents, non-leaching properties, effective ion exchange
characteristics, and recyclability.>*"

In this study, we designed a titanium nanorod and polymer
composite through facile hydrothermal synthesis, after which it
was mixed with the polymer in a 1:1 ratio, with ethanol being
the reaction medium under mechanical stirring. We also
investigated its lithium adsorption performance by conducting
batch adsorption experiments and optimizing parameters such
as dosage, pH, contact time, and initial lithium-ion concentra-
tions. Kinetic studies were performed and applied to various
models to identify the adsorption mechanism. The desorption
experiments were carried out to test the efficiency and reusa-
bility of the adsorbent. The synthesized adsorbent was also
utilized for the adsorption of lithium from LiCoO, and highly
alkaline sodium chloride brine, followed by its desorption
using 2.0 M H;PO,. Lithium was further converted to lithium
oxide, contributing towards a circular economy.

2. Materials and methods

2.1. Materials

Titanium dioxide nanopowder, lithium chloride, and LiCoO,
were obtained from Sisco Research Laboratories India. Poly-
ethyleneimine (PEI) was obtained from Sigma Aldrich. Sodium
hydroxide was obtained from SD Fine Chemicals Ltd, India.
Ethanol (99% pure) was obtained from Bio Liqua Research Pvt.
Ltd. Methanol (HPLC grade) was obtained from Thermo Fisher
Scientific India Pvt. Ltd. Sodium chloride was obtained from
Merck, and Milli-Q water was used throughout the preparation
of various solutions. All the reagents and chemicals used
throughout the study were of analytical grade and used without
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further purification. Thorin (disodium; 4-[(2-arsonophenyl)di-
azinyl]-3-hydroxynaphthalene-2,7-disulphonate) was obtained
from Sisco Research Laboratories, India.

2.2. Preparation of the adsorbent

2.2.1. Preparation of TiO, nanorods. The synthetic proce-
dure for preparing TiO, nanorods was according to a previously
reported method.*>** Briefly, 1.5 g of TiO, nanopowder was
added to 50 mL of 10.0 M NaOH and stirred over a magnetic
stirrer for 1 h. After this, the mixture was sonicated for 10 min
to attain a uniform dispersion, and the resulting suspension
was transferred to a 100 mL Teflon-lined autoclave and heated
in the oven at 150 °C for 48 h. The nanorods were filtered
and washed with dilute HCI and deionized water until the pH
was neutral at room temperature, and subsequently, they were
dried in a vacuum oven at 80 °C for 24 h.

2.2.2. Preparation of a 1:1 TiO, nanorod modified PEI
composite. 1.0 g of polyethyleneimine was weighed in a round-
bottom flask to which 10 mL of ethanol was added and
magnetically stirred at 50 °C until the polymer was homoge-
nously dissolved and evenly dispersed. 1.0 g of the prepared
titanium dioxide nanorods from the previous step was added to
this PEI mixture and kept stirring overnight at 80 °C. The final
product was dried in a vacuum oven at 80 °C and named
TiO,(NR)-PEI, as shown in Scheme 1. This was subsequently
characterized and utilized for adsorption studies. In the adsor-
bent synthesis, the PEI ratio was varied and it was observed
during the preliminary study that adsorption was most effective
at a 1:1 TiO,(NR):PEI ratio. When the PEI content exceeded
TiO,(NR) (ratio above 1:1), the characteristics of the material
changed significantly and it was agglomerated, uneven and
no longer in powder form. Additionally, as the polymer ratio
increased beyond that of the titanium nanorods, the surface
area also decreased leading to a decline in adsorption.
Conversely, at lower PEI ratios, the adsorption efficiency was
also lower than the 1:1 TiO,(NR) to PEI ratio, making this an
optimal choice for synthesizing the adsorbent.

2.3. Preparation of lithium solution and the calibration range

To prepare a stock solution of lithium (1000 mg L), 6.14 g of
lithium chloride was taken and dissolved in 1000 mL of Milli-Q
water. The calibration curve was obtained by preparing a series
of concentrations from 2 to 10 mg L™ " and quantified using ion
chromatography with a distinct peak for lithium at 8.3 min
retention time. An additional UV-vis spectrophotometric
method was developed where thorin was used as a complexing
agent for lithium, and absorbance was measured at 473 nm for
the complex.

2.4. Batch adsorption studies

To perform the batch adsorption experiments, 10-100 mg L~
lithium was prepared from the stock solution. Lithium solution
was taken in a centrifuge tube with 0.15 g of adsorbent and kept
for adsorption over a vortex shaker for 180 min at 720 rpm.
Lithium concentration before and after adsorption was quanti-
fied using ion chromatography (eluent: 7.5 mmol L' tartaric

Energy Adv., 2025, 4,1032-1048 | 1033


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ya00092k

Open Access Article. Published on 23 June 2025. Downloaded on 3/3/2026 12:48:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy Advances

View Article Online

Paper

1h . RT - Washed with
TiO, Precursor 150 Cor8ih 0.1 HS; pi-2 Vacuum Dried
10M NaOH 80°C,8h
TiO,-NR + PEI, 10 ml
Ethanol
, (1:1), 80°C sl
o o
2 P S
~ A
\f77 !
]
<
\\ /,,;

Scheme 1 Schematic representation of the preparation of the PEI-modified nanorod adsorbent.

acid and 4 mmol L™' HNO,). Dilution factors were also
accounted for in all the prepared solutions. The equilibrium
adsorption capacity (g.) of the prepared adsorbent was calcu-
lated using the formula,

(Co—Ce)V
e = —w 1)
where C, and C, are the initial and equilibrium concentrations
of lithium, respectively. V and W represent the volume of
lithium solution in (L) and the weight of the adsorbent in (g),
respectively. Desorption was also performed using phosphoric
acid. Fig. 1 presents the absorption spectrum of the sample
solution before and after lithium adsorption and desorption.
Absorbance values at A, 473 nm were recorded to quantify
lithium before and after adsorption. A decrease in absorbance

—o— Before Adsorption
—o— After Adsorption
—o— After Desorption

Absorbance

0.00{

500 600 700
Wavelength (nm)

Fig. 1 Absorption spectra of lithium before adsorption, after adsorption,
and desorption.

400 800
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confirms the decline in lithium concentration in the solution.
Fig. S1 and S2, ESIf present the calibration plots obtained from
UV-vis spectrophotometry and ion chromatography.

2.5. Instrumentation for analysis of lithium and adsorbent
characterization

Lithium quantification was done using a Jasco-V650 spectro-
photometer with 10 mm matched quartz cuvettes at 473 nm.
The concentration of lithium before and after adsorption was
also ascertained using ion chromatography (Metrohm 883 Basic
Plus IC, Nucleosil 55A-125/4.0 Column).

The adsorption process was performed using a Tabletop
Vortex shaker (VSMP LabQuest, BOROSIL) at 700 rpm. An
attenuated total reflectance (ATR) Alpha II spectrometer, with
a room temperature DTGS1 detector, was used to interpret
vibrational frequency shift in functional groups of the adsor-
bent between 500 and 4000 cm ™ '; KBr pellets were prepared
for the analysis where KBr was grounded along with the
adsorbent material in the ratio 3:1. To analyze the surface
morphology and elemental composition, SEM-EDS was
obtained using an FEI Apero-LoVac scanning electron micro-
scope with an Oxford X-Max EDS. The shift in the binding
energy of the elements in the adsorbent was analyzed using
X-ray photoelectron spectroscopy, which was recorded using a
Thermo Scientific K-Alpha (Al-Ka monochromator) XPS instru-
ment. The nature of the adsorbent material (crystalline/
amorphous) was recorded using a Rigaku Ultima-IV X-ray
diffractometer with Cu-Ko radiation (1.5405 A) over a 20 range
of 10° to 80°. Surface area, pore volume, and pore diameter
were ascertained through BET analysis using a Microtrac Bel
(BELSORP mini II) BET surface analyzer. Sample pretreatment
involved degassing of the sample at 100 °C for 2 h and N,
adsorption. The particle size was measured using the DLS
technique (Anton Paar).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1. Characterisation of the adsorbent

3.1.1. FTIR analysis and X-ray fluorescence analysis of the
adsorbent. The functional groups of the adsorbent material
and their stretching frequencies were analyzed using FTIR
spectra (Fig. 2). The bands in the range of 3000-3500 cm ™"
are attributed to the stretching vibration of H,O molecules
(Fig. 2a), and the band observed at 1625 cm ™" is associated with
the bending mode of the water molecule. Distinct peaks in the
range of 400-850 cm ' region correspond to the Ti-O and
Ti-O-Ti skeletal frequencies. A small peak at 1396 cm ™" is due
to the protonation of the surface Ti-OH>' groups.® After
incorporating polyethyleneimine, new peaks were observed
(Fig. 2b). The broad band around 3400 cm ™" results from the
overlap of N-H (stretch) and O-H (stretch) vibrations.>® The
peak at 2931 cm ™" and 2830 cm™ " corresponds to C-H stretch,
the peak at 1471 cm ™' signifies C-H bending, and the peak at
1635 cm ! corresponds to N-H bending.?® The peak at 1581 cm™*
is assigned to the C=N stretching mode;*’ other bands at
1372 ecm™ ', 1109 em™', and 1049 cm ' correspond to C-N
bonds.>® The intensity of the IR peaks decreased after adsorption
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of lithium. This reduction suggests that the adsorbed metal ion
modifies the electronic environment, which leads to a decrease in
the intensity of vibrational modes, potentially due to electrostatic
interactions with the functional groups present on the adsorbent.
As shown in (Fig. 2¢), there is a notable decrease in the intensity of
the peaks, especially for the amine group, accompanied by a slight
shift. X-ray fluorescence (XRF) was employed to confirm the
presence and percentage of titanium in the adsorbent (Fig. 2d).
High-energy X-rays are directed at the sample, which leads to the
expulsion of electrons from the innermost shell, the K shell. K,
radiation corresponds to the energy released by the electrons,
which are de-excited from the L shell, and K by the electrons from
the M shell. Since the energy gap between orbitals is different for
different elements, it is used for qualitative analysis of compo-
nents present in the sample. The presence of lithium, carbon, and
nitrogen cannot be detected through XRF owing to their light
atomic weight as their fluorescence yield is relatively low. Also, the
secondary X-rays emitted by these light-weight atoms are of very
low energy, which would diffuse in the surroundings before they
reach the detector for detection.

3.1.2. Surface characterization of the adsorbent. The sur-
face morphology and composition of the prepared TiO,-NRs
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Fig. 2 FTIR spectra of (a) TiO»-NRs, (b) TiO,(NRs)-PEI before adsorption, (c) TiO»(NRs)-PEI after adsorption, and (d) XRF spectrum of the TiO,-NR

adsorbent.
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and TiO,(NRs)-PEI were characterized using FESEM and EDS
analysis. Prior to SEM analysis, a thin layer (10 nm) of gold film
was sputtered over the sample. Scanning electron microscopic
characterization shows the surface features of the samples at
high resolution in the nanometer range (Fig. 3a and b). SEM
images of the precursor TiO,-NRs before and after modification
with PEI reveal that the rod-like morphology of the precur-
sor has been observed, confirming the intended structure of
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TiO,-NRs.* It can be observed that after modifying the titanium
nanorods with polyethyleneimine, there was an infinitesimal
change in the morphology of the rods. However, a reticular type
of accumulation has been observed, affirming a distinctive
change in morphology after modifying the nanorods with the
polymer. Fig. 3d depicts the SEM image of the adsorbent after
4 cycles of adsorption. It can be observed that after completing
4 cycles of adsorption, the morphology was no longer rod-like and
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Fig. 3 SEM images of (a) TiO>-NRs, (b) TiO,(NRs)—PEl, (c) after adsorption, (d) after four cycles of desorption, (e) EDS spectrum of dTiO,-NRs, (f) and (g)

elemental mapping analysis of Ti and O of the adsorbent.
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had agglomerated. This can be attributed to using 2.0 M H;PO, in
each instance for desorption, which leads to structural deforma-
tion and aggregation. EDS and mapping were performed to
analyse the prepared adsorbent’s elemental composition on its
surface. Fig. 3e confirms the abundance of titanium along with
the presence of oxygen and the elemental composition is provided
in Table S5 (ESIT). Notably, the presence of lithium, after adsorp-
tion, cannot be detected as its atomic number is relatively low and
hence, X-rays emitted from these light elements are of lower
energy and are difficult to detect.

3.1.3. Thermogravimetric analysis of the adsorbent. TGA/
DTA techniques are commonly used to assess the thermal
stability of materials. TGA was performed for TiO,-NRs and
TiO,(NRs)PEI under a nitrogen atmosphere between 10 and
800 °C. The TGA plot (Fig. 4) shows about 7% weight reduction
in the TiO,-NRs at 110 °C, which is attributed to the loss of
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Fig. 4 Thermogravimetric analysis of the precursor TiO,-NRs and
TiO2(NRs)—PEI.
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water molecules.*® Notably, there was no further decrease in
the weight up to 800 °C, which indicates that the material
is thermally stable. Three weight loss events were observed
for TiO,(NR)-PEL Initially, a 10% weight loss at 75 °C was
observed, corresponding to the loss of ethanol, which was used
as the solvent. The second stage involved a weight loss of 7%
between 75 °C and 270 °C, which was attributed to the loss of
the organic moiety from the polymer. The third stage, a
significant weight loss of about 40% between 288 °C and
382 °C, corresponds to the slow degradation of the polymer
backbone and a steady plateau can be observed above 390 °C,
indicating the thermal degradation of the adsorbent.*"

3.1.4. Powder XRD analysis of TiO,-NRs and TiO,(NRs)PEI
before adsorption. The X-ray diffraction pattern of TiO,-NR
shows crystalline peaks at specific 26 values of 25.20° (101),
37.52° (004), 47.87° (200), 53.53° (105), 54.86° (211), 62.36°
(204), 70.03° (220), 74.626° (215), and 75.74° (301). As depicted
in Fig. 5, these peaks correspond to the earlier reported anatase
phase of TiO, with unit cell parameters a = 3.7824 A and ¢ =
9.514 A.** The interplanar distances calculated from these
peaks are 3.52 A, 2.39 A, 1.89 A, 1.71 A, 1.67 A, 1.48 A, 1.34 A,
1.27 A, and 1.25 A. Upon modification of prepared titanium
nanorods, 20 values were found to be 27.43° (110), 36.08° (101),
41.24° (111), 54.32° (211), 56.62° (220), 62.75° (002), 69.00°
(301), and 69.80° (112). The interplanar distances for these
modified peaks are 3.25 A, 2.48 A, 2.18 A, 1.88 A, 1.68 A, 1.62 A,
1.47 A, 1.35 A, and 1.34 A. It can be observed that upon
modification, the d-spacing has increased, which can be due
to the modification of nanorods with polyethyleneimine, which
aids in additional functional groups on the surface of the
TiO,NR, forming a composite altering the domain, thereby
increasing the interplanar distance.

3.1.5. XPS analysis of the adsorbent before and after
adsorption. X-ray photoelectron spectroscopy (XPS) was per-
formed to confirm the chemical composition of the elements
on the surface of the adsorbent. A plot of binding energy vs.
intensity/counts is obtained for the quantitative analysis of the

TiO,(NR)-PEI
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Fig. 5 Powder X-ray diffraction patterns of (a) TiO»-NRs and (b) TiO»(NRs)-PEI
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elements. The XPS survey spectrum was recorded from a
binding energy between 100 and 1400 eV. Fig. 6a presents the
survey spectrum of the adsorbent before and after adsorption.
The survey spectrum confirms the presence of Ti, C, O, and N
before and after adsorption. Notably, the intensity of the O 1s
peak has decreased after modification with the polymer,
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indicating that the metal ion has coordinated with the oxygen
functionalities of the titanium nanorods, and that of N 1s has
decreased after adsorption, suggesting that nitrogen could have
been directly involved in the adsorption of lithium. Fig. 6b
illustrates the deconvoluted spectra of N 1s, where a slight
increase in the binding energy of NH,, NH, and N;' from
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Fig. 6 X-ray photoelectron spectrum, (a) survey spectra, (b) deconvoluted N 1s spectra, (c) deconvoluted Ti 2p spectra, (d) deconvoluted O 1s spectra

and (e) Li 1s spectra.
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397.3 eV, 398.2 eV, and 399.4 eV**** to 397.8 €V, 398.8 €V, and
400.1 eV, respectively, was observed. This can be attributed to
the electrostatic interaction of the lithium-ion with the nitrogen
atom that tends to provide electron density to the metal cation
during its interaction, thereby reducing the electron density on
the nitrogen atom. The core electrons are strongly pulled by the
nucleus, which increases the binding energy.*> Fig. 6c shows
the deconvoluted spectra of Ti 2p; the binding energy of Ti 2p3/,
and Ti 2p,,, increased after adsorption from 456.32 eV and
462.05 eV to 456.8 eV and 462.3 eV owing to the interaction of
Li-O-Ti from O-Ti as can be observed from the deconvoluted
oxygen spectra (Fig. 6d). The intensity of the peak decreased
after adsorption likely due to the changes in the electronic
environment of oxygen and lithium. Owing to the small size
and polarizability, lithium interacts with the nearby electron
cloud to a greater extent thereby reducing the electron density
around the atom, thus increasing the binding energy.*® There
was no distinct change in the binding energies of C 1s5*7*®
before and after adsorption, indicating a minimal to no direct
interaction with lithium. Lithium was also detected in XPS at
60.2 eV, which confirms its presence on the adsorbent after
adsorption (Fig. 6e).

3.1.6. Gas sorption analysis and DLS studies of the adsorbent.
The BET-N, isotherm, or gas sorption analysis, provides insights
into the adsorbent’s surface characteristics, including specific
surface area, pore diameter, and pore volume. Physical adsorption
of liquid N, (77 K) onto the surface of the adsorbent provides the
basis for the analysis. Fig. 7a illustrates the N, adsorption-
desorption isotherm of the prepared adsorbent. The adsorbent
was classified to be mesoporous, with a pore diameter of 40.59 nm
(Fig. 7b) and a specific surface area of 45.3 m> g~ '. The material
exhibits a type-IV curve owing to its mesoporous nature, with the
very slight hysteresis confirming the monolayer adsorption of
molecules. When titanium nanorods with mesoporous nature
(4.32 nm) were used for lithium adsorption, the efficiency was
only 39%, attributed to the adsorbent’s porous morphology,
signifying the physisorption. However, after modifying the
TiO,(NR) with PEIL there was an increase in the pore size of the
adsorbent and an increase in adsorption efficiency to 91%; this
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can be attributed to the interaction of TiO,(NR) with PEI through
electrostatic interactions that increase the available sites for
lithium ions to interact through the ion exchange process, electro-
static attractions, and intermolecular hydrogen bonding. There-
fore, the synergistic effect of the physicochemical interaction of the
TiO,(NR)-PEI with lithium ion aids in the removal with enhanced
efficiency. The dynamic light scattering (DLS) technique was
used to measure the particle size of the TiO,-NRs before and
after modification with PEI, Fig. S3(a-d) (ESIt). For DLS analysis,
0.1 mg of the TiO,-NRs and TiO,(NRs)-PEI was dispersed sepa-
rately in 10 mL of DI water and sonicated for 15 min to achieve
uniform material dispersion. A 5 pL of the above dispersion was
added to 5 mL of DI water, and the particle size was measured. The
hydrodynamic size of the particle, as given by the distribution
curve, was 540 nm;***° upon modification with the polymer, the
particle’s hydrodynamic size increased to 925 nm, affirming the
addition of PEI to the nanorods.

3.2. Experimental variables

3.2.1. Effect of adsorbent dosage. To determine the opti-
mal adsorbent dosage for achieving the maximum adsorption
capacity, adsorbent dosage studies were carried out by varying
the adsorbent dosage from 0.01 g to 0.15 g. The adsorption
process was done using 10 mL of 10 mg L™ lithium solution.
It was observed (Fig. 8) that as the dosage of the adsorbent
increases, the percentage of adsorption also increases linearly.
This can be attributed to the availability of more active adsorp-
tion sites and functional groups for lithium to interact with the
material efficiently, leading to the increased adsorption percen-
tage. However, as the dosage exceeds 0.15 g, the adsorption
percentage reaches saturation, indicating the optimal dosage
for lithium adsorption. At higher adsorbent dosages, particle
agglomeration can occur, which reduces the number of acces-
sible active sites for lithium adsorption.*

3.2.2. Effect of pH on adsorption of lithium and the ZPC
study. pH is a crucial factor that can significantly impact metal
ion adsorption.>” Studies were carried out by preparing lithium
solutions at a fixed concentration, dosage, and volume in a
pH range from 1.0 to 12.0, and adsorption was carried out for

'—’\ _—
5 T
= 0.006 i B
oo g
o L0.5 T
g g
T 0.004 4 L04 =
£ e
2 5
=) 0.3 &
> ] S
> 0.002 S
L02 @
= £
= ] =
£ 0.000 - 0.1 E
5]
5 Lo.o
= =
£-0.002 : : : r : &)
=] 0.0 0.5 1.0 1.5 2.0 2.5

Pore size (nm)

(a) N, adsorption—desorption isotherm and (b) BJH plot of the adsorbent.
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Fig. 8 Adsorbent dosage study by varying the TiO,(NR)PEI dosage from
10 to 150 mg.

180 min on a vortex shaker to optimize the pH for maximum
adsorption. As shown in Fig. 9, it was observed that as the pH
increases, the adsorption percentage increases due to the
highly electropositive nature of lithium, which relates to the
electrostatic interaction with the surface negative charge devel-
oped at alkaline pH. At a lower pH, there would be a higher
concentration of H' ions. The competition between the H' ions
and the metal cation for interaction with the functional groups
of the adsorbent may hinder the uptake of lithium. Since the
surface would be positively charged the metal cation would be
repelled by the surface of the adsorbent, resulting in a lower
adsorption percentage at acidic pH. The zero-point charge
(zPC) of the adsorbent was determined using the pH drift
method.>® A 30 mL volume of 0.1 M NaOH was transferred to
several conical flasks and the pH was varied from 1.0 to 12.0.
To each flask, 100 mg of the adsorbent was added and kept in
an incubator shaker at 100 rpm for 24 hours. After equili-
bration, the solutions were filtered, and their pH was recorded.
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The difference between initial and final pH was calculated and
plotted against the pH as shown in Fig. 9b. It is evident that the
isoelectric point for the adsorbent is 10.2. As pH increases
above the ZPC, the surface of the adsorbent undergoes depro-
tonation and gains a negative charge. Conversely, below this
point, there is an increase in H' ions leading to the protonation
of the adsorbent surface.”® This explains why the adsorption
percentage increases at a higher pH.

3.3. Adsorption isotherm

Isotherm studies were conducted to gain a mechanistic under-
standing of the adsorptive recovery of lithium using TiO,(NR)-
PEIL According to the Langmuir isotherm, adsorption occurs on
a homogeneous surface where the active sites are identical, and
the rates of adsorption and desorption are considered to be
equivalent, with all molecules having a constant enthalpy,
identical activation energy, and equal affinity towards the
surface of the material. The Freundlich model indicates the
heterogeneous nature of the adsorbent and assumes that
adsorption is a reversible process. This model also illustrates
that at varying concentrations of the adsorbate, the ratio of the
adsorbed species onto a certain mass of the adsorbent is not
constant.”® To perform isotherm studies, adsorption was car-
ried out by varying the initial concentration of lithium solution
from 10 mg L' to 100 mg L' with 0.15 g of the adsorbent
throughout 3 h at 100 rpm in a vortex shaker. The experimental
results were calculated and fitted with three different isotherm
models: Langmuir, Freundlich, and Temkin, as illustrated
in Fig. 10. The linear equation of the Langmuir model is
expressed as,>®°’
Ce 1 1

= C. + 2
qe Gmax ¢ KLqmaX ( )

Here, C. is the equilibrium concentration (mg L"), g. is the
equilibrium adsorption capacity (mg g "), gmax is the maximum
adsorption capacity (mg g~ '), and Ky is the Langmuir constant
(L mg™"). From the linear Langmuir plot obtained by plotting

(b)

-

Initial pH

(a) Effect of pH on adsorptive recovery of Li using TiO>(NR)PEI and (b) zero-point charge (ZPC) determination for TiO>(NR)PEI.
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with the linear form of the Langmuir equation to obtain the
maximum adsorption capacity of 2.76 mg g '. The linear
equation for the Freundlich isotherm is given by,>®

. The experimental results were fitted

1
logg. = log K¢ + Zlog C. (3)

where g. is the equilibrium adsorption capacity (mg g ')
of lithium, C. is the initial concentration (mg L"), K is the
adsorption capacity (mg'™"" g=* LY™), n is the constant
obtained by plotting the experimental data in the linear Freun-
dlich plot, log g. vs. log C., where Ky is the intercept and 1/n is
the slope of the line, the calculated n value between 1 and
10 shows that the adsorption process is feasible."” Dimension-
less constant Ry, also known as the separation factor, given by
eqn (4), indicates the nature of adsorption Ry, = 1, linear; Ry, = 0,
irreversible; R;, > 1, unfavourable and 0 < R;, < 1, favorable.*®
The calculated Ry value for the concentration of 10 mg L™ was
0.3, indicating a favourable reaction.

1

RL=—
L= 15 e,k

4

The Temkin isotherm considers the intermediate concentra-
tions and eliminates lower and higher concentration values;

© 2025 The Author(s). Published by the Royal Society of Chemistry

according to this model, AH,q45 of the adsorbate molecules on
the surface reduces linearly as the surface coverage of the
adsorbent increases. The following equation represents the
linear form of the Temkin isotherm,®°

qC:EInKT—O—ElnCC (5)
bTe bTe

Here, by is the Temkin constant, representing the heat of
adsorption in J mol ™}, Ky is the Temkin isotherm constant in
L g ', R is the gas constant 8.314 J mol ' K ', and T is the
temperature in Kelvin. In this model, a plot of g. vs. InC, is
done from which the slope RT/br. and the intercept RT/br. In Kt
can be obtained. A higher correlation coefficient (R*> = 0.998)
from the fitted isotherm plots for the Langmuir isotherm, as in
Table S1 (ESIT), shows that the adsorbent follows Langmuir
adsorption, indicating that the adsorbent has homogeneous
adsorption sites and matches with monolayer adsorption.

3.4. Adsorption kinetics

The kinetics study provides insight into the reaction rate
concerning the adsorbate concentration and its interaction
with the adsorbent.®" A fixed concentration of lithium solution
(10 mg L"), along with consistent adsorbent dosage and volume,
was used to perform the kinetic studies. It was observed that
equilibrium was attained in 180 min. Data obtained were fitted

Energy Adv, 2025, 4,1032-1048 | 1041
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Fig. 11

into two models, pseudo-first order and pseudo-second order
(Fig. 11a and b).*> Furthermore, the intraparticle diffusion model
from the Weber-Morris plot as illustrated in Fig. 11c, was also
considered to comprehend the uptake of lithium. The equations
for the above models, respectively, are as follows:**

ki
log(ge — q;) = log ge — (m)f (6)
t t 1
= 7
q: qe k2q02 ( )

where &; (min~") and &, (g mg~" min~") are rate constants of

pseudo-first and pseudo-second-order kinetics and g. (mg g™ ')
and ¢, (mg g ') are equilibrium adsorption and adsorption
capacity at time ¢ (min). The pseudo-second-order model is a plot

between, t vs. qi’ and pseudo-first-order between ¢ vs. log(qe — gy).
12

Initially, lithium adsorption occurs rapidly and continues to
increase over time until it reaches equilibrium. This can be due
to the positively charged lithium’s electrostatic interaction with
the adsorbent’s negative surface. While comparing the R* value
(correlation coefficient) from Table S2 (ESIY), it is evident that the
pseudo-first-order model fitted the data with a higher R* value and
the experimental and theoretically calculated g. and g, values,

1042 | Energy Adv, 2025, 4,1032-1048

(a) Pseudo-second-order kinetic model, (b) pseudo-first-order kinetic model, (c) intra-particle diffusion model and (d) thermodynamic study.

respectively, were also observed to be close. Thus, lithium’s
physico-chemical adsorption on the adsorbent’s surface follows
pseudo-first-order kinetics.®

qe = tzKi +C

(8

where K; is the intra-particle diffusion rate constant
(mg g~ min~"?) and C is the intercept that provides informa-
tion about the thickness of the boundary.

Two stages of linearity indicate that the reaction proceeds
through two steps. The first stage involves lithium diffusion
from its bulk phase to the boundary layer through mass
transfer, followed by diffusion onto the adsorbent, intraparticle
diffusion. The second step is lithium binding via electrostatic
interactions with surface functional groups of the adsorbent. It
is evident from the slope of the two stages that both mass
transfer and intraparticle diffusion are effective during
adsorption.®® Due to the atom’s smaller size and the adsor-
bent’s mesoporous nature, lithium would enter the pores of the
adsorbent.®®

3.5. Thermodynamic study

The thermodynamic nature and spontaneity of the process
were evaluated by studying the effect of temperature on the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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adsorption process, from which AG° (k] mol™"), AH® (k] mol ™),
and AS° (k] mol™* K ') parameters were calculated from a
linear Van’t Hoff plot.®” To perform this experiment, 50 mg L. ™"
of 10 mL lithium solution and 0.15 g of the adsorbent were
taken in a centrifuge tube and placed on a vortex shaker at
700 rpm for 3 h at different temperatures (298 K, 308 K, 318 K,
and 328 K), and the equilibrium concentration of lithium was
analyzed.

—AS°

—AH° (1
ln Keq = T(T) + R (9)

AG® = —RTInKeq (10)
Keq is the equilibrium constant of the ratio of lithium ions

on the adsorbent surface to those in the solution phase. The

AH° (k] mol™*) and AS° (k] mol " K™ ') were calculated from the

1
slope and intercept of the plot InK.q vs. T As illustrated in

Fig. 11d, the adsorption capacity increases with an increase in
temperature, affirming that the adsorption process is
endothermic. Temperature is a driving factor®® favouring
increased activation energy for the diffusion of molecules
into the bulk phase, as seen from the intraparticle diffusion
model. The negative value obtained for AG° from the
adsorbent at different temperatures indicates that the adsorp-
tion process is spontaneous, as detailed in Table S3 (ESIT).
Additionally, the minimum and positive value of the change in
entropy reflects the least randomness in the adsorbent-adsor-
bate interface.

3.6. Desorption and regeneration studies of the adsorbent

Regeneration and reusability are critical aspects of the practical
applications of adsorbents.®® To evaluate the reusability of
TiO,(NR)-PEI, desorption was conducted using 2.0 M H3;PO,
over four successive adsorption-desorption cycles, as illu-
strated in Fig. 12. It was observed that after three continuous
cycles, the adsorption percentage declined. As previously men-
tioned, the surface of the adsorbent also exhibits ion exchange
properties. An increase in the concentration of H' ions effec-
tively protonates the surface of the adsorbent, leading to a
reversible adsorption-desorption process wherein they replace
the Li* ions present on the surface of the adsorbent as their
concentration increases. Desorption was then performed
for 180 min. The supernatant was filtered and tested for
lithium presence using UV-vis spectrophotometry. Thorin was
employed as a complexing agent for lithium (ESI{ provides
the detailed procedure). The desorption efficiency for the first
cycle was found to be 81%. This process was repeated for
three successive cycles, after which the adsorption efficiency
declined. This decrease may be attributed to the use of phos-
phoric acid for desorption, which could have altered the
adsorbent’s surface, as indicated by the changes observed in
the SEM image (Fig. 3).
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3.7. Mechanism of adsorption

3.7.1. Formation of TiO,-NRs. The formation of nanorods
occurs through the dissolution of titanium dioxide nano-
particles in a highly concentrated alkali solution, as given
below””

TiO, + 2NaOH — 2Na' + TiO;~ + H,0 (11)

Sodium titanate is formed as a soluble intermediate in the
alkaline solution. When placed in an autoclave at elevated
temperature, sodium titanate is dissolved and is re-precipi-
tated, forming Ti(OH),. The highly alkaline environment leads
the titanium oxide to grow in a particular direction, resulting in
the formation of nanorods. The length and width of these
nanorods can further be modified by altering the concentration
of the base, temperature, and reaction time, which will bring
about changes in the nucleation process; thus, the conditions
can be tuned to achieve the desired morphology.”®

3.7.2. Grafting of polyethyleneimine on TiO,-NRs. PEI is
dissolved in a suitable solvent to ensure uniform dispersion,
essential for effective polymer coating onto the surface of
titanium nanorods (Fig. 13a). Ethanol was used as a solvent,
and its concentration was adjusted based on the required
degree of functionalization. The primary interaction of the
polymer with the surface of metal oxide occurs through electro-
static interaction between the positively charged amine and
negatively charged titanium oxide surfaces, as PEI tends to
protonate when dissolved in ethanol. The amine groups can
also form chelation or coordinate bonds with the metal atom
on the surface, creating a polymeric network around the
nanorods and thereby improving their stability.

3.7.3. Adsorption of lithium. Polyethyleneimine has primary,
secondary, and tertiary amine functionalities (-NH,, -NH, and
NH;") and interacts with the positively charged lithium ion.
Titanium dioxide nanorods develop a negative charge on the
surface in a basic environment due to the deprotonation of
hydroxyl groups and thus interact with lithium ions through

Energy Adv, 2025, 4,1032-1048 | 1043
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Fig. 13

electrostatic interaction. The lone pair on nitrogen atoms of the
polymer can coordinate with lithium, owing to its electrophilic
nature, therefore enhancing the adsorption. Lithium ions were
stabilized electrostatically.”* The amine groups of the polymer
create a stable interface between the metal ion and the compo-
site surface. Additionally, there can also be an ion exchange
mechanism where the hydrogen is replaced with lithium on the
surface of the titanium nanorods,>?

TiO™ + Li" — TiO-Li (12)

TiOH," + Li" — TiO'HLi + H' (13)

Owing to its mesoporous nature, lithium can also diffuse
into the pores of the composite material, as supported by the
kinetics and intra-particle diffusion model, which suggests that
the adsorption takes place to some extent through this process.
Thus, a synergistic influence of the above factors (Fig. 13b) is
responsible for lithium adsorption onto the composite materi-
al’s surface.

3.8. Lithium recovery from a battery cathode and brine
solution

Recovery of metals from spent lithium-ion batteries has become
an important aspect, and with the increasing demand for lithium
globally, exploring and utilizing every feasible resource is of

1044 | Energy Adv, 2025, 4,1032-1048

- - - Electrostatic interaction
-1 Hydrogen bonding

— lonic exchange

(a) Interaction of titanium nanorods with polyethyleneimine. (b) Mechanistic view of the adsorption process.

great value. The most conventional methods explored for recy-
cling include pyrometallurgy and hydrometallurgy,®*~®*> which
have significant disadvantages that include the generation of
tonnes of waste material, burning off the organic electrolyte
that results in the loss of various valuable materials, emission
of toxic gases, etc., which would negatively impact the environ-
ment. Hence, more viable and energy-efficient techniques like
adsorption have been employed to recover lithium. Here in this
study, the developed adsorbent was tested for adsorption using
commercially available LiCoO,, the most commonly employed
cathode material in lithium-ion batteries; 0.14 g of LiCoO, was
taken and dissolved in a minimal amount of concentrated
hydrochloric acid and evaporated until a blue precipitate was
obtained, which was diluted with DI water and made up to
100 mL (100 ppm). The solution was further diluted to 10 ppm
and used for performing adsorption and concentrated HCI was
used to solubilize LiCoO,. The adsorption and desorption were
ascertained spectrophotometrically (Fig. 14). The adsorption
percentage was found to be 69%, after which desorption was
performed with 2.0 M H3;PO,, and the desorption percentage
was found to be 85%. A brine solution was prepared by
dissolving 40 g of NaCl (15480 ppm of Na*) and 6.1 g of LiCl
(1000 ppm of Li") in 1 L of water. The mixture was sonicated for
10 min and diluted to 10 ppm, after which adsorption was
performed and analyzed spectrophotmetrically. The adsorption

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 X-ray fluorescence spectrum of before and after adsorption of lithium.

percentage was found to be 57%, and desorption was performed
using 2.0 M H;PO,, which was found to be 84%. The decrease in
adsorption capacity can be attributed to increased competition for
the adsorption sites among the Li*, Na*, and Co*" ions. It is evident
from the XRF, as shown in Fig. 15, that the percentage of cobalt
decreased after adsorption from 12.986% to 0.035%. The desorbed
lithium phosphate was converted to its carbonate form and the pH
of the desorbed solution was adjusted with 2.0 M NaOH until
alkaline pH was obtained. Sodium carbonate was then added to
the solution under constant stirring. It was kept on the hot plate at
50 °C overnight until lithium carbonate precipitated out, as it is
sparingly soluble in water owing to its low K, value. The white
precipitate was collected and calcined at 700 °C for 4 h to convert
into lithium oxide and characterized. Fig. 16 presents the PXRD
pattern of the calcinated sample and it is evident that peaks
corresponding to lithium oxide are observed at 20 values of 34.6
(101) and 58.6 (110) with unit cell parameters a = 3.1420 A, b =
3.1420 A, and ¢ = 7.6500 A (ref number: 01-074-0115) along with
peaks relevant to sodium carbonate and sodium oxide as well.
Lithium oxide plays a crucial role in the production of cathode
materials such as lithium cobalt oxide (LiCoO,), lithium nickel

© 2025 The Author(s). Published by the Royal Society of Chemistry

manganese cobalt oxides (NMC), and lithium iron phosphate
(LiFePO,), which are needed to activate lithium-ion batteries in
electric cars and portable electronics effectively. It is also being
explored for developing solid-state electrolytes for lithium-ion
batteries, which could potentially replace liquid electrolytes and
improve performance and safety. Lithium oxide is also essential
for lithium-air (Li-air) batteries, renowned for high energy density.
Lithium oxide formation and breakdown during battery cycling
are crucial to Li-air battery operation and provide the possibility of
applications requiring long-lasting energy storage.”” Lithium
oxide is also an additive in glass and ceramics to augment their
mechanical and thermal properties, including strength and melt-
ing point. So, recycling and lithium recovery will be vital to
sustaining the supply of lithium oxide for the expanding energy
and battery sectors.”

3.9. Selectivity studies

Adsorbent selectivity towards lithium was performed in the
presence of Na*, Mg”*, and Co”" respectively. The concentration
was maintained at 10 ppm for each ion. The results (Fig. 17)
showed that lithium adsorption is affected considerably and this
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is attributed to the fact that the charge density of the above metal
ions being higher than that of lithium, they would also exhibit
significant electrostatic interaction with the nitrogen and oxygen
functionalities of the adsorbent. In our present application-
oriented work, lithium adsorption was above 50% (52%, 59%,
and 69%, respectively) for actual samples using the adsorbent
TiO,(NR)-PEI composite. The developed TiO,-PEI adsorbent
showed comparable adsorption capacity against a few related
adsorbents previously reported in the literature (Table S4, ESIt).

4. Conclusion

Lithium adsorption was successfully achieved by the hydro-
thermally synthesized titanium nanorods and modified with
polyethyleneimine through a wet impregnation method.
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The study investigated the uptake of Li" by this synthesized
composite, revealing that the optimal conditions for maximum
adsorption occurred at a pH of 10, with an adsorbent dosage of
0.15 g and an equilibrium contact time of 180 minutes. The
zero potential charge (ZPC) confirmed these results, indicating
an isoelectric point at 10.2. The kinetic model determined the
mechanism of adsorption, where it was found that the pseudo-
first-order model fitted the kinetics plot with the highest
regression coefficient. Thermodynamic studies showed that
the adsorption was endothermic. Maximum adsorption was
98%, and lithium adsorption capacity was calculated as
2.76 mg g '. The reusability of the composite material was
verified from four repetitive adsorption/desorption cycles and it
was found after the 4th cycle, the adsorption efficiency
decreased. The material was also tested for the adsorption of
Li* from commercial LiCoO, and a concentrated brine solution
under the above-optimized conditions, wherein the adsorption
was found to be 69% and 57%, respectively. Lithium desorbed
as lithium phosphate was converted to lithium oxide, as
supported by the XRD pattern. Hence, the results demonstrate
that the TiO,(NR)-PEI composite has good potential for lithium
adsorption and recovery. The encouraging results have pro-
pelled us to modify metal oxides with more suitable functiona-
lization to offer higher adsorption/recovery to be explored in
our subsequent study.
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