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ABSTRACT: Lithium (Li), as a strategic energy source in the 21st century, has a wide range of application prospects. As the
demand for lithium resources grows, refining lithium resources becomes increasingly important. A novel method was proposed to
directly prepare polyacrylonitrile−LiCl·2Al(OH)3·nH2O (PAN−Li/Al-LDH) composites from kaolin with simple operation and low
cost, showing effective adsorption performance for the removal of Li(I) from brine in a salt lake. Moreover, several techniques have
been applied for characterization, including X-ray diffraction, Fourier transform infrared spectroscopy, scanning electron microscopy,
X-ray photoelectron spectroscopy, and the Brunauer−Emmett−Teller method. Batch adsorption experiments were conducted to
investigate the adsorption behaviors of PAN−Li/Al-LDHs for Li(I) in salt-lake brines, indicating that the adsorption equilibrium
could reach within 2 h, and the adsorption kinetics for Li(I) conforms to the pseudo-second-order model. The adsorption isotherms
are consistent with those obtained by the Langmuir model, with a maximum adsorption capacity of 5.2 mg/g. The competitive
experimental results indicated that PAN−Li/Al-LDHs exhibited specific selectivity for Li(I) in the mixed solutions of Mg(II), Na(I),
K(I), and Ca(II) with the selectivity coefficients of 9.57, 19.38, 43.40, and 33.05, respectively. Moreover, the PAN−Li/Al-LDHs
could be reused 60 times with basically unchanged adsorption capacity, showing excellent stability and regeneration ability.
Therefore, PAN−Li/Al-LDHs would have promising industrial application potential for the adsorption and recovery of Li(I) from
salt-lake brines.

1. INTRODUCTION

As the lightest alkali metal, lithium (Li) is an important
strategic energy source in the 21st century,1,2 becoming a
crucial material in the production of glass,3,4 nuclear reactors,5

and lithium batteries.6−8 In recent years, due to the rapid
development of new energy vehicles,9 the market price of
lithium has risen rapidly, and the demand for lithium resources
has continued to rise at an annual rate of 10%.10 Since about
70% of lithium’s world resources exist in salt lakes,11 the
selective extraction of Li(I) from salt-lake brines is of great
significance for alleviating the tight supply and rising demand
for lithium resources in the current market.
Currently, several techniques are available for Li(I)

extraction from salt-lake brines, such as precipitation,12

extraction,13,14 membrane separation and coupling,15 salt-
gradient solar ponds,16,17 and adsorption methods.18 Nowa-
days, the adsorption method is one of the promising
techniques to extract Li(I) from salt lakes, owing to the
advantages of high efficiency,19 simplicity of operation, and low

energy consumption.20 Chitrakar et al. prepared the
H1.6Mn1.6O4 powder using the hydrothermal method. The
adsorption capacity of the powder could reach 40 mg/g within
48 h, and the dissolution-loss rate of Mn was 7.1% after two
cycles.21 Zhang et al. prepared HMn2O4 particles with an
average diameter of 20 nm and an adsorption capacity of 20
mg/g in LiCl solution at pH 10.1, which could selectively
adsorb Li(I) in salt lakes with the distribution coefficient Kd of
Li(I) as 16,770.63.22 In order to improve the stability of
H1.6Mn1.6O4, Zhang et al. calcined Li1.6Mn1.6O4 precursors
twice at 450 °C via a solid sintering technique to maintain the
adsorption capacity at 25 mg/g, with a loss rate of Mn of less
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than 20% after six cycles.23 In addition, the adsorption of Li(I)
under acidic conditions at pH 6.5 was achieved by the
adsorbents with introducing TiO2 into a layered H2TiO3
powder, which exhibited a maximum adsorption capacity of
57.8 mg/g at 60 °C, a reduced adsorption time of 8 h, and an
adsorption capacity of 25−30 mg/g after six cycles.24,25

Polymethyl methacrylate was applied as the template to
synthesize a Li(I)-ionic sieve precursor and porous nanoscale
Li4Ti5O12 with a saturation adsorption capacity up to 56.81
mg/g.26 Furthermore, the LiCl·2Al(OH)3·nH2O (Li/Al-
LDHs) powder was synthesized using aluminum (Al)
compounds, such as Al(OH)3 and AlCl3, and organic polymer
as adhesives,27−29 such as polyvinyl chloride, polyvinylidene
fluoride, polystyrene sulfonate, and polyvinyl alcohol
(PVA).30−34 The adsorption capacity of Li/Al-LDHs after
granulation reached 1 to 5 mg/g and Li(I) could be directly
eluted with deionized water.35,36 Although several strategies
have been attempted to improve the adsorption capacity,
stability, and selectivity of the adsorbent for Li(I), these
adsorbents are powdery or granular in nature and have
significant resistance to flow during the dynamic adsorption
process. Moreover, the separation of these adsorbents is
commonly difficult due to their agglomeration, which hinders
the practical industrial application of adsorbents. Therefore, it
is necessary and urgent to develop adsorbents for Li(I)
recovery with low flow resistance and easy separation.
With the advantages of low flow resistance, large specific

surface area, and easy separation, fiber-based adsorbents are
widely used for metal recovery in solution. Li et al. conducted
the sol−gel polymerization of 3-mercaptotrimethoxysilane on
electrospun polyacrylonitrile (PAN) nanofibers and synthe-
sized new sulfhydryl-functionalized silica nanofibers. The
adsorption of Hg(II) reached saturation within 30 min with
a maximum adsorption capacity of 57.49 mg/g.37 To obtain
more adsorption sites, oxosilane derived from tannic acid
(polyphenol)-induced biomimetic co-deposition of cardanol
was grafted onto a cellulose nanofiber framework to adsorb
Cu(II) from wastewater with a saturated adsorption capacity of

45.6 mg/L.38 Jamshidifard et al. prepared PAN/chitosan
nanofibers containing UiO-66-NH2MOF, having a specific
surface area of 1118 m2/g according to the Brunauer−
Emmett−Teller (BET) method, and an inner pore diameter
ranging from 9 to 13 Å. The maximum adsorption capacities of
these adsorbents were 441.2, 415.6, and 372.6 mg/g for Pb(II),
Cd(II), and Cr(VI), respectively, indicating excellent separa-
tion effects of such composite fibers.39 Koushkbaghi et al.
added aminated Fe3O4 nanoparticles to polyethersulfone/PVA
nanofibers and then synthesized bilayer mixed matrix
membranes for the removal of Cr(VI) and Pb(II) from
water. The maximum adsorption capacities of Cr(VI) and
Pb(II) were 509.7 and 525.8 mg/g, respectively, and the
adsorption capacity of the adsorbents remained basically
unchanged after three adsorption cycles.40 The above-reported
studies suggest that the fiber-based adsorbents with stable
structure have promising application prospects. To the best of
our knowledge, very little research has been devoted towards
fiber-based adsorbents for the selective separation of Li(I)
from salt lakes.
In this work, a high-performance adsorbent material for the

selective separation and recovery of Li(I) from salt-lake brines
was designed and synthesized through the combination of
electrospinning technique and Li/Al-LDHs prepared from
kaolin. Specifically, kaolin-prepared Li/Al-LDHs bulk phases
were blended into electrospun nanofibers to synthesize a novel
adsorbent material with high stability, low cost, and excellent
hydrodynamic properties. The internal structure, stability, and
mechanisms of directional capture of the adsorbent Li(I) were
revealed according to a series of characterization techniques,
adsorption experiments, and theoretical calculations.

2. MATERIALS AND METHODS

2.1. Materials and Chemicals. The chemical reagents
(analytical grade) were mainly purchased from Sinopharm
Chemical Reagent Co., Ltd. and Rhawn Reagent Co., Ltd.
[Supporting Information (Text S1)]. The brine was sourced
from Zabuye Salt Lake in the Tibet Autonomous Region,

Figure 1. Schematic description of the preparation process of PAN−Li/Al-LDH composite adsorbents.
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China. The pH of the brine was 7.5, and the elemental
concentrations were determined using inductively coupled
plasma-atomic emission spectroscopy (ICP-AES), as shown in
the Supporting Information (Table S1).
2.2. Li/Al-LDH Nanofibers Synthesized from Kaolin. 5

g of kaolin, as raw material, was placed in a muffle furnace to
be activated at 700 °C for 1 h. The activated kaolin was
dissolved with 50 mL of HCl at a concentration of 20 wt %.
The solution was stirred at 90 °C for 5 h, and a 50 mL LiCl
solution with a concentration of 11.58 g/L was prepared. The
above kaolin solution and LiCl solution were simultaneously
added to 2 mol/L NaOH solution. The pH value was
downregulated to a final value of 4.5 using a blender (75 °C,
150 rpm). After continuous stirring and aging for 30 min, the
reactants were filtered and dried at 100 °C for 2 h, and the
products were mechanically ground to form nanoparticles. The
product obtained in this step was the Li/Al-LDH nanosized
powder.
The pretreated 0.5 g Li/Al-LDH nanosized powder was

added to N,N-dimethylformamide for 30 min of ultrasonic
dispersion, and then PAN fibers were added. The uniform and
transparent spinning solution, with a concentration of 13 wt %,
was prepared by magnetic stirring at 90 °C for 4 h. The
spinning solution was poured into a 10 mL needle syringe with
an 18 G needle as the spinning head, having an inner diameter
of 0.83 mm. Then, the syringe was installed on a micropump to
control the flow rate of the spinning solution. The following
specific parameters were used for the spinning process: a
voltage of 15 kV and a spinning solution flow rate of 0.25 mL/
min. The drum receiver was rotated at 450 rpm with a
receiving distance of 150 mm. PAN−Li/Al-LDH nanofibers
can be prepared by vacuum drying the spinning products in an
oven at 50 °C for 12 h (Figure 1).
2.3. Characterization. The as-synthesized experimental

samples were characterized by using X-ray diffraction (XRD),
scanning electron microscopy (SEM), BET, X-ray photo-
electron spectroscopy (XPS), and Fourier transform infrared
(FT-IR) spectroscopy. The concentrations of ions in the brine
solution were determined using ICP-AES. Detailed informa-
tion related to the characterization can be found in the
Supporting Information (Text S2).
2.4. Adsorption Experiment. A static adsorption experi-

ment of Li(I) was conducted in the batch mode to investigate
the adsorption kinetics, adsorption isotherms, and adsorption
selectivity of Li(I), as well as the adsorption capacity under
different pH values. In addition, the recycling performance was
studied using a stationary bed. The adsorption kinetic data
were analyzed using the pseudo-first-order and pseudo-second-
order models. The adsorption isotherm data were fitted using
the Langmuir and Freundlich models. The reusability of
PAN−Li/Al-LDH nanofibers was further investigated by Li(I)
desorption with the stationary bed adsorption method. A series
of experiments were carried out to investigate the selective
adsorption of ionic materials in salt-lake brines. More detailed
information is provided in the Supporting Information (Text
S3).
2.5. Calculation Methods. The adsorption energy of Li(I)

on PAN−Li/Al-LDHs and the structural energy differences of
Al, O, Li, Cl, and H compounds were calculated using the
generalized gradient approximation of Perdew−Burke−Ern-
zerhof (GGA-PBE).41−43 The structural energy differences of
Al, O, Li, Cl, and H were calculated, respectively.44,45

Additional details are provided in the Supporting Information
(Text S4).

3. RESULTS AND DISCUSSION
3.1. Characterization of PAN−Li/Al-LDH Composite

Adsorbents. Figure 2 shows the XRD patterns of Li/Al-

LDHs prepared from kaolin. The XRD pattern of kaolin
exhibited shallow and symmetrical peaks, including the
characteristic peaks of the Si−O structure at a 2θ of 26° and
the characteristic peaks of Al−O at 42 and 46°.46 No distinct
impurity peak was found in the spectrum of kaolin. However,
the XRD pattern of Li/Al-LDHs prepared from kaolin shows
sharp peaks, indicating excellent crystallinity. The peaks at 2θ
values of 11.42 and 23.19° indicated the typical crystal form of
Li/Al-LDHs, confirming the preparation of Li/Al-LDHs based
on kaolin.47,48 Figure 3 displays SEM images of PAN−Li/Al-
LDHs before and after adsorption of Li(I). As can be seen
from Figure 3a, the nanofibers were regular and uniformly
distributed with a diameter of about 300 nm. The surface of
the nanofibers was smooth, with abundant pores distributing
between the fibers. These characteristics of PAN−Li/Al-LDHs
would be conducive for the capture of the target ions from the
salt-lake brine.
Figure 4 presents the nitrogen (N2) adsorption isotherms of

Li/Al-LDHs. As shown in Figure 4a, there is a type IV
adsorption isotherm before adsorption, accompanied by
hysteresis loops after condensation.49 This indicated that the
as-prepared Li/Al-LDHs were mesoporous adsorbents, and the
cylindrical pores were mainly manifested in the structure with
uniform pore distribution.50 According to the IUPAC
classification, the hysteresis possibly resulted from the capillary

Figure 2. XRD patterns of Li/Al-LDH composite adsorbents
prepared from kaolin before and after adsorption.

Figure 3. SEM images of PAN−Li/Al-LDH composite adsorbents (a)
before and (b) after adsorption of Li(I).
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condensation of the mesopores, revealing abundant inter-
mediate pores and well-developed pore structure in the Li/Al-

LDHs. As the pressure increased with P·P0
−1 < 0.8, the

adsorption capacity increased slowly with a small slope of the
adsorption curve, indicating the existence of certain micro-
pores in the Li/Al-LDHs. While as the pressure increased with
0.8 < P·P0

−1 < 1, the slope of the adsorption curve increased
rapidly, suggesting the large number of mesoporous in the
adsorbents.51 As can be seen from Figure 4b, a type IV

Figure 4. N2 adsorption and desorption isotherms of Li/Al-LDH composite adsorbents (a) before and (b) after adsorption of Li(I).

Figure 5. XPS fitting (a) and the FT-IR spectra (b) of Li/Al-LDH
composite adsorbents before and after adsorption of Li(I).

Figure 6. Influences of the pH value on the adsorption capacity of
PAN−Li/Al-LDHs for Li(I).

Figure 7. Change in the adsorption capacity with time.
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isotherm was displayed with a decreased maximum N2
adsorption capacity and a change in the hysteresis loops,
indicating the varied pore diameter and pore volume after
adsorption. The adsorption curve increased slowly with
increasing pressure under P·P0

−1 below 0.8, while it increased
rapidly with increasing pressure under P·P0

−1 above 0.6. The
above results indicated that the Li/Al-LDHs displayed a
decreased pore volume after adsorption and presented a typical
type IV adsorption isotherm before and after adsorption, which
confirmed the uniform pore distribution and stable structure of
the adsorbents.52,53

Figure 5a shows XPS characterization of Li/Al-LDHs. It can
be seen that Al, O, and Li elements appeared in the Li/Al-
LDHs with binding energies of 73.68, 531.28, and 54.48 eV,
respectively.54−56 Figure 5b displays the FT-IR spectra of Li/
Al-LDHs before and after the adsorption of Li(I). Before the
adsorption, the FT-IR spectra of Li/Al-LDHs exhibited Al−O
stretching vibration peaks at 935, 753, and 519 cm−1. The
infrared band near 3450 cm−1 was attributed to the stretching
vibration of OH groups, and the infrared band at 1622 cm−1

was ascribed to the adsorbed water bending vibrations. The
absorption of Li(I) in the Li/Al-LDHs led to the Al−O
stretching vibration peak at 1004 cm−1, and the changes at
3622 and 3566 cm−1, which were attributed to the stretching
vibration of OH groups in the Li/Al-LDHs, are consistent with
the results in the reported studies.55,57,58

3.2. Effect of pH on Adsorption. The pH value is a
crucial parameter influencing the adsorption performance of
metal ions because it may change the surface charge
distribution of adsorbents and the morphology of metal ions
in an aqueous solution.59 The pH values ranging from 2.5 to
10.5 were investigated for the adsorption capacity for Li(I)
since the adsorbed material would be dissolved under the pH
value below 2.5, and other metal ions existing in the aqueous
solution would precipitate out with OH− under the pH value
above 10.5.60 As can be seen from Figure 6, the adsorption
capacity for Li(I) reached a maximum value of 5.2 mg/g at pH
3.0. As the pH value increased to 7.5, the adsorption capacity
for Li(I) decreased. During the adsorption process, Li(I),
anions, and water molecules firstly entered the layers of
adsorbents. Owing to the presence of a large amount of Al(III)
on the layer walls of adsorbents, most of the OH− in the
system could combine with Al(III) to form an Al−OH
structure; however, H+ was readily mobilized at a low pH
value. In this case, Li(I) could bind to Al−O− to enter the

nodes in the layers of adsorbents. With the increase of the pH
value, the increased concentration of OH− in the system made
it more difficult for H+ to be free, which hindered the binding
between Li(I) and Al−O. The adsorption of Li(I) increased at
the pH value of 7.5−9.0, which might be because Al(III) on
the layer surface of adsorbent materials could bind partially
with Li(I) in the form of [Li(OH)2]

− in addition to OH− in
the system. The adsorption capacity for Li(I) decreased
slightly as the pH value in the system increased further to 10.5
due to the partial transformation of Al(III) to AlO2

− in the
adsorbents. In this case, Li(I) mainly existed in the form of
complex OH− states with a small amount of free Li(I). The
capture of Li(I) adsorbents was more likely to depend on the
binding of AlO2

− and Li(I). Excess OH− would compete with
the AlO2

− structure in the adsorbent material, resulting in a
decrease in the adsorption capacity.

3.3. Adsorption Behaviors. The adsorption of Li(I) by
the adsorbents as a function of time is shown in Figure 7. The
adsorbents exhibited a fast adsorption for Li(I), with over 95%
of adsorption rate at around 90 min and the equilibrium within
2 h. Compared with similar adsorbents reported in the
literature, the PAN−Li/Al-LDHs in this work presented a
superior adsorption performance for Li(I), as listed in Table 1.
The excellent adsorption performance of PAN−Li/Al-LDHs

was mainly attributed to the formation of the Al−O structure
with a large amount of OH− binding to Al(III) in the
adsorbents. The decreased adsorption rate in the later stages
might be due to the slowing down of the Li(I) diffusion with
the binding of Al−O in the Al(OH)3 layers. During the
preparation of the adsorbent, the imported Li(I) was removed
by water washing, resulting in the generation of the vacant sites
for Li(I) adsorption. Since these adsorption sites were
commonly located deeper in the adsorbents, Li(I) should
migrate to the interior by molecular diffusion, and thus a
longer time was required to reach the adsorption equilibrium.
In order to reveal the adsorption mechanisms for Li(I), the

experimental data were analyzed based on the pseudo-first-
order and pseudo-second-order kinetic models. Table 2 lists
the relevant kinetic parameters, and the Supporting Informa-

Table 1. Comparison on Li(I) Adsorption Performance of
Adsorbents in the Reported Literature

sorbents

adsorption
equilibrium time

(h)

adsorption
capacity
(mg/g) refs

PAN−Li/Al-LDHs 2 5.2 current
research

Li/Al-LDHs 10 3.0 36
MLDHs 4−5 3.46 48
Li/Al-LDHs@PVCM 10 4.92 58

Table 2. Kinetic Parameters

pseudo-first-order pseudo-second-order

temperature (K) k1 (min−1) qe,cal (mg/g) R1
2 k2 (mg/(g·min)) qe,cal (mg/g) R2

2

298 0.095 4.79 0.924 0.015 5.54 0.967

Figure 8. Comparison of Langmuir and Freundlich adsorption
models for Li(I) adsorption of the adsorbing materials.
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tion (Figure S1) shows the fitting curve of the kinetics.
According to the kinetic data, the pseudo-second-order
kinetics was more appropriate to describe the whole adsorption
process with a correlation coefficient of 0.967. Besides, the
maximum equilibrium adsorption capacity calculated from the
pseudo-second-order kinetics was closer to the experimental
data, indicating the chemical process of adsorption. As
expected, the presence of Al(III) in the adsorbents allowed
binding to OH−, while the amount of Al(III) determined the
quantity of OH− and ultimately the amount of Li(I). However,
during the preparation of the adsorbent, the Li(I) adsorption
vacancies were found in the octahedra between the Al(OH)3

layers, and the diffusion of Li(I) between the Al(OH)3 layers is
the determining factor for the entire adsorption process.
Therefore, the overall adsorption rate could be accelerated by a
certain heating or stirring.
Figure 8 shows the adsorption isotherms of Li/Al-LDH

composite adsorbents for Li(I). It can be seen that the
equilibrium adsorption capacity increased with the increase of
the initial concentration. As Li(I) concentration in the system
increased, the driving force for mass transfer increased. As
mentioned above, the adsorption sites for Li(I) in the
adsorbents were derived from the diffusion of Li(I) into the
octahedra between the Al(OH)3 layers. When these fixed
adsorption sites were largely occupied by Li(I), the adsorption
capacity would not greatly change. The experimental data were
fitted by the Freundlich and Langmuir adsorption isotherm
models, and the relevant data are listed in Table 3. It can be
found that the correlation coefficient fitted by the Langmuir
adsorption isotherm model was closer to 1, and the calculated
maximum adsorption capacity was very similar to the
experimental adsorption capacity. Therefore, it could be

Table 3. Relevant Parameters of Langmuir and Freundlich Models

Langmuir Freundlich

temperature (K) qe,exp (mg/g) qmax,cal (mg/g) KL (L/mg) RL
2 n KF (mg/g) RF

2

298 5.15 5.29 0.566 0.992 5.094 2.281 0.825

Figure 9. Adsorption of PAN−Li/Al-LDHs for Li (I), Mg(II), K(I),
Na(I), and Ca(II) under different ratios of aluminum to lithium.

Figure 10. Selectivity of the adsorbing materials for Li(I) at the pH
values of 3.0 and 7.5.

Table 4. Adsorption Parameters for Selectivity of the
Adsorbent

distribution
coefficient (Kd)

(mL/g)

ions pH D (Li) D (M) selectivity coefficient (K)

Li(I)/Mg(II) 3.0 116.32 12.15 9.57
7.5 66.10 4.84 13.65

Li(I)/Na(I) 3.0 140.50 7.25 19.38
7.5 68.38 3.62 18.89

Li(I)/K(I) 3.0 139.32 3.21 43.40
7.5 68.83 2.00 34.42

Li(I)/Ca(II) 3.0 139.49 4.22 33.05
7.5 67.00 2.20 30.45

Figure 11. Cyclic capacity.
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concluded that the adsorption process was more in agreement
with the Langmuir adsorption isotherm model, and the
adsorption process could be regarded as monolayer adsorption.
During the preparation of the adsorbent, Li(I) was first
introduced into the octahedra between the Al(OH)3 layers and
then was adsorbed through vacancies generated by water
washing. Therefore, the preparation method mainly deter-
mined the number of vacancies for Li(I) adsorption, and these
adsorbed vacancies existed a certain space between them but
no interaction.
3.4. Selectivity and Regeneration. The selectivity to

target ions and the regeneration performance of the adsorbents
are directly related to the prospects of practical industrial
applications. Since Li(I) commonly coexisted with K(I),
Na(I), Ca(II), and Mg(II), these ions were chosen as the
interfering ions to investigate the selectivity of the adsorbents
for Li(I). Figure 9 presents the comparison of the adsorption
capacities of the adsorbents prepared with different Al−Li
ratios. Table 3 lists the relevant selectivity parameters. It can be
seen that the adsorbents displayed an obviously higher
adsorption capacity for Li(I) that other metal ions in the
mixed solution. In addition, the adsorption capacity for Li(I)
increased with the increase of the Al−Li ratio from 1.27 to 1.67

and then decreased. During the adsorbent preparation, the
increase of Al(III) allowed more OH− binding to the layer
walls and generated more Al−O− structures from free H+

under acidic conditions, contributing to a large amount of
adsorbed Li(I). The high concentration of Li(I) was conducive
to the diffusion toward the octahedra between the Al(OH)3
layers. When the Al−Li ratio reached a certain value, the
adsorption capacity for Li(I) decreased, probably due to the
formation of fewer vacancies for Li(I) adsorption in the
octahedra between the Al(OH)3 layers. Thus, the excellent
selectivity for Li(I) was probably because of the good match of
Li(I) within adsorption vacancies in the adsorbents. In
contrast, the adsorbents had a certain affinity for Mg(II) due
to the similar radius of Mg(II) (0.065 nm) with Li(I) (0.068
nm).
Figure 10 displays the selectivity of the adsorbents for Li(I)

at pH values of 3.0 and 7.5, and Table 4 lists the relevant
selectivity parameters. It was found that the adsorbents
exhibited the highest adsorption capacity and a stronger
affinity for Li(I) at pH 3.0. All the metal ions had less
adsorption capacity at pH 7.5, mainly because it is more
difficult for H+ in Al−OH to liberate, mobilize, and bind to
these metal ions at a higher pH value.
The stability of the adsorbents was detected through eluting

the adsorbed Li(I) eluted with deionized water. After 60
adsorption−desorption cycles, the adsorbents still retained the
excellent adsorption performance and selectivity for Li(I), as
shown in Figure 11. The adsorption capacity could reach 4.9
mg/g, and the selectivity coefficients for Mg(II), Na(I), K(I),
and Ca(II) were 9.57, 19.38, 43.40, and 33.05, respectively.
These results indicated that the prepared adsorbents displayed
excellent stability with broad application prospects.

3.5. Adsorption Mechanisms. The adsorption mecha-
nisms of Li(I) on the surface of nanofibers were explained from
a macroscopic perspective through adsorption experiments. In
addition, the capture mechanisms of Li(I) adsorption sites
were revealed from a microscopic perspective by means of
XPS, FT-IR spectroscopy, and theoretical calculations. Figure
12 illustrates a schematic diagram of the relevant adsorption
mechanisms. Figure 5b compared the FT-IR spectra of the

Figure 12. Adsorption mechanisms of PAN−Li/Al-LDHs.

Figure 13. XPS survey spectra (a,b) before and (c,d) after the
adsorption of Li(I) by PAN−Li/Al-LDHs.
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adsorbent before and after the adsorption of Li(I). Before
adsorption, the absorption peaks at 935, 753, 519, and 3450
cm−1 corresponded to the Al−O and OH stretching vibrational
peaks in Li/Al-LDHs, respectively. After adsorption, the
absorption peak at 935 cm−1 was shifted to 933 cm−1, and
that at 3450 to 3445 cm−1 due to the fact that the metal ions
required more energy to vibrate after binding. Figure 3b shows
the SEM image of the adsorbents after the adsorption of Li(I).
It can be seen that the diameter of the nanofibers increased to
1500−2000 nm after adsorption, around 5−7 times thicker
than that before adsorption. The surface of the adsorbents
became rougher, with a large number of metal ions adsorbed.
These changes were mainly due to the increased distance
between the Al(OH)3 layers after adsorption of Li(I), which
could be proved by the BET results. As listed in the Supporting
Information (Table S2), the specific surface area of the
adsorbents decreased from 19.342 to 8.709 m2/g, and the
specific pore volume decreased from 0.034 to 0.026 cm3/g
after adsorption. Moreover, the average pore diameter
decreased from 3.537 to 1.942 nm. These results demonstrated
that Li(I) had entered the adsorption vacancies and was
adsorbed by the adsorbents.
Figure 5a shows the chemical composition of the as-

adsorbed material before and after the adsorption of Li(I).
After adsorption, a clear characteristic peak of the element Li
appeared, and the main peak shifted to the left, indicating the
adsorption of Li(I). In addition, Figure 13a,b demonstrates the
narrow-spectrum fitting of Al and O before adsorption. The
characteristic peak at 74.03 eV was attributed to Al−O in
Al(OH)3, consistent with the characteristic peak in the
standard Al(OH)3.

55,61 However, the narrow-spectrum fitting
of Al and O changed distinctly after the adsorption of Li(I),
with the characteristic peak of Al−O increasing to 74.28 eV,

and those of −OH, H2O, and Al−O shifting to the right, which
may be due to the O in Al−O participating in the adsorption of
Li(I) as an electron donor. Based on the characterization
results and literature reports, the main component of Li/Al-
LDHs could be confirmed as LiCl·2Al(OH)3·nH2O, and the O
peak changed in the peak-splitting fitting of XPS. It can be
inferred from the structure of the adsorbents that the element
O in PAN−Li/Al-LDHs played an important role in the
adsorption of Li(I). Figure 14 shows the adsorption energies of
the adsorption sites in PAN−Li/Al-LDHs calculated using the
GGA-PBE functional. According to the calculated results, the
adsorption energies were found on six sites on the layered
PAN−Li/Al-LDH structure and had large values for Al−O and
Al−Al structures, corresponding to the mechanism derived
from the XPS results, that is, the O in Al−O participated in the
adsorption of Li(I) as an electron donor.

4. CONCLUSIONS

In this work, PAN−Li/Al-LDH composite adsorbents were
directly synthesized using kaolin as raw material, and they
displayed efficient and selective adsorption for Li(I) from the
salt-lake brine. A series of adsorption experiments indicated
that the adsorption kinetics of PAN−Li/Al-LDH adsorbents
were in accordance with the pseudo-second-order model, and
the isothermal adsorption conformed to the Langmuir model
with a maximum adsorption capacity of 5.2 mg/g at pH 3. The
adsorption occurred through a chemical adsorption process.
The selectivity coefficients of PAN−Li/Al-LDHs were 9.57,
19.38, 43.40, and 33.05 for the mixed solutions of Mg(II),
Na(I), K(I), and Ca(II), respectively, indicating the selective
adsorption of PAN−Li/Al-LDH adsorbents for Li(I). After 60
adsorption−desorption cycles, the adsorption capacity could
be maintained at 4.9 mg/g, suggesting favorable stability and

Figure 14. Calculation of adsorption energies at each site (a) Otopsite-Al−Al−Li (b) triangle-site-Al−Al−Li (c) triangle-site-Al-centered-O3 (d)
triangle-site-Al-centered-O3 (e) Cl2−O2 site (f) Cl1−O1 site.
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strong regeneration ability. Therefore, PAN−Li/Al-LDH
composite adsorbents could be applied for the separation
and recovery of Li from salt-lake brines, making it a novel
adsorption material with the potential for industrial applica-
tions.
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