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Abstract: The advantages of new types of H,TiO3 lithium-ion sieves, including excellent adsorption
performance, high-efficiency Li*-ion selectivity, reliable regeneration, environmental friendliness,
and easy preparation, have attracted considerable attention. Currently, the prices of lithium carbonate
and other related products are rapidly increasing, so the use of H,TiOj3 lithium-ion sieves to extract
lithium resources in salt lake brine has become a crucial strategy. H, TiO3 lithium-ion sieve is a layered
double hydroxide with a 3R; sequence to arrange oxygen layers. Its adsorption mechanism involves
the breaking of surface O-H bonds and the formation of O-Li bonds. This study provides a theoretical
basis for developing high-efficiency lithium-ion sieves. This article also summarizes the influencing
factors for the synthesis process of H, TiO3, which can seriously influence the adsorption performance,
and offers experimental verification for the preparation of H,TiOj lithium-ion sieves. Hp TiOj3 lithium-
ion sieves prepared from anatase using a reasonable method show the largest adsorption capacity. In
addition, effective ways to recycle HyTiO;3 are outlined, which provide a guarantee for its industrial
application. Finally, this paper summarizes the full text and points out future research directions for
H,TiO3 lithium-ion sieves.
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H,TiO; Lithium-Ion Sieves: A Lithium has become the most important strategic resource, and it shows outstanding
Review. Metals 2023, 13, 977. performance in the field of new energy. Lithium-ion batteries occupy a large proportion of
https://doi.org/10.3390/ new energy fields, forming a three-legged situation based on LiFePOy [1,2], LiMn,Oy4 [3,4],
met13050977 and LiNixCoyMn,O, [5-12], resulting in rising prices. Lithium can also be added to alloys

to form ultralight alloys, such as aluminium-lithium alloys [13] and magnesium-lithium
alloys [14]. It can also be used to prepare greases [15], form optical components [16],
produce low-expansion-coefficient foam ceramics [17,18], etc.

Lithium has many existing forms, so researchers need to conduct in-depth research into
the extraction of lithium resources from different environments. These include extraction
from lithium mines [19,20], salt lake brine [21-23], and shale gas-produced water [24-26].

Compared with liquid lithium resources, the content of solid lithium resources is lower,
so extraction from liquid lithium deposits has more significant development potential.
There are many ways to extract lithium resources from liquid lithium ore, such as ex-
traction [27-29], membrane separation [30,31], precipitation [32], electrochemistry [33-35],
This article is an open access article ~ US€ Of aluminium-based adsorbents [36-39], and manganese-based [40-43] and titanium-
distributed under the terms and based [44/45] lithium-ion sieves.
conditions of the Creative Commons There have been relatively more studies on manganese-based lithium-ion sieves, while
Attribution (CC BY) license (https://  few investigations have been carried out for titanium-based sieves. A-MnO, MnO,-0.3H,0,
creativecommons.org/licenses /by / and MnO;-0.5H,0 have theoretical adsorption capacities of 39.6, 59.0, and 72.9 mg/g,
40/). respectively. There is a severe disproportionation reaction in manganese-based lithium-ion
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sieves, and the dissolution of Mn?* under acidic conditions has become the main obstacle
that hinders its industrial application. The theoretical adsorption capacity of manganese-
based lithium-ion sieves compared with Ti-based lithium-ion sieves is relatively low. Ti**
H4Ti50O15 has chemical stability, but the theoretical adsorption capacity is 63.77 mg/g, which
is lower than that of HyTiO3. The H,TiO3 lithium-ion sieve has a theoretical adsorption
capacity of 142.9 mg/g. Ti** has high stability, avoiding disproportionation reactions and
the Jahn-Teller effect, which results in low titanium dissolution loss and excellent recycling
performance. Therefore, developing a new type of titanium-based lithium-ion sieve is
significant for the extraction of lithium resources.

In this paper, Section 2 focuses on the crystal structure and adsorption mechanism
of HyTiO3 lithium-ion sieves, Section 3 concerns the factors influencing the adsorption
performance during the synthesis process, Section 4 reviews the methods for efficient
recycling, and Section 5 draws conclusions and outlooks. The representative research work
in recent years is reviewed, and a future direction for development is proposed.

This paper focuses on the adsorption mechanism of H,TiOj3 lithium-ion sieves and
the factors affecting their adsorption performance while at the same time focusing on their
efficient recycling. Clear ideas are provided for the preparation and industrial application
of high-performance and recyclable HyTiOs.

2. Crystal Structure and Adsorption Mechanism for H,TiO3
2.1. Crystal Structure of HyTiO3

The H,TiOj3 lithium-ion sieves are obtained by eluting Li, TiO3 with an acid solution,
so it is necessary to analyse the structure of Li;TiOj3 first. As shown in Figure 1a, the
crystal structure of Li,TiOj is a layered monoclinic structure with a space group of C2/c, O
atoms that are arranged in cubic close-packed lattices, and Ti atoms that are located in the
octahedral gap of O atoms, forming [TiOg] octahedra. Li atoms are fixed in two positions,
and Li atoms at different sites have different chemical activities. In total, 25% of the Li
atoms are located between two adjacent [TiOg] octahedra to form (LiTiy) layers, 75% of the
Li atoms form pure Li layers, and (LiTi,) layers are alternately arranged with pure Li layers.
Therefore, Li;TiO3 can be described as Li[Li; /3Ti; /3]O,, indicating that it has a layered
structure [46].
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Figure 1. Crystal structure and XRD patterns: (a) crystal structure of Li; TiO3; (b) XRD patterns for
Li,TiO3, HyTiO3, and Hp TiOj5 after lithium exchange [47].

Li;TiO3 was placed in a 0.5 M HCl solution at 25 °C after 24 h. After stirring, the
suspension was filtered, washed with deionized water until neutral, and then dried at 105
°C to obtain HpTiO3. The process can be expressed as follows:

Li[Liy /3Tip 3]0z + 4/3H" — H[H; /3Ty /3]0, + 4/3Li* 1)

From Equation (1), it can be seen that the H* in solution completely exchanges with
the Li atoms in the pure Li layer and the Li atoms in the (LiTiy) layer to form the H,TiO3
lithium-ion sieve.

Li et al. [48] conducted FTIR analysis of Li; TiO3 and H,TiO; to research the structure
variation, as shown in Figure 2a, and found that the peaks at 1508 cm ™! and 1439 cm ™!
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are due to the characteristic vibrations of Li-O bonds. After acid pickling, these two
characteristic peaks disappear, indicating rupture of the Li-O bond. The band at 3477 cm ™!
corresponds to the stretching vibration of weakly hydrogen-bonded OH related to Li*-H*
ion exchange. Wang et al. [49] found the same phenomenon in a study of lithium-enriched
(3-Li; TiO3, as shown in Figure 2b.
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Figure 2. FTIR spectra: (a) FTIR spectra for LTO-Am and HTO-Am; (b) FTIR spectra for 3-Li; TiO3
and H,TiO; [48,49].

H atoms in the acid solution replace all the Li atoms in Li; TiO3, thus producing two
types of H atoms with different chemical reactivities. He et al. [50] and Ji et al. [51] reported
that the H atoms located in the (HTi,) layer cannot be re-exchanged for Li*, thereby showing
a much lower lithium adsorption capacity than the theoretical adsorption capacity of the
H;TiOj3 lithium adsorbent.

Chitrakar et al. [52] found that the XRD pattern for H,TiOj3 is similar to that of the
Li; TiO3 precursor. The lattice parameters were found to be in good agreement with the
reported values for H,TiO3. H,TiO3 adopts a layered monoclinic structure (space group
C2/c). However, Yu et al. [47] did not agree with Chitrakar’s analysis. As shown in
Figure 1b, the XRD patterns for H,TiO3 differ substantially from those of the Li;TiO3 pre-
cursor. Among these peaks, the (133) and (206) peaks are essential. These two peaks
will always preferentially develop in the XRD patterns obtained for Li; TiO3 powders via
wet chemistry processing methods. The (002) and (131) peaks also show the same trend.
Zhang et al. [53,54] obtained the same results through first-principles calculations and
experiments. Further analysis found that HpTiO; is a layered double hydroxide with a
3R; sequence for the arrangement of oxygen layers, which can be described as a stack-
ing of charge-neutral metal oxyhydroxide slabs [(OH),OTi,O(OH);]. More experimental
verification is required to confirm the well-refined structure.

By thoroughly analysing the crystal structure of the H,TiO3 lithium adsorbent, we
recognize the adsorbent, and we can drive targeted research to enhance its adsorption
performance. It is also feasible to design more common adsorbents based on this absorbent
structure, which are not limited to Li* adsorbents, thus greatly expanding the research field.

2.2. Adsorption Mechanism for HTiO3

We can express the adsorption process for H,TiOs3 as follows:
H[H; /3Tip;3]Os + xLiT — Hy_,Lix[Hy /3Tip/3]O2 + xHT 2

Figure 3 shows the schematic adsorption mechanism for the H,TiOj lithium-ion sieve.
Liu et al. [55] reviewed the adsorption mechanism for titanium-based lithium-ion sieves and
considered that H,TiO3 conducts Li* ions that are adsorbed through the ion exchange mech-
anism. He et al. [50] reported that the ion exchange involves a typical electrostatic attraction
without breaking any chemical bonds, as shown in Figure 3a. However, Marthi et al. [56]
proposed a contrary lithium adsorption mechanism in which lithium adsorption involves
the breaking of surface O-H bonds and the formation of O-Li bonds, as shown in Figure 3b.
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Figure 3. Lithium adsorption mechanism: (a) traditional lithium adsorption mechanism; (b) lithium
adsorption mechanism proposed by Marthi [56].

Figure 4a,b show the XPS spectra for O 1 s. Wang et al. [57] found that Mo doping
leads to an increase in the O?>~ content from 53.26% to 61.58%, and the adsorption capacity
is increased to 78 mg/g, implying that the O%>~ content is related to the adsorption per-
formance. Wang et al. [49] also used the hydrothermal method to synthesize lithium-rich
monoclinic lithium-enriched (3-Li;TiO3. As shown by the XPS spectra in Figure 4c,d, the
higher the O~ content, the more Li* adsorption sites there are, suggesting a higher ad-
sorption capacity. He believes that the higher the O? content of lithium-ion sieves, the
more lithium adsorption sites there are and the better the adsorption performance. This
highlights one principle for designing high adsorption capacity lithium-ion sieves.
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Figure 4. XPS spectra for H,TiO3 doped by Mo and -Li; TiO3, H,TiO3: (a) XPS spectra for the full
region of H,TiO3 doped by Mo; (b) O 1 s fitted XPS spectra for H,TiO3 doped by Mo; (c) XPS spectra
for the full region of B-Li; TiO3, HyTiO3; (d) O 1 s fitted XPS spectra for 3-Li TiO3, H, TiO3 [49,57].

Summary of the kinetics and isotherm adsorption process for H,TiO3. An agreement
has been reached for the adsorption kinetics, which can be described with the pseudo-
second-order model and belong to the chemical adsorption process. The isotherm adsorp-
tion process is more in line with the Langmuir isotherm adsorption model. Marthi et al. [58]
designed H,TiO3@DE (diatomaceous earth) and found that the surface energies of the
active sites are heterogeneously distributed. The Freundlich model shows a better fit than
the Langmuir model.

3. Influence of the H,TiO3 Synthesis Process on Adsorption Performance

The synthesis procedure of the H,TiO3 adsorbent contains two parts: the synthesis
of LipTiO3 and the acid-eluting process. Both of these steps significantly influence the
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adsorption performance. Most Li, TiOj3 is synthesized using the solid-phase method, and
the sol-gel and hydrothermal methods have been used for synthesis in only a few cases. It
is essential to investigate various aspects and provide theoretical support for synthesizing
high-performance H,TiOs.

3.1. The Influence of Ti Sources

TiO, is the raw material for synthesizing the H,TiO3 adsorbent, and it has three
crystal phases: amorphous, anatase, and rutile. Diverse crystal phases have varying
influence on the crystal structure. Zhang et al. [59] calcined metatitanic acid at the designed
temperatures (25~1050 °C) to prepare TiO, with different crystal phases. The XRD patterns
are shown in Figure 5a. Prior to the reaction, the mixture of TiO, and LiOH-H;0O in a
molar ratio of 1/2 was wet ball milled for 5 h with anhydrous alcohol as a dispersant.
After drying, the mixture was calcined at 750 °C for 5 h in a muffle furnace under an air
atmosphere. Subsequently, the H,TiO3-lithium adsorbent was obtained after hydrochloric
acid treatment (0.25 M, 70 °C), filtration, washing, and drying. The XRD patterns are
shown in Figure 5b. Figure 5c shows the pull-out rates for lithium from Li; TiO3 and the
saturated adsorption capacity of the HpTiO3-lithium adsorbent. Under the same pickling
and adsorption conditions, the Li* drawn-out ratios are initially increased followed by a
decrease with a maximum value of 98.69%, and the saturated adsorption capacity exhibits
the same behaviour with a maximum value of 39.2 mg/g. As shown in Figure 5d, after
comparison, the [TiOg] octahedron of Li;TiO3 is more similar to that of anatase than rutile,
and only a small distortion associated with the transformation anatase [TiOg4]-Li; TiO3
[TiOg] is needed. Because of the similarity between the [TiOg4] of anatase and Li, TiO3, a
smaller energy barrier is required to form Li;TiO3 from anatase than from rutile. As a
result, the Li;TiO3 structure prepared from anatase is more suitable for Li* extraction than
that from rutile.
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Figure 5. (a) XRD patterns for metatitanic acid at different temperatures; (b) XRD patterns for Li; TiO3
under various conditions; (c) extraction rates for Li* from Li; TiO3 and saturated adsorption capacity
of the H, TiO3-lithium adsorbent; (d) the cell structure and bond angles in the [TiOg] octahedron of
Li; TiO3 [59].

Li et al. [60] found a correlation between the hydrophilicity and adsorption perfor-
mance of the H,TiO3 adsorbent. Tetrabutyl titanate was slowly added dropwise into a
mixed solution with stirring, and a white flocculent precipitate was produced. Then, the
mixture was stirred at 40 °C for drying to obtain a white powder. The white powder was
calcinated at 100 °C, 400 °C, and 1200 °C to obtain amorphous, anatase, and rutile TiO;.
LiCO3 and as-prepared TiO, with different crystal phases were mixed with a molar ratio
of Li:Ti = 2:1 for 3 h. The mixture was placed into an alumina ark and roasted at 850 °C
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for 5 h. A certain amount of Li,TiO3 was placed into a 0.2 M HCI solution at 60 °C for
10 h. After stirring, the suspension was filtered, washed with water until neutral, and then
dried at 50 °C to obtain H,TiO3. The adsorption capacities of H,TiO3 prepared by using
the different crystal phases of TiO, were determined to be 17.11, 31.76, and 9.44 mg/g,
respectively. Among these, the lithium-adsorbent designed using anatase shows the best
adsorption performance. H,TiO3 synthesized using anatase shows the smallest contact
angle, indicating excellent hydrophilicity of the substrate. Li* can be easily transported and
exchanged with H*, thus achieving effective contact between H,TiO3 and Li*, as shown in
Figure 6.
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Figure 6. Schematic illustrations of the wettability of HyTiO3 for Li adsorption [60].

As shown above, the HyTiO3 adsorbent prepared by anatase TiO, has a higher adsorp-
tion capacity than other crystal phases, but Li et al. [48] synthesized H,TiO3 with better
adsorption capacity through the use of amorphous TiO,. He obtained amorphous TiO,
by hydrolysis of titanium (IV) isopropoxide and then mixed it with Li;COj to synthesize
Li;TiO3 in a solid-phase reaction. An adsorption capacity of 30.03 mg/g was obtained
through K,5,05 elution at 60 °C. This proved that amorphous TiO; also has the potential
to prepare high adsorption capacity lithium adsorbents. It opens up a new window to
synthesizing high-performance lithium-ion sieves.

All of us are pursuing high-performance H,TiO3, but cost reduction is the goal pursued
by enterprises. Tang et al. [61] purified low-grade titanium slag to obtain a Ti-rich material
in which the TiO; content reached 88.35%. The HyTiO3 prepared from this Ti-rich material
showed an adsorption capacity of 27.8 mg/g, which significantly reduces the cost of
raw materials.

Marthi et al. [58] ground coarse titania slag into fine slag, sieved it to a size of 20 um,
and loaded it onto DE (diatomaceous earth). The lithium-ion sieve prepared with this
material showed a maximum adsorption capacity of 27.4 mg/g. By using titania slag, one
can prepare a lithium-ion sieve with high adsorption capacity that is easy to recycle when
loaded onto DE. It is a lithium-ion sieve with an application value.

Table 1 lists the adsorption capacity of lithium adsorbents synthesized via different Ti
sources. Different Ti sources can be used to successfully prepare lithium adsorbents with
large adsorption capacities. Among them, lithium-ion sieves prepared from anatase show
the largest adsorption capacity, and raw materials such as titanium slag are sufficient and
have significant application prospects. Lithium-ion sieves synthesized from different Ti
resources enrich the synthesis path for Ti-based lithium-ion sieves.
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Table 1. Adsorption capacity of lithium adsorbents synthesized via different Ti sources.

. Li* Concentration Adsorp?lon
Ti Sources Sample (mg/L) Capacity Ref.
(mg/g)

Amorphous TiO, LiCl solution 315.02 30.03 [48]
Coarse titania slag Li* solution 50 27.4 [58]
Anatase TiO, LiOH solution 2000 39.2 [59]
Tetrabutyl titanate LiCl/LiOH solution 200 31.76 [60]
Titanium slag LiOH solution 2000 27.8 [61]

3.2. The Influence of Synthesis Methods

Most H,TiO3 is synthesized using solid-phase methods [62], and sol-gel [63] and
hydrothermal [49] methods have been used for synthesis in a few cases. Yu et al. [64]
summarized three synthesis methods and found that the grain size of Li, TiO3 prepared
using the solid-phase method is larger, and that the extraction of Li* ions in Li;TiO;3
prepared using the sol-gel method is more difficult. The saturated adsorption capacity of
the H,TiO; lithium-ion sieve prepared using the two methods is relatively low. In contrast,
Li; TiO3 prepared using the hydrothermal method has a smaller grain size, stable structure,
and high extraction rate for Li* ions. However, there is a massive loss in the adsorption
process with a small particle size, and recycling is challenging.

Although the hydrothermal method has many advantages, the solid-phase method
is most suitable for large-scale industrial production, so it is essential to improve it ap-
propriately. Gu et al. [65] replaced Li;CO3; with CH3zCOOLi-2H;0 as the lithium source
to mix with TiO,, as shown in Figure 7. Melting CH3COOLi-2H,0O (at 66 °C) during the
early calcination stage can lead to the formation of a liquid-solid phase and remarkably
improve the mixing of CH3COOLi-2H,0O and TiO,. In addition, the huge heat and gases
released during the dehydration of CH3COOLi-2H,0O and TiO; accelerate the nucleation
process and effectively inhibit agglomeration, leading to a small particle size for Li; TiO3,
and the ion exchange resistance is greatly reduced. H,TiO3; was obtained by eluting with
acid solution at 70 °C for 8 h, with its adsorption capacity reaching a value of 24.97 mg/g
in West Taijinar Salt Lake brine. The introduction of a low-temperature molten salt in the
solid-phase method effectively improves the adsorption performance and can be used to
prepare high-performance lithium-ion sieves.

. ' 4 Adsorbent precursor
o, '
N @ Tio: @ca

(LE"-H" Son-exchange process)
Acid pickling (ﬂ. @ CiHiLi022H0  Na°
oL @x
@x @cr
Adsorbent
@ Mg @ so,

Selective adsorption for Li*in West Taijinar Salt Lake brine (at 30°C for 24h)

Figure 7. H,TiO; lithium-ion sieve synthesized via an improved solid-state method and adsorption
process [65].

CH3COOLi-2H,0 was successfully applied to synthesize H,TiO3 adsorbent by using
the improved solid-phase method. Nevertheless, low-temperature molten salts are rela-
tively few in number and expensive, which hinders the development of synthesis methods.
As a common molten salt, LiCl can provide a melting environment for the solid-phase
method, which dramatically reduces the restriction on lithium resources. Zhang et al. [66]
mixed LiCO3 with anatase TiO,, added a certain amount of LiCl, placed the mixture into a
corundum crucible, calcined at 650-950 °C for 10 h, and after washing with deionized water
to remove LiCl salt, obtained Li, TiO3. HpTiO3 lithium-ion sieves were obtained through
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HCI acid solution leaching of Li; TiO3 precursors. The preparation process for this lithium
adsorbent results in fine grains and a large specific surface area due to the use of the molten
salt. The absorbent has an adsorption capacity of 28 mg/g in LiOH solution with pH = 12.

The adsorption performance of the H,TiO3 adsorbent depends on the material proper-
ties and specific surface area. Appropriate synthesis methods can be used to significantly
enhance the adsorption capacity. Xu et al. [67] designed three-dimensional porous H,TiO3
lithium-ion sieves through the template method, as shown in Figure 8. The porous lithium-
ion sieve has a specific surface area of 94.14 m?/g. The adsorption capacity in the strong
alkaline Bayer liquor is 70 mg/g, which is much higher than that of the bare lithium-ion
sieve, indicating that the specific surface area dramatically influences the adsorption perfor-
mance of the lithium-ion sieve. This provides an effective way to develop high adsorption
capacity lithium-ion sieves and has great potential for industrial applications.

150 80

(a) (b)

@ Porous-HTO

404

Li" uptake (mgeg”)

20
@ Bare-HTO

Lithium extraction (mgeg")

Bare-LTO Porous-LTO

Time (h) Time (h)

Figure 8. Lithium extraction and adsorption capacity: (a) lithium extraction rate from porous Li, TiO3;
(b) Li* uptake for both bare H,TiO3 and porous H,TiO3 in the simulated Bayer liquor [67].

Table 2 lists the influence of the different synthesis methods on the adsorption ca-
pacity. Lithium-ion sieves prepared using different methods have different advantages
and disadvantages. Among them, the solid-phase method is easy to apply and is suitable
for large-scale industrial production, but the grain size of the lithium-ion sieve prepared
using this method is relatively large, which is not conducive to adsorption. The sol-gel
method can be used to produce smaller grain sizes, but the extraction of Li* ions is difficult
and unsuitable for large-scale production. The hydrothermal method can also be used to
prepare particles with smaller grain sizes, but it is not conducive to industrial production.
The improved solid-phase method can be used to prepare lithium-ion sieves with smaller
grain sizes, but it strictly limits the choice of raw materials, and the cost is high. The
solid-phase method assisted by LiCl reduces the restriction on raw materials, is suitable for
industrial production, and shows excellent application prospects. The template method can
be used to prepare lithium-ion sieves with a larger specific surface area, which is relatively
complicated but still has excellent application prospects.

Table 2. Influence of different synthesis methods on adsorption capacity.

Synthesis Sample Li* Concentration Agiozlzzion Equilibrium Time Ref
Methods P (mg/L) pacty (h) )
(mg/g)
Hydrothermal method LiOH solution 2138 76.7 24 [49]
Solid-phase method LiCl solution 282.5 30.9 192 [62]
Sol-gel method LiOH solution 4000 274 22 [63]
. West Taijinar Salt

Improved solid-phase method Lake brine 669 24.97 24 [65]

Solid-phase method assisted by . . -
a LiCl molten salt LiOH solution 280 ~33 5 [66]
Template method Li* solution 56 70 4 [67]
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3.3. The Influence of Acid Leaching

Li* in Li,TiO3 undergoes ion exchange with H* ions in acid solutions to generate
H,TiO3. The acid solution elution process has an important influence on the adsorption
performance of lithium-ion sieves. Most scholars choose HCl as the eluent, and few have
explored the use of other eluents.

Wang et al. [68] modified the eluent from HCl to a weak polybasic acid and found
that citric acid (CA) is an ideal eluent. As shown in Figure 9, CA can significantly reduce
damage caused to the structure of HyTiO3. The titanium loss is only 0.27%, the elution rate
of Li* ions reaches 95.5%, and the lithium concentration in the elution solution is increased
up to 4.06 g/L. CA can also lead to an adsorption capacity for H,TiO3 of up to 52 mg/g,
which indicates that it is an ideal eluent.
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Figure 9. Schematic illustration of different acids eluting lithium-ion sieves: (a) H,TiO3 eluted by
CA; (b) HyTiOj3 eluted by HCI; (c) loss amount of titanium; (d) lithium concentration [68].

Ji et al. [51] chose sodium persulfate as the eluent, and the elution rate of Li* ions
was found to be higher than that of the HCI solution. As shown in Figure 10, HyTiO3
presents a spherical morphology, and the adsorption capacities in pure lithium solution are
26.90 mg/g, 20.23 mg/g, and 18.50 mg/g in sequence. Coexisting cations, such as Na*, K*,
and Mg?*, have little effect on the adsorption performance. During the first elution process,
the extraction amount of lithium is near to the theoretical value. This value is close to the
platform value in the first 60 min for the hydrolysis of sodium persulfate. The amount of
titanium lost is gradually decreased. Li;TiO3 eluted with 0.8 mol/L NayS,0Og showed a
better application performance.

Table 3 lists the results obtained for using different acids to treat the Li, TiO3 precursor.
Different eluents show different levels of Li* uptake and Ti** loss. It can be observed from
the table that different acids show higher Li*-ion elution rates, and HCI, H,C, Oy, citric acid,
and sodium persulfate all show Li*-ion elution rates of more than 94%. However, the Ti**
dissolution loss for HCl and citric acid is relatively small, which will not lead to significant
damage to the structure, and the lithium-ion sieves can be reused. The dissolution loss
of Ti** for H,C,0, and sodium persulfate is relatively high, which will lead to greater
damage to the structure. Therefore, both HCl and citric acid are ideal eluents for Li* ions.
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Figure 10. Li;TiO3 eluted by NayS;0s: (a) HyTiO3. (b) adsorption capacity; (c) lithium elution
amount; (d) loss amount of Ti [51].

Table 3. The results obtained for using different acids to treat the Li, TiO3 precursor.

Li* Uptake Ti** Loss
Eluent (%) (%) Ref.
HCl1 94.7 0.74 [68]
H,BO;3 84.6 0.71 [68]
H3PO;5 934 2.96 [68]
H,S03 91.8 1.9 [68]
H,C,04 95.3 21.26 [68]
C4HgOy4 88.7 1.4 [68]
Citric acid 95.5 0.27 [68]
Sodium persulfate 98.8 ~17.5 [51]

3.4. Other Influences

The adsorption performance of the H,TiO3 adsorbent depends not only on the proper-
ties and specific surface area of the material itself but also on the adsorption environment.
For example, the external environment, such as adsorption temperature and stirring, the
quantity of lithium-ion sieves, the pH value of the brine, the type and amount of anions
and cations, organic matter, etc. Appropriate adjustment of these influencing factors can
provide an ideal adsorption environment for the adsorption process, effectively improv-
ing the adsorption performance. It can provide theoretical guidance for the adsorption
environment in industrial applications and achieve the purpose of efficient adsorption.

4. Efficient Recycling

The efficient recycling of the H,TiO3 lithium-ion sieve is the premise for reuse. How-
ever, H,TiO3 with a large specific surface area is often prepared into nanoparticles, making
its recycling challenging. Below, several examples of efficient recycling are reviewed based
on doping, support, and other effective methods.

4.1. Doping

In response to recycling difficulties, Wang et al. [69] synthesized an effective Fe-doped
lithium titanium oxide via solid-phase reactions followed by acid treatment to form an iron-
doped lithium-ion sieve. The resulting solid powder displays both a superior adsorption
capacity for lithium and high separation efficiency for the adsorbent from the solution. In a
typical procedure, LIOH-H,O, TiO,, and Fe;O3 were weighed and ground according to the
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stoichiometric molar ratio (Li: Ti: Fe = 2:1:0.15), and the powders were ground for 20 min in
an agate mortar. The ground solids were calcined at 600 °C for 3 h, resulting in light brown
to brown solid powders. The obtained Fe-doped Li, TiO3 was treated with 0.5 mol/L HCl
solution at 30 °C for 24 h, washed, and dried to prepare the Fe-doped lithium-ion sieves.
As shown in Figure 11, the particle grains show a uniform Fe distribution, the primary
particles range in size from 100 to 200 nm, the mean size of the secondary agglomeration
particles is 28.6 um, and the BET surface area is 47.85 m?/g compared to 28.17 m?/g
without Fe doping. The equilibrium adsorption capacity in the LiOH solution reaches
53.3 mg/g within 24 h, which is higher than that of pristine Li, TiO3 (50.5 mg/g) without Fe
doping. The saturated magnetization value for Fe-doped H,TiOj3 is 13.76 emu/g, enabling
effective separation of the material from solid suspensions through the use of a magnet
with a separation efficiency of 96% or better, which can be applied at a large scale and
continuously removed from the LiOH solution.
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Figure 11. Iron-doped lithium-ion sieves: (a) O, Ti, and Fe elemental mapping; (b) separation
efficiency for varying Fe/Ti molar ratios; (c) adsorption capacity at different times; (d) adsorption
capacity for a varying Li* concentration [69].

4.2. Supports

Support is a commonly used method to avoid the loss of nanomaterials. Nanomaterials
supported on a carrier can improve the scattering, reduce the amount of nanomaterials
required, improve mechanical strength, and enable easier recycling. Typical carriers include
carbon, polymers, ceramics, etc.

Yu et al. [70] prepared a peculiar shuttle-like nanosized Li, TiO; lithium-ion sieve by
using a hydrothermal method, uniformly mixing with C4HgO7-H,O with a molar ratio of
1:1, and then calcination at 1100 °C under a N, atmosphere to obtain a Li; TiO3/C block.
The block H,TiO3/C lithium-ion sieve was obtained by eluting in 0.2 mol/L HCl solution
at 100 °C for 24 h. As shown in Figure 12, there are rich pores with different sizes present on
the surface and interior of H,TiO3/C, and it can be inferred that the solution mobility will
be enhanced. The shuttle-like nanosized H, TiO3 grains are evenly distributed on the porous
carbon membrane surface, and the H,TiO3 grains are shuttle-like with completely exposed
surfaces and uniform distributions with average lengths and diameters of 172 nm and
52 nm, respectively. The adsorption capacity of H,TiO3/C can reach 80% of the equilibrium
value after ~2 h of adsorption, indicating a higher adsorption efficiency. Similar adsorption
behaviour is exhibited under various conditions. The H,TiO3/C lithium-ion sieve shows
good stability, recyclability, and excellent selective adsorption performance.
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Figure 12. Peculiar shuttle-like H,TiO3/C lithium-ion sieve: (a) porous carbon membrane loaded
with shuttle-like nanosized TiO(OH), grains; (b) adsorption capacity curves for TIO(OH), /C LIS at
varying pH values; (c) adsorption capacity curves for TIO(OH), /C lithium ion sieves with different
cations; (d) cycling performance of TIO(OH), /C LIS [70].

Lawagon et al. [71] used polymers as supports to prepare lithium-ion sieves. He syn-
thesized Lip TiO3 using solid-phase methods and then supported it onto a polymer by using
electrospinning technology, as shown in Figure 13. Compared with other H,TiO3/polymer
nanofibres, HyTiO3/PANs show the largest specific surface area of 3.9 m?/g and exhibit
good hydrophilicity and the best adsorption capacity. HyTiO3/PANs show an excellent
recycling performance, which shows application potential.
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Figure 13. H,TiO3 /polymer NF lithium-ion sieve: (a) HyTiO3 /polymer nanofibre; (b) experimental
and predicted adsorption capacity of different H,TiO3 /polymer composites; (c) adsorption capacity
of HyTiO3/PAN NFs; (d) cycling performance of HyTiO3/PAN NFs [71].

Limjuco et al. [72] used soft poly(vinyl alcohol) (PVA) as a support to prepare the
H,TiO3/PVA lithium-ion sieve, as shown in Figure 14. Anatase-type TiO, and Li,COs3
(2:1 Li/Ti molar ratio) precursors were mixed, ground, and thermally treated in air using
an alumina crucible to obtain Li;TiO3 powder. The Li;TiO3 powder was delithiated using
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0.2M HCl for 24 h (1 g/L) to obtain H,TiO3 as a lithium-ion sieve. The H,TiO3 powder is
poured into the dissolved PVA, and the foaming agent is gradually added, accompanied
by vigorous stirring. The mixture expands to twice its original volume due to effective
froth formation. H,TiO3/PVA has a porous structure, good mechanical properties and
hydrophilicity, and the adsorption capacity is only slightly lower than that of H,TiO3
powder. Similar to a sponge, HyTiO3/PVA can realize the in and out flow of brine by
extrusion. H,TiO3/PVA has good Li*-ion selectivity and recycling performance.
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Figure 14. H,TiO3/PVA lithium-ion sieve: (a) H,TiO3/PVA lithium-ion sieve before, during, and
after compression; (b) adsorption capacity of the lithium-ion sieve; (c) metal ion uptake of the
lithium-ion sieve; (d) adsorption—desorption cycling performance [72].

Ceramic foam is also an ideal support material. Zhang et al. [73] supported H,TiO3 on
ceramic foams using the sol-gel method, as shown in Figure 15. Kaolin, talc powder, and
alumina were used as raw materials, and ceramic foams were directly prepared using a
foaming agent. CH3COOLIi and Ti(OC4Hy)4 are lithium and titanium sources, respectively.
After the Li,TiO3 sol was prepared using the sol-gel method, the ceramic foams were
placed into the sol and then dried at 80 °C for 5 h to form a gel. The gel was uniformly
distributed on the ceramic foams and calcined at 650 °C for 2 h. The H,TiO3-lithium
adsorbent was obtained after hydrochloric acid modification, filtration, washing, and
drying. The adsorptive capacity was found to reach a value of up to 21.0 mg/g. The
H,TiO;3 loaded onto ceramic foams solves the problem encountered by Li, TiO3 powders in
engineering applications.

Adsorption capacity/mg/g

0 2 4 6 8 10 12 14 16 18 20 22 24

Time /h

Figure 15. Li;TiO3 loaded onto ceramic foams: (a) Li; TiO3 loaded onto ceramic foams; (b) extraction
rate for Li* and adsorption capacity of H,TiO3-lithium adsorbent loaded onto ceramic foams [73].
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4.3. Large Particles

Large-particle lithium-ion sieves with porous structures have a high adsorption ca-
pacity and good separation ability. Chen et al. [74] synthesized a Ti-based ion sieve (PIS)
with a mesoporous structure through an agar-assisted strategy, as shown in Figure 16.
The H,TiO3 adsorbent prepared using the solid-phase method and agar were loaded in
15 mL deionized water and then heated to 100 °C with simultaneous stirring until the
agar was completely molten. The slurry was immediately dropped into cold simethicone
via an injector to obtain an ion sieve (IS). Moreover, the corresponding PIS was acquired
after the calcination of IS spheres at 550 °C for 1 h in air. The specific surface area of PIS
was 102.78 m?/g, which convincingly confirms the generation of a porous structure in the
thermal process. The pore diameters for the PIS were found to be mainly distributed in the
range of 3-5 nm, demonstrating its uniform mesoporous structure. PIS has an adsorption
capacity of 25.8 mg/g in geothermal water, and the adsorption equilibrium time is approxi-
mately 6 h. The PIS successfully improves the postseparation performance of Ti-LIS with a
guaranteed high capacity and fast kinetics and can be regarded as a promising candidate
for lithium recovery from geothermal water and even salty seawater.

(b) i
95
=
S’ o, ——IS
~—3—PIS

7

B 21 3 £1 51
Mass ratio (HTO:Agar)

100 (C) 12

80 Lo
% c
<
= 60 6 =
ot —o—154 B
= =
10 —Q=PIS-4 =

9 L3

20
o 11
0 2 4 6 10 1 2 3 4 s
t (h) Cycle times

Figure 16. IS and porous PIS spheres: (a) macromorphology and micromorphology; (b) lithium
adsorption efficiency for an IS and PIS with different mass ratios of lithium-ion sieve; (c) lithium
adsorption efficiency at different times; (d) desorption performance and reusability of PIS-4 in

geothermal water [74].

Table 4 lists a comparison of recyclable Li* adsorbents. Different recovery methods
for lithium-ion sieves have certain advantages. It can be seen that the use of different
recovery methods has no significant influence on the adsorption capacity, and the adsorp-
tion equilibrium time is relatively long, which is not practical for industrial applications.
Therefore, it is necessary to develop H,TiOj3 lithium-ion sieves, which can be recycled and
adsorbed efficiently.



Metals 2023, 13,977 15 of 18
Table 4. Comparison of recyclable Li* adsorbents.
Recycling Li* Concentration Adsorption Capacity = Equilibrium Time
Method Adsorbent Sample (mg/L) (mg/g) ) Ref.
Doping Fe-doped H,TiO3 LiOH solution 1800 53.3 20 [69]
HTO/C Li* solution 350 224 16 [70]
HTO/PANs LiOH solution 70 31-32 24 [71]
S HTO/PVA LiCl/LiOH solution 7 12 12 [72]
upported HTO/Ceramic
f LiOH solution 2000 21 12 [73]
oams
PVC-HTO Geothermal water 25.78 11.35 12 [75]
Larger HTO-agar assist Geothermal water 25.8 12.29 6 [74]
particles

5. Conclusions and Outlook

H,TiOj3 lithium-ion sieve is a layered double hydroxide with a 3R; sequence to arrange
oxygen layers. Its adsorption mechanism involves the breaking of surface O-H bonds
and the formation of O-Li bonds. H,TiO;3 lithium-ion sieves prepared from anatase in a
reasonable method show the largest adsorption capacity. Different recovery methods have
no significant influence on the adsorption capacity. As a new type of lithium adsorbent, it
has many advantages and is suitable for lithium extraction from salt lake brine. However,
titanium-based lithium-ion sieves have not been applied in industry, and their research lags
far behind that for other lithium-ion sieves. Many problems need to be studied in depth.

H,TiO3 has become the most promising lithium-ion sieve at this stage. However,
many challenges remain before it can be industrialized, which are summarized as follows:
(1) HpTiOs is usually used in powder form, which will lead to high pressure drops and
energy consumption. When the powdery material is filtered, the pressure drop is obvious,
the energy consumption increases, and the filtering time is long, which is not conducive
to practical production and application. So, we need to prepare large-particle lithium-ion
sieves with a large specific surface area to overcome the problems encountered. (2) There
is no unified standard for the adsorption process. Different scholars have determined the
adsorption capacity via different adsorption processes, and adsorption processes seriously
influence the adsorption capacity. This results in poor comparability for the data and
makes it difficult to determine whether a particular method is suitable. Therefore, it is
necessary to establish a unified standard for the adsorption process of H,TiOj3 lithium-
ion sieves to promote their development. (3) Eluent is widely used during synthesis
and recycling processes, which will cause damage to the environment. Therefore, it is
significant to recycle the eluent or develop an environmentally friendly eluent. (4) The
separation and recycling of the H,TiOj3 lithium-ion sieve is a vital assessment index for
industrial applications. Efficient separation and recycling can effectively reduce costs and
have substantial economic benefits. Lithium adsorbents with high-efficiency adsorption
and recovery still need to be explored further.
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