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Abstract

To address the growing demand for efficient and green recovery of lithium resources, this
study develops a co-assembly strategy mediated by Ti(IV)/Li*-polyacrylate complexes to
fabricate mesoporous H,TiO; lithium-ion sieve/carbon composites (H,TiO;@C), aiming
to overcome the bottlenecks of conventional lithium-ion sieves such as large particle size,
small specific surface area and limited adsorption capacity. Using tetrabutyl titanate (TBT,
a Ti(IV) alkoxide precursor) and lithium acetate dihydrate as raw materials, a Ti(IV)/Li*-
polyacrylate complex is employed as a precursor, in which the carboxylate groups of
polyacrylic acid coordinate to the titanium centers while Li* is ionically bound to the
carboxylate groups; this complex co-assembles with poly (ethylene oxide)-poly (propylene
oxide)-poly(ethylene oxide) (PEO-PPO-PEO) triblock copolymer (Poloxamer 188) to pre-
pare Li, TiO; mesoporous carbon composites (Li, TiO;@C). The results demonstrate that
when the mass ratio of Li, TiO; to polyacrylic acid and Poloxamer 188 is 1:2:0.3, the pre-
pared lithium-ion sieve particles exhibit uniform morphology, a large specific surface area,
significantly enhanced adsorption capacity, high selectivity for lithium adsorption, and
good cycling stability. This work integrates chelation-mediated precursor design with
co-assembly chemistry, providing a feasible pathway for the fabrication of mesoporous
lithium-ion sieves.

Keywords: titanium-based lithium-ion sieves; polyacrylic acid; chelation-mediated; multi-
component co-assembly; lithium recovery

1. Introduction

Lithium, as a critical “energy metal” of the 21st century, not only provides sustained
momentum for battery technologies and renewable energy sectors [1,2], but also plays a
pivotal role in aerospace [3], metallurgy [4], nuclear industry [5,6], lubricants [7,8], ceramic
and glass manufacturing [9], and refrigerants [10], earning it the name “white petroleum”
in the new energy era. According to a report by the International Energy Agency (IEA),
the global lithium demand reached 165 thousand tonnes in 2023 and is projected to surge
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to 1326 thousand tonnes by 2040 [11]. Lithium resources are broadly categorized into
primary and secondary types. Primary lithium resources include salt-lake brine, hard-rock
(pegmatite), and clay-type (emerging) deposits, while secondary resources comprise spent
lithium-ion batteries and lithium-bearing waste materials [12,13]. Among these, brine-
hosted lithium accounts for over 60% of global lithium reserves [14]. Given that the majority
of lithium resources are present in salt-lake brines, the extraction of lithium from aqueous
sources has become an inevitable direction for industrial development and an emerging
research frontier.

Numerous methods have been developed for lithium recovery from salt-lake brines,
including adsorption [15-19], membrane separation [20-24], precipitation [25-27], solvent
extraction [28-32], and electrochemical techniques [33-35]. Although precipitation is char-
acterized by low cost, simple operation, and high technological maturity, it is only applicable
to brines with low Mg/Li ratios; brines with high Mg/Li ratios require pre-treatment [26].
Solvent extraction offers high selectivity and recovery efficiency, and is suitable for brines
with complex compositions and high Mg/Li ratios; however, it entails high costs, expensive
extractants that require repeated regeneration, and complex operation with stringent control
over pH and temperature, demanding high process stability. Membrane separation tech-
nologies feature low energy consumption and high product purity; nevertheless, they are
susceptible to fouling and clogging by suspended solids and scaling substances in brines,
necessitating rigorous pre-treatment, and are associated with substantial initial capital
investment as well as high costs for membrane module replacement and maintenance.
Electrochemical methods offer the advantages of chemical-free operation, environmental
friendliness, high selectivity, and effectiveness for low-concentration lithium, but they face
challenges in scale-up, high electrode material costs, low current efficiency, and are cur-
rently at the laboratory stage. In comparison with these approaches, adsorption offers high
lithium adsorption capacity, strong anti-interference capability, recyclability of adsorbents,
absence of toxic by-products, and operational simplicity. In particular, ion-exchange ad-
sorption using lithium-ion sieves (LISs) has attracted increasing research interest due to its
convenience, environmental compatibility, and excellent selectivity [36,37]. Lithium-ion
sieves are generally classified into aluminum-based, manganese-based, and titanium-based
types [38,39]. Compared with the former two, the titanium-based LISs exhibits superior
structural stability [40], making it more widely adopted, with Li,TiO; serving as the most
common precursor for titanium-based LISs.

Although Li, TiO3-based titanium LISs have gained widespread application owing
to their excellent stability, their adsorption performance still leaves room for further im-
provement. To date, modification strategies for LISs have primarily focused on composite
fabrication and surface modification [41]. For instance, immobilizing lithium-ion sieves
such as metatitanic acid (H,TiO;) onto high-specific-surface-area supports, exemplified
by the HTO@BCA composite fabricated by combining HTO with biomass carbonaceous
aerogel (BCA), affords a lithium equilibrium adsorption capacity of 39.8 mg-g~!, with the
performance enhancement attributable to the synergistic improvement in specific surface
area and hydrophilicity [42]. Using phenolic resin as a carbon precursor, Li, TiO; was loaded
onto porous carbon supports via an in-situ polymerization synchronous conversion method
to increase both specific surface area and hydrophilicity, thereby elevating the adsorption ca-
pacity to 52.14 mg-g~! [43]. Furthermore, the introduction of glycerol as an additive enables
the preparation of ion sieves (LISs) with high specific surface area and abundant surface
hydroxyl groups [44]. Alternatively, the incorporation of nitrogen-containing compounds
such as cetyltrimethylammonium chloride (CTAC) enhances the specific surface area and
surface roughness, both of which contribute to improved adsorption performance (the latter
approach achieving a capacity of 49.05 mg-g~!) [45]. In addition, surface modification of
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HTO via covalent grafting with the silane coupling agent (3-aminopropyl)triethoxysilane
(APTES) can effectively prevent particle agglomeration, thereby optimizing the adsorption
performance [46]. However, the aforementioned approaches, whether based on support
loading or complex shaping processes, generally suffer from high fabrication costs, potential
partial blockage of active sites on HTO by the supports, and limited increases in specific
surface area.

Herein, we report a facile chelation-mediated multi-component co-assembly strategy
for the controlled fabrication of Li, TiO; nanocrystal@carbon composites. Specifically, a
Ti(IV)/Li*-polyacrylic acid complex was designed as a molecular precursor, which was
synthesized by reacting tetrabutyl titanate (Ti(OC4Hy),, a Ti(IV) alkoxide precursor) and
lithium acetate dihydrate (CH;COOLi-2H,0O) with polyacrylic acid. In this system, poly-
acrylate serves as a carboxylate-rich ligand: its carboxylate groups coordinate to the titanium
centers (forming Ti-OOCR linkages) and thereby moderate the hydrolysis/condensation
of the Ti(IV) alkoxide, while Li* is ionically bound to the carboxylate groups through
electrostatic association. Subsequently, the Ti(IV)/Li*-polyacrylate complex was employed
as a precursor co-assembled with Poloxamer 188 (P188) to yield Li, TiO; mesoporous carbon
composites (Li, TiO;@C). In this process, P188 acts as a structure-directing agent to form
single micelles, onto which the Ti(IV)/Li*-polyacrylate complex assembles into composite
micelles (see Figure 1). The abundant carboxyl hydroxyl and carbonyl oxygen groups in
the Ti** /Li*-polyacrylate chelate can form hydrogen bonds with the hydroxyl groups in
the PEO segments of Poloxamer 188 [47,48], enabling co-assembly. Through this chelation-
mediated control of precursor composition, the Li and Ti precursors are uniformly dispersed
at the solution/precursor stage, ultimately yielding a mesoporous LISs with small particle
size, high specific surface area, and large adsorption capacity.
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Figure 1. Schematic illustration of the chelation-mediated multi-component co-assembly process for
constructing Li, TiO,@C.

2. Experimental Section
2.1. Reagents, Instruments, and Characterization

Reagents: Tetrabutyl titanate (Ti(OC4Hy),, AR) was purchased from Anhui Zesheng
Technology Co., Ltd., Anging, China. Lithium acetate dihydrate (CH;COOLi-2H,0O, AR)
was obtained from Shanxidong Xiya Chemical Co., Ltd., Linyi, China. Polyacrylic acid
aqueous solution ((C3H,O,),, 50 wt%) was supplied by Shanghai Aladdin Biochemical
Technology Co., Ltd., Shanghai, China. Poloxamer 188 (P188, MW: 7680-9510) was pur-
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chased from Bide Pharmatech Ltd., Shanghai, China. Lithium hydroxide monohydrate
(LiOH-H,0, AR) was obtained from Xilong Scientific Co., Ltd., Shantou, China. Lithium
chloride (LiCl, anhydrous, AR) was purchased from Bide Pharmatech Ltd., Shanghai,
China. Anhydrous ethanol (C,H;OH), hydrochloric acid (HCl), and sodium hydroxide
(NaOH) (all of analytical reagent grade) were supplied by Chengdu Kelong Chemical Co.,
Ltd., Chengdu, China.

Instruments: A muffle furnace (5X2-5-12TP) was purchased from Jinan Precision Sci-
entific Instrument Co., Ltd., Jinan, China. X-ray diffraction (XRD) patterns were recorded
on a DX-2700 diffractometer (Dandong Haoyuan Instrument Co., Ltd. Dandong, China).
Scanning electron microscopy (SEM) was performed using a VEGA3 SBH instrument (TES-
CAN, Brno, Czech Republic). Field-emission scanning electron microscopy (FESEM) was
conducted on a ZEISS Sigma 300 (Carl Zeiss AG, Oberkochen, Germany), equipped with a
ZEISS SmartEDX energy-dispersive X-ray spectrometer (EDS, Carl Zeiss AG, Oberkochen,
Germany). Atomic absorption spectrometry (AAS) was carried out on a WFX-200 instru-
ment (Beijing Ruili Analytical Instrument Co., Ltd., Beijing, China). Inductively coupled
plasma optical emission spectrometry (ICP-OES) was performed on an Optima 8000 in-
strument (PerkinElmer, Inc., Waltham, MA, USA). X-ray photoelectron spectroscopy (XPS)
was recorded on an ESCALAB 250Xi spectrometer (Thermo Fisher Scientific Inc., Waltham,
MA, USA). Nitrogen adsorption—desorption isotherms were measured using an ASAP 2460
surface area and porosity analyzer (Micromeritics Instrument Corporation, Norcross, GA,
USA). Fourier-transform infrared (FT-IR) spectra were obtained on a WQF-510A spectrom-
eter (Beijing Beifen-Ruili Analytical Instrument Co., Ltd., Beijing, China).

2.2. Experimental Methods and Procedures
2.2.1. Synthesis of Ti** /Li*-Polyacrylate Chelates

Tetrabutyl titanate (17 mL, 50 mmol) and lithium acetate dihydrate (10.2 g, 100 mmol)
were weighed separately in a molar ratio of 1:2 and each dissolved in 50 mL of anhydrous
ethanol to obtain solutions A and B, respectively. Subsequently, according to the theoretical
mass ratio of Li, TiO; to polyacrylic acid of 1:x (x =0, 1, 1.5, 2, 3), appropriate amounts of
50 wt% polyacrylic acid aqueous solution were weighed and designated as solutions C,
Cy, C,, G, and Cy, respectively. The C solutions were then added dropwise into solution
A under stirring at 50 °C for 3 h to obtain solutions D, denoted as Dy, D;, D,, D3, and D,
respectively. Subsequently, solution B was added dropwise into solution D, and the mixture
was continuously stirred at 45 °C for another 3 h, during which the ethanol was distilled
off. Finally, the obtained gel was re-dissolved in water to afford the Ti** /Li*-polyacrylate
chelate (TLPC) solutions, which were successively denoted as Ty, Ty, T,, T3, and Tj.

2.2.2. Precursor Preparation: Synthesis of Li, TiO; Mesoporous Carbon
Composites (Li, TiO;@C)

Poloxamer 188 (P188) was weighed according to the theoretical mass ratio of Li, TiO;
to P188 of 1:z (z = 0, 0.1, 0.2, 0.3, 0.4), and then dissolved in a mixture of ethanol and
water (16 mL, 4:1 v/v). The resulting solution was sequentially added to 50 mL of the T
solutions, and the mixture was stirred at room temperature for 2 h. The obtained homoge-
neous solution was then poured into a Petri dish and kept at 40 °C for 8 h to evaporate the
solvent, followed by continuous curing at 100 °C in an oven for approximately 20 h to com-
pletely remove the residual solvent, yielding the as-prepared P188/Ti**/Li* /polyacrylate
composite (denoted as PTLC). Subsequently, the as-prepared sample was pyrolyzed in a
muffle furnace at 900 °C for 5 h with a heating rate of 2 °C min~! to obtain the Li, TiO;@C
lithium-ion sieve precursor, denoted as LTO. According to the increasing amounts of the

https://doi.org/10.3390/separations13110324


https://doi.org/10.3390/separations13110324

Separations 2026, 13, 324

50f 19

triblock copolymer Poloxamer 188 (P188) and polyacrylic acid, the samples were designated
as LTO-n (n =0, 1, 2, 3, 4), with LTO-0 serving as the control sample.

2.2.3. Ion Sieve Preparation: Acid Washing of Li, TiO; Mesoporous Carbon
Composites (Li, TiO;@C)

A 0.2 mol-L~! hydrochloric acid solution was prepared for subsequent use. LTO-
n samples (1 g each) were weighed into 250 mL Erlenmeyer flasks, and 100 mL of the
hydrochloric acid solution was transferred into each flask. The acid washing was conducted
in a water bath at 60 °C. At designated time intervals of 2, 4, 6, 8, 10, and 12 h, 4 mL of
the supernatant was collected using a micropipette for analysis. After acid washing, the
samples were collected by vacuum filtration, rinsed, and dried in an oven at 60 °C to obtain
the ion sieves, denoted as HTO-n.

2.3. Lithium Adsorption

Effect of chelating agent dosage on the lithium adsorption capacity. HTO-n samples
(100 mg each,n =0, 1, 2, 3, 4) were weighed and placed into Erlenmeyer flasks containing
50 mL of LiCl solution with a concentration of 2 g-L~!. The pH of the solution in each flask
was adjusted to 12 using sodium hydroxide. Adsorption experiments were conducted at
298 K, and 4 mL aliquots of the supernatant were collected with a syringe every 2 h, during
which the lithium ion concentration was determined by atomic absorption spectrophotome-
try. The equilibrium adsorption capacity was calculated using Equation (1):

Cy—-CHV
Qe:M (1)

m

where Q, (mg-g~!) is the equilibrium adsorption capacity, C, (mg-L™!) is the initial Li*
concentration, C, (mg-L™!) is the equilibrium Li* concentration in solution, V (mL) is the
volume of the adsorption solution, and m (g) is the mass of the lithium-ion sieve used.

Effect of pH on Adsorption Capacity. The pH of a 2 g-L~! LiCl solution was adjusted
using HCl and NaOH. Adsorption experiments were carried out at 298 K by adding 100 mg
of HTO-3 to 50 mL of LiCl solution at various pH values (pH = 4, 7, 10, 11, 12). The
remaining procedures were the same as described above.

Adsorption Isotherms. To obtain the adsorption isotherms at 298 K, 0.1 g of HTO-3
was added to 50 mL of LiCl solutions with different initial concentrations ranging from
100 to 450 mg-L~!. The Langmuir and Freundlich models were applied using the follow-

ing equations:
C, 1 1
— =—C, + — 2
Qe Qm ‘ KLQm ( )

1
1gQ, = ~18C, +1gK¢ (3)

where Q,, (mg-g!) is the theoretical maximum adsorption capacity, K; is the Langmuir
constant, and Ky and 7 are the Freundlich constants.

Adsorption Thermodynamics. Based on the adsorption data at initial Li* concentration
of 200 mg-L~! at 298, 308, and 318 K, thermodynamic analysis was performed using the
following equations:

CO B Ce
Ki= e xV (4)
AS AH
and = ? - ﬁ (5)
AG = AH — TAS (6)
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where K; (mL-g™!) is the distribution coefficient at a given temperature, AH (kJ-mol~1!) is
the enthalpy change, AS (J-mol~!-K™1) is the entropy change, AG (kJ-mol~!) is the Gibbs
free energy change, and R (8.314 J-mol~!-K™1) is the ideal gas constant.

Adsorption Kinetics. At 298 K, 100 mg of HTO-3 was added to 100 mL of LiCl so-
lution (Cy;, = 200 mg-L~!). During the adsorption process, aliquots of the mixed solu-
tion were taken at various time intervals to calculate the adsorption capacity. The time-
dependent adsorption capacity curves were fitted using pseudo-first-order and pseudo-
second-order models:

15(Q, - Q) = 150, - yabst )
t 1 1
o RE QS
where Q, (mg-g~1) is the adsorption capacity at time t, and k; and k, are the pseudo-first-

(8)

order and pseudo-second-order rate constants, respectively.

Adsorption Selectivity. HTO-3 (50 mg) was added to 50 mL of a mixed cation solution
containing Li* (1.55 g-L~1), Na* (3.15 g-L7!), and K* (0.25 g-L~!), [49]. The distribution
coefficients K; ;; and K, ), were calculated using Equation (4), and the separation factor
was determined by the following equation:

“1[(/? — Kd,Li
Kam

9)

where K,; 5, (mL-g™!) is the distribution coefficient of different metal ions.

Cyclic Adsorption Performance. Desorption of Li* from HTO-3 was conducted using
0.2 mol-L~! HCl solution. The adsorption—desorption cycles were repeated five times
(Cric =2gL™).

3. Results and Discussion
3.1. Effect of Calcination Temperature on the Precursor

To investigate the influence of calcination temperature on the crystal structure of the
material, a series of samples were prepared using the doping ratio of the LTO-3 sample.
After aging and drying, the samples were calcined at 700 °C, 800 °C, 900 °C, and 1000 °C
for 5 h, respectively. XRD analysis (Figure 2a) revealed that the crystal structures of the
products obtained at different temperatures were highly consistent. Comparison with
the standard card JCPDS 33-0831 confirmed that monoclinic Li,TiO; was successfully
synthesized at all four temperatures [46]. At 700 °C, only weak and broad diffraction
signals can be detected, without sharp characteristic peaks of Li, TiOj3, indicating that the
solid-state reaction between lithium and titanium species is insufficient at this temperature.
The monoclinic lithium metatitanate phase has not nucleated, and its crystal structure
is not fully constructed; the sample is mainly amorphous precursor with extremely low
crystallinity. As the calcination temperature increased from 700 °C to 900 °C, the intensities
of the characteristic diffraction peaks increased significantly, with sharper peak shapes and
gradually decreasing full width at half maximum (FWHM). These changes suggest an
increase in crystallite size and improved crystal integrity. At a calcination temperature of
900 °C, the XRD peak intensities of all crystal planes of Li,TiO; reached their maximum
values, indicating that this temperature effectively promotes the complete development of
the crystal structure, thus representing the optimal temperature for Li, TiO; crystal growth.
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Figure 2. (a) XRD patterns of LTO-3 calcined at 700, 800, 900 and 1000 °C; (b) XRD patterns of LTO-3,
HTO-3 and HTO-0; (c-f) SEM images of LTO-3 calcined at 700, 800, 900 and 1000 °C, respectively;
(g) XRD patterns and partial enlarged view of LTO-n samples.

SEM was employed to examine the morphology of the Li,TiO; samples prepared
at different calcination temperatures, and the results are presented in Figure 2c—f. SEM
observations revealed that the heat-treatment temperature significantly influenced the
surface morphology of the materials. The sample prepared at 700 °C (Figure 2c) exhibited
non-uniform particle sizes, with numerous fine particles agglomerated together, a rough
block-like surface, and no discernible porous channels. When the temperature was raised to
800 °C (Figure 2d), the sample primarily consisted of large matrix particles with numerous
nano-sized microcrystals attached to their surfaces, and well-defined pore structures had
not yet developed. Upon increasing the temperature to 900 °C (Figure 2e), the particles
became relatively uniform with no obvious agglomeration. Interparticle gaps emerged,
giving rise to a highly uniform distribution of mesoporous structures. Further increasing
the calcination temperature to 1000 °C (Figure 2f) resulted in fully grown grains with
clear and regular grain contours, and the particle sizes were notably larger than those
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sintered at 900 °C. The above morphological evolution is consistent with the XRD phase
analysis results, collectively indicating that 900 °C is the optimal calcination temperature,
under which well-crystallized and morphologically regular porous Li, TiO; materials can
be obtained.

3.2. Effect of Chelating Agent Mass Ratio on the Precursor

The XRD patterns of the precursors LTO-n (n =0, 1, 2, 3, 4) prepared -with different
chelating agent mass ratios are shown in Figure 2g. The characteristic diffraction peaks of
the Li,TiO; crystal structure are in good agreement with the standard pattern of Li, TiO;
(JCPDS No. 33-0831). The characteristic diffraction peaks of the Li, TiO; crystal structure
are in good agreement with the unit cell parameters of the standard Li, TiO; card (JCPDS
No. 33-0831). Specifically, the peaks at 18.57°, 35.96°, 43.78°, and 63.64° correspond to
the (002), (131), (133), and (206) crystal planes of monoclinic Li, TiO; in the C2/c space
group, respectively [30], indicating that Li, TiO;@C composites with different formulations
were successfully synthesized. The diffraction peaks of all samples were sharp with narrow
full width at half maximum (FWHM) and high intensities, suggesting that the synthe-
sized materials exhibit good crystallinity and well-developed crystal structures. This also
demonstrates that the introduction of polyacrylic acid and P188 did not cause significant
changes in the lattice structure of Li, TiO;. With increasing amounts of polyacrylic acid and
P188, the diffraction intensity of the (002) crystal plane gradually increased, indicating that
these two additives promoted preferential crystal growth along this plane. However, when
the additive dosages were relatively high (e.g., LTO-3 and LTO-4), some weak impurity
peaks appeared adjacent to the major diffraction peaks (e.g., the (131) crystal plane), which
is mainly attributed to the amorphous carbon derived from the decomposition of excess
chelating agents during the calcination process [50]. The introduction of chelating agents
also induced changes in the unit cell volume and lattice parameters of Li, TiO3. As can be
observed from the enlarged views of the (002) and (131) crystal planes in Figure 2g, the
diffraction peaks of the modified samples shifted to lower angles with broadened profiles
compared with those of the standard Li, TiO; card. According to the Scherrer equation, the
crystallite size was calculated to decrease [38,51]. Based on Bragg’s law 2d sin f = nA, the
peak position is related to the interplanar spacing d. The shift toward lower angles (decrease
in @) indicates an increase in interplanar spacing (i.e., an increase in d), corresponding to
lattice expansion. Such an enlarged interplanar spacing facilitates the diffusion of lithium
ions [52]. Subsequent characterization and adsorption experiments further confirmed that
LTO-3 exhibited the highest adsorption capacity.

As shown in Figure 2b, compared with the pristine LTO-3 before acid washing, the
diffraction peaks of the (002) and (133) crystal planes of the acid-washed product HTO-3
shifted to higher angles. This confirms that the acid-washing-induced structural trans-
formation is not fully reversible. Furthermore, Figure 2b reveals that the diffraction peak
intensities of the modified HTO-3 are significantly higher than those of the unmodified HTO-
0, indicating that the structural stability of the modified product is substantially enhanced.

Figure 3 presents the SEM images of the precursors LTO-n (n =0, 1, 2, 3, 4). The
SEM characterization results reveal that the lithium titanate precursors after carbon dop-
ing modification exhibit significantly optimized porous structural features. As shown in
Figure 3a,b, the unmodified LTO-0 sample displays densely packed particles with relatively
large particle sizes, a compact surface structure, and a paucity of pores. In contrast, the
modified samples in Figure 3c-g show a marked increase in surface porosity, reduced parti-
cle sizes, and more uniform particle distribution, demonstrating that doping modification
can effectively tailor the pore structure of the material.
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Figure 3. (a,b) SEM and FESEM images of LTO-0; (c,d) SEM images of LTO-1 and LTO-2; (e,f) SEM
and FESEM images of LTO-3; (g) SEM images of LTO-4; (h) high-magnification SEM image of selected
region of LTO-3 for EDS test; (i-k) EDS elemental mapping of C, O and Ti for LTO-3.

Combined analysis of Figure 3c—g reveals that with increasing dopant loading, the
surface microstructure of LTO-n undergoes continuous evolution: the grain contours be-
come progressively clearer and more regular, and an ordered porous structure is gradually
constructed on the surface. For LTO-1 and LTO-2, although pores are formed on the surface,
their number is relatively limited and the pore channels are not well developed. LTO-3 ex-
hibits more abundant and uniformly distributed surface pores. A comparison of Figure 3b,f
(FESEM images) shows that the modified LTO-3 particles are significantly smaller and
more uniform than those of LTO-0, which is beneficial for subsequent adsorption. How-
ever, at excessively high doping levels (LTO-4), pronounced particle agglomeration occurs.
Such agglomeration can shield a large number of surface active sites, hindering the contact
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between lithium ions in the liquid phase and ion-exchange sites, thereby compromising the
adsorption performance.

EDS elemental mapping analysis was performed on a selected region of LTO-3
(Figure 3h), and the corresponding elemental distributions of C, O, and Ti are shown
in Figure 3i-k. The C, O, and Ti elements are uniformly dispersed throughout the matrix
without significant elemental segregation or localized enrichment, indicating that carbon
has been successfully and homogenously introduced into the lithium titanate crystal system.
The overall morphological results confirm that LTO-3 at this doping ratio possesses the
optimal mesoporous structure and crystalline state, and this conclusion is consistent with
the XRD phase analysis results.

Figure 4a presents the FI-IR spectra of LTO-0 and LTO-3. The broad absorption bands
in the range 3426.8-3430.7 cm ™! are attributed to the O-H stretching vibrations of adsorbed
water molecules and Ti-OH hydroxyl groups on the sample surface, while the bands at
1627.6-1629.5 cm™! correspond to the H-O-H bending vibrations of adsorbed water [31].
The absorption peaks at 863.9-867.8 cm~! and 688.4 cm~! are assigned to the Ti-O stretching
vibrations of [TiOg] octahedra within the Li, TiO4 lattice and the Ti-O-Li lattice vibrations,
which are characteristic intrinsic absorption peaks of Li, TiO3. In contrast to LTO-0 (prepared
without organic additives), LTO-3 exhibits multiple additional absorption peaks in the
1030-1440 cm ™! region. The peaks at 1035.5 cm~! and 1116.5 cm™! are attributable to the
C-O single-bond vibrations of oxygen-containing carbon species (including ether linkages,
alcoholic hydroxyl groups, and carboxylates) that remain on the particle surface as a result
of oxidative decomposition of polyacrylic acid and P188 during the calcination process.
These residual hydrophilic groups substantially enhance the hydrophilicity of the sample,
thereby facilitating subsequent acid washing and adsorption processes.

The TG-DTG-DSC thermal analysis curves of LTO-3 are shown in Figure 4b. For the
sample pre-dried at 100 °C, the thermal decomposition process can be divided into four
stages. In the temperature range from room temperature to 200 °C, the sample exhibits a
weight loss of 10.1%, which is mainly attributed to the removal of residual ethanol and
adsorbed water from the precursor, along with intramolecular dehydration of polyacrylic
acid molecules. In the 200-350 °C range, a mass loss of 7.7% is observed, corresponding
to the initial decarboxylation and decomposition of polyacrylic acid, accompanied by the
onset of thermal oxidation of the P188 molecular chains. The 350450 °C range shows a
maximum weight loss of 46.2%, with a sharp decomposition peak in the DTG curve and a
pronounced exothermic signal in the DSC curve. This stage corresponds to the vigorous
oxidative combustion of the major components of polyacrylic acid and the surfactant P188,
during which a large proportion of the organic components decompose and are removed
as gaseous products. The gas evolution also leaves behind extensive porous structures
within the material. In the 450-900 °C range, only a slight continuous weight loss of 3.1%
is observed, indicating that the organic additives have been largely decomposed. At this
stage, the lithium and titanium inorganic salt precursors undergo solid-state reactions
and gradually crystallize to form Li,TiO;. The minor weight loss can be attributed to
the further oxidation of residual carbon and the ordering of the lattice structure. These
thermogravimetric results demonstrate that LTO-3 possesses excellent thermal stability.

X-ray photoelectron spectroscopy (XPS) was employed to analyze the elemental compo-
sition and chemical bonding states of the samples LTO-0 and LTO-3. As shown in Figure 4c,
the XPS survey spectra reveal that the surface regions of the samples are mainly composed
of four elements, C, O, Ti, and Li, indicating that no significant impurities were introduced
during the preparation process and the sample surfaces are relatively clean. In Figure 4d,
the Ti 2p,/, and Ti 2p3/, peaks of LTO are located at 463.88 and 458.18 eV, respectively,
confirming that the chemical state of Ti is Ti(IV) [31]. Meanwhile, with the introduction
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of polyacrylic acid, the Ti 2p, /, peak of LTO-3 shifts to 463.75 eV, shifting slightly toward
lower binding energy. This suggests that the chemical environment of Ti** has been altered,
which is likely attributable to the coordination between the carboxyl groups of polyacrylic
acid and Ti** ions, thereby influencing the electron cloud density of Ti**.
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Figure 4. (a) FTIR spectra of LTO-0 and LTO-3 samples; (b) TG-DTG-DSC curves for LTO-3 sample;
(¢) XPS survey of LTO-0 and LTO-3; (d) Ti 2p, (e) O 1s and (f) C 1s high-resolution XPS spectra.

The O 1s spectra of LTO-0 and LTO-3 are presented in Figure 4e. LTO-0 exhibits two O
1s characteristic peaks at 531.39 and 529.47 eV, while LTO-3 shows corresponding peaks at
531.28 and 529.27 eV. These two peaks are assigned to surface hydroxyl groups (-OH) and
lattice oxygen (O?~), respectively [31]. The shift in the oxygen peaks in LTO-3 toward lower
binding energy may be attributed to the chemical bonding between the carboxylate groups
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(-COO™) in the polyacrylic acid chains and the titanium-oxygen framework. The strong
electronegativity of these groups induces an increase in the electron cloud density of lattice
oxygen, thereby reducing the O?~ binding energy. In addition, the amorphous carbon layer
derived from the pyrolysis of P188 that covers the material surface, along with the charge
transfer effects of sp?/sp® hybridized carbon, may also contribute to the apparent binding
energy shifts.

The C 1s XPS spectra of both LTO-0 and LTO-3 were deconvoluted into two charac-
teristic peaks (Figure 4f). The signals near 284.8 eV are assigned to C-C/C-H type carbon
species, while the peaks at approximately 289.5 eV correspond to oxygen-containing carbon
species, including C-O and carboxyl groups. Compared with the control sample LTO-0,
the carbon peaks of LTO-3 prepared with polyacrylic acid and P188 show slight binding
energy shifts. This can be explained by the thermal oxidative decomposition of polyacrylic
acid and P188 during the high-temperature calcination stage, during which most of the
organic components are removed as gaseous products, while a small amount of pyrolytic
carbonaceous intermediates remain on the surface of the Li, TiO; particles. The residual
carbon species, which contain abundant oxygen-containing functional groups, interact with
the matrix surface at the interface, altering the electronic environment around the carbon
atoms. This ultimately results in the shift in the C 1s characteristic peaks and an increase in
the relative content of oxygen-containing carbon components.

The pore structure characteristics and specific surface areas of HTO-0 and HTO-3
were characterized by N, adsorption-desorption isotherms (Figure 5). According to the
IUPAC classification, both materials exhibit typical type IV adsorption isotherm features.
As shown in Figure 5b, the isotherm of HTO-3 displays a pronounced hysteresis loop when
the relative pressure (P/P,) exceeds 0.4, indicating that the material is a typical mesoporous
material [43]. The inset in Figure 5b reveals that the mesopores of HTO-3 are mainly
concentrated at pore sizes of approximately 2.5 nm and 40 nm. In contrast, Figure 5a shows
that the pores of HTO-0 are predominantly distributed at 60 nm and 1.8 nm, with a highly
non-uniform particle size distribution.
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Figure 5. N, adsorption—desorption isotherms and pore size distribution of HTO-0 and HTO-3.

As summarized in Table 1, after modification with polyacrylic acid and P188, the
specific surface area of H,TiO; increased significantly from 12.35 m?/g to 67.28 m?/g. This
substantial increase provides a larger solid-liquid contact interface and exposes more active
sites, which facilitates the mass transfer of Lit between the solution and the adsorbent
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surface. Pore size distribution analysis further reveals that the average pore diameter of
the modified sample decreased from 6.44 nm to 3.87 nm, while the pore volume increased
from 0.0022 cm®/g to 0.0163 cm?/g. The number of mesopores is markedly increased and
the particles are more uniform. These structural changes arise from the gradual in-situ
carbonization of polyacrylic acid and P188 during high-temperature calcination, which
forms amorphous carbon that restricts the growth of Li, TiO; crystals to the nanoscale and
ensures their uniform dispersion within the carbon framework. This ultimately yields
Li, TiO,@C composites with high specific surface area, large pore volume, uniform pore size,
and nanoscale dimensions. The increased specific surface area enhances the hydrophilicity
of the material and accelerates the mass transfer of lithium ions, thereby improving its
adsorption capacity.

Table 1. Porous properties (BET surface area, pore volume, pore diameter) of samples.

Sample Surface Area (m?/g)  Pore Volume (cm3/g) Pore Diameter (nm)
HTO-0 12.35 0.0022 6.44
HTO-3 67.28 0.0163 3.87

3.3. Adsorption Experiments
3.3.1. Effects of Chelating Agent Mass Ratio and pH Value on Adsorption Capacity

To investigate the effect of chelating agent mass ratio on adsorption performance, the
adsorption capacities of ion sieves HTO-0 to HTO-4 were measured, and the results are
shown in Figure 6a. The adsorption capacities of HTO-0 through HTO-4 were 29.94, 31.23,
33.23,36.03, and 32.16 mg-g~?, respectively. Among these, the HTO-3 sample exhibited the
highest adsorption capacity, while the capacity of HTO-4 decreased. This decline is likely
attributable to the collapse of the framework structure and blockage of pore channels caused
by excessive chelating agent dosage during pyrolysis. Therefore, LTO-3 was determined to
be the optimal doping level, which is consistent with the aforementioned XRD, SEM, and
BET analyses.

In addition, to explore the influence of solution pH on adsorption performance, the
lithium adsorption characteristics of the HTO-3 ion sieve were investigated at 298 K over
a pH range of 4, 7, 10, 11, and 12. The experimental data (Figure 6b) indicate that the
lithium adsorption capacity increases with increasing pH of the solution, suggesting that
an alkaline environment is more favorable for the adsorption process. When the solution
pH was increased to 12, the equilibrium adsorption capacity of HTO-3 reached a maximum
of 36.03 mg-g~!. This is because the adsorption by the HTO ion sieve proceeds through the
ion exchange between Li* and H* ([H],TiO5(s) + 2Li*(aq) « [Li],TiO5(s) + 2H*(aq)).
An increase in OH~ concentration facilitates the removal of H* from the crystal lattice
and the transfer of Li*, thereby promoting the adsorption capacity [33]. Considering that
the adsorption capacity varies with solution pH during the adsorption process, a buffer
solution at pH = 12 was used in subsequent experiments to maintain system stability.

3.3.2. Adsorption Isotherms and Adsorption Thermodynamics

The adsorption capacity of HTO-3 was measured at 298 K using different initial Li*
concentrations ranging from 100 to 450 mg-L~!. To analyze the adsorption behavior of Li*
on the surface of HTO-3, the Langmuir and Freundlich isotherm models were employed
to fit the equilibrium adsorption data, allowing for a preliminary determination of the
adsorption mode. The results are presented in Figure 6c,d. The theoretical maximum equi-
librium adsorption capacity (Q,,) calculated from the Langmuir model was 38.43 mg-g~'.
The correlation coefficient (R?) of the Langmuir model (0.9953) was higher than that of
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the Freundlich model (0.9827), as summarized in Table 2, indicating that the Langmuir
model can more accurately describe the adsorption of Li* onto HTO-3, confirming that the
adsorption proceeds via a monolayer adsorption process.
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Figure 6. (a) Lithium adsorption capacities of HTO-n; (b) effect of pH on the lithium adsorption
capacity of HTO-3; (¢) Langmuir and (d) Freundlich adsorption isotherms for Li* adsorption;
(e) thermodynamic fitting plot for Li* adsorption on HTO-3; (f) linear fitting of pseudo-first-order
kinetic model and (g) pseudo-second-order kinetic model; (h) adsorption selectivity of HTO-3;
(i) Cycling performance of HTO-3 for Li* adsorption.

Table 2. Fitting parameters of adsorption isotherm models for the adsorbent.

Langmuir Freundlich
Q,,/mgg?! K;/Lmg? R? n Ky/L-g™! R?
38.43 0.0030 0.9953 1.5771 1.0536 0.9827

Adsorption thermodynamics describes the inherent energy changes and underlying
mechanisms during the adsorption process. At the same initial Li* concentration, the
adsorption capacities at 298, 308, and 318 K were 36.03, 38.13, and 40.97 mg-g~!, respectively.
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The corresponding distribution coefficients K, ;; were 122.11, 150.65, and 189.45 mL-g~!,
respectively. The plot of In K; ;; as a function of temperature (1000/T) is shown in Figure 6e,
and the thermodynamic parameters are listed in Table 3. The adsorption enthalpy (AH)
was determined to be 16.05 kJ-mol~!, indicating that the adsorption process is endothermic.
When AH close to 16 16 kJ-mol~!, it suggests that lithium adsorption is governed by ion
exchange [34]. The entropy change (AS) was 102.4 J-mol~!-K~!. This entropy increase
arises from the difference in hydration shell structures between Li* and H*: the exchange
process Lit (H,0), —» H* (H,0O) + 3H,0 [17] leads to an increase in the degree of freedom
of the system. The negative values of AG indicate that the ion exchange between Li* and H*
in HTO-3 is a spontaneous process. Furthermore, the absolute value of AG increases with
rising temperature. This trend in the endothermic adsorption process can be attributed to
the accelerated migration rate of Li* at higher temperatures, which significantly enhances
the probability of contact between Li* and HTO-3 [35]. As the temperature increases, the
spontaneity of the adsorption process is strengthened, ultimately leading to an improvement
in adsorption capacity.

Table 3. Thermodynamic parameters of lithium adsorption on HTO-3.

AH (kJ-mol1) AS (J-mol~1. K1) AG (KJ-mol™1)

16.05 102.4 298 K 308 K 318 K
—14.4652 —15.4892 —16.5132

3.3.3. Adsorption Kinetics

To investigate the adsorption kinetic characteristics of the HTO-3 material, the adsorp-
tion capacity of 0.1 g of HTO-3 was measured in 100 mL of LiCl solution (Cy;, = 200 mg-L~!)
at 298 K. The pseudo-first-order and pseudo-second-order kinetic models were employed
to analyze the adsorption process. The adsorption capacities at different time intervals were
determined, and the data were linearly fitted using the two kinetic equations, respectively.
The corresponding fitting curves are presented in Figure 6f,g, and the calculated fitting
parameters are summarized in Table 4. The correlation coefficient (R?) for the pseudo-
first-order kinetic model was 0.8599, whereas that for the pseudo-second-order model was
0.9731. The better linear fit of the pseudo-second-order model indicates that the adsorption
process of the modified lithium-ion sieve follows pseudo-second-order kinetics, suggesting
that chemisorption is the rate-controlling step [31].

Table 4. Kinetic parameters for Li* adsorption on HTO-3.

S 1 Q./( 1 Pseudo-First-Order Pseudo-Second-Order
ample me-g—

p e g g kl/h RZ kz/(g’mgil'hil) R2
HTO-3 39.13 0.06052 0.8599 0.011925 0.9731

3.3.4. Adsorption Selectivity and Cyclic Performance

Adsorption experiments were conducted using HTO-3 in a simulated brine containing
Li*, Na*, and K* at concentrations of 1.55, 3.15, and 0.25 g-L~1, respectively. As shown in
Figure 6h, the lithium adsorption capacity reached 35.58 mg-g~!, which is close to that in
pure lithium solution (36.03 mg-g~!), indicating that the coexisting ions have a weak effect
on the lithium adsorption of HTO-3. The calculated distribution coefficients (K;) for Li*,
Na*, and K* were 23.5, 0.77, and 2.37 mL-g~?, respectively, and the separation factors of
Li*/Na* and Li* /K* were 30.52 and 9.92, respectively. These results further confirm that
HTO-3 exhibits high selectivity toward Li*.
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Since lithium-ion sieves can be regenerated through adsorption and acid-washing
processes, their cyclic performance is a crucial indicator for practical applications. For HTO-
3, the variation in adsorption capacity over five cycles is clearly presented in Figure 6i. After
five cycles, the adsorption capacity decreased slightly from the initial value of 36.03 mg-g~*
to 34.91 mg-g~!, with a retention rate of 96.9%. This result demonstrates that the lithium-ion
sieve exhibits good stability during the adsorption—desorption cycling process. The slight
decline in adsorption capacity can be attributed to the inevitable lattice contraction caused
by repeated ion exchange during cycling, which, to some extent, affects the adsorption
capacity [30].

4. Conclusions

In this study, Li,TiO; mesoporous carbon composites (Li,TiO;@C) were success-
fully fabricated via a molecular design strategy involving the co-assembly of Ti**/Li*-
polyacrylate chelates with Poloxamer 188. Innovatively, polyacrylic acid was employed as a
ligand to design Ti** /LiT-polyacrylate chelates as novel molecular precursors. Through
the chelation of carboxyl groups in polyacrylate with titanium and lithium, stoichiometric
coordination of Li* and Ti** was achieved uniformly at the molecular scale, ensuring the
homogeneous dispersion of Li* and Ti** precursors and laying the foundation for the syn-
thesis of materials with uniform mesoporous structures. The hydroxyl functional groups in
the polymer ligand formed strong hydrogen bonds with the poly (ethylene oxide) (PEO)
segments of the Poloxamer 188 template, and such interactions guided the formation of
well-developed mesoporous structures.

Experimental results demonstrated that the ion sieve HTO-3, prepared at a theoretical
mass ratio of Li, TiO; to polyacrylic acid to Poloxamer 188 of 1:2:0.3, exhibited the optimal
lithium adsorption performance. The specific surface area of the modified HTO-3 increased
to 67.28 m? /g, representing an increase of 54.93 m?/g compared with the unmodified ion
sieve. At pH = 12 and 298 K, the equilibrium adsorption capacity reached 36.03 mg-g~*,
which was 6.09 mg-g~! higher than that of HTO-0. The adsorption capacity retention of
HTO-3 after five cycles was 96.9%, indicating that the modified ion sieve exhibits high
stability and can be reused over multiple cycles. Furthermore, the adsorption isotherms
were better described by the Langmuir model, and the adsorption kinetics followed the
pseudo-second-order model, suggesting that the adsorption process is chemisorption-
dominated monolayer adsorption. This study provides a novel approach for constructing
mesoporous lithium-ion sieves featuring small particle size, high specific surface area, large
adsorption capacity, and excellent cyclic stability. Future work will focus on the granulation
and shaping of the material and its implementation in industrial fixed-bed columns.
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