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A B S T R A C T   

Lithium as a strategic metal exhibits extensive applications in the 21st century. The high-efficiency extraction of 
lithium resources is of economic significance as the market demand for electric vehicles powered by lithium-ion 
batteries increases rapidly. A novel silica gel (SG)/graphene oxide (GO) composite nanofiber was prepared by 
combining surface imprinting technology with electrospinning technology to capture Li(I) from salt lakes in an 
oriented manner. The batch adsorption experiments and fixed-bed adsorption experiments were conducted to 
evaluate the adsorption performance of the composites. The SG/GO composite exhibited a maximum adsorption 
capacity of 1.1 mg/g for Li(I). The adsorption kinetics tallied with the pseudo-second-order model, and the 
isothermal adsorption was similar to the Langmuir model. The adsorption process of the SG/GO composite is one 
of monolayer chemical adsorption, and the adsorbates did not interact. The adsorption mechanism was revealed 
by Fourier transform infrared (FT-IR) spectroscopy and scanning electron microscopy (SEM), combined with 
density functional theory (DFT) computation. The mechanism analysis indicated that the charge transfer 
occurred between the surface functional groups and metal ions in the adsorption process. The electrons mainly 
transferred from the P and O atoms of the functional groups to the 3p orbit of Li(I) to form coordinate bonds, 
which finally achieved the goal of oriented capture of Li(I). The polyacrylonitrile (PAN)/ion-imprinted polymer 
(IIP) composite nanofiber is a novel, high-efficiency adsorbing material for recovering Li(I) from salt-lake brine.   

1. Introduction 

Lithium as the lightest alkali metal is an important strategic resource 
in the 21st century [1–3], which is widely applied in the fields of glass 
[4], nuclear reactors [5,6], and lithium batteries [7–10]. In recent years, 
the market price of lithium is rising apace due to the rapid development 
of new energy vehicles [11], and the demand for lithium resources is 
also growing constantly at a rate of 10% per year [12]. There is about 
70% of global lithium resources in the salt lakes [13]. Therefore, it is 
important to realize the selective extraction of lithium resources from 
the salt-lake brine to alleviate the supply shortage of lithium resources in 
the market. 

Our research team is dedicated to studying the recovery of lithium 
resources from the salt-lake brine in China since 2000. The salinity 
gradient solar pond method was pioneered to recover the lithium re-
sources from Zabuye Salt Lake in the Tibet Autonomous Region of China, 

which is the first production base for extracting lithium from salt lakes 
and is still in use [14–19]. However, the construction of salt pans re-
quires a long processing cycle. New attempts were made, as described in 
this paper. At present, a variety of Li(I) recovery technologies were re-
ported [20–22], including solvent extraction method [23–26], mem-
brane separation technique [27–31], precipitation method [32], and 
adsorption method [33–36]. Among them, the adsorption method is 
regarded as one of the most promising to extract Li(І) from the salt-lake 
brine, which is benefit from its unique advantages such as simple pro-
duction process, low cost, controllable extraction process, and low en-
ergy consumption [37,38]. Researchers employed TiO2 or Ti(OC4H9)4 as 
the titanium sources and LiOH, Li2CO3, or CH3COOLi as the lithium 
sources to produce the precursors through the combination of the 
high-temperature solid-state method, hydrothermal synthesis, and 
sol-gel technique. The pre-introduced Li(І) was eluted with acids, and 
then the titanium-type lithium ion-sieves or adsorbents (Li4Ti5O12, 
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Li2TiO3, TiO2@CNT, and so on) were obtained. The adsorbent exhibits a 
stable structure, low dissolution-loss rate of titanium, and favourable 
recovery performance, which selectively adsorb Li(І) from salt-lake 
brine containing high-concentration Mg(II) with the maximum adsorp-
tion capacity of 49.9 mg/g [39–42]. λ-MnO2 with spinel structures of the 
manganic oxides features three-dimensional (3-d) network-like ion 
channels, and Li(І) is more readily embedded in it to form a more or-
dered crystalline structure, which confers a special adsorption effect on 
Li(І) [43]. Zhang et al. prepared HMn2O4 particles with an average 
diameter of 20 nm, which selectively adsorbed Li(І) from the salt-lake 
brine. According to the distribution coefficient Kd, the ions are listed 
in descending order as Li(І), Mg(II), Ca(II), K(І), and Na(І) in the mixed 
solution of multiple metal ions with a pH of 10.1 [44]. Xiao et al. syn-
thesized granular PVC- H4Mn5O12 composite materials with a diameter 
of 2–3.5 mm using an anti-solvent method by employing polyvinyl 
chloride (PVC) as the binder and N-methyl pyrrolidone (NMP) as the 
solvent. Li(І) diffused inside the adsorbents, and the mass transfer co-
efficient was Kf =(1.8–2.5) × 10− 5 m/s [45]. To improve the adsorption 
rate of the adsorbing materials, scholars conducted a template poly-
merization of high internal-phase emulsions (HIPEs) to form porous 
polymer PolyHIPEs. PolyHIPEs were then used as the carrier, and crown 
ether with specific adsorption effects on Li(І) was anchored. Therefore, a 
composite adsorbent was prepared, which reached an adsorption equi-
librium within 2.5 h, and the adsorption kinetics agreed with the 
pseudo-second-order model in adsorption [46]. However, these 
adsorbing materials are commonly granular, which will be dissolved and 
lost in the process of recovering Li(І). In view of this, this study attempts 
to develop a high-efficient adsorbing material, which is characterized by 
low flow resistance, easy recovery, low cost, and no reduction in the 
selectivity of Li(І). 

Developed from molecular imprinting technology, ion imprinting 
technology is an effective method to prepare adsorption materials with 
specific selectivity for target ions, because the adsorption vacancy 
formed in this way is highly matched with the charge number, radius 
and spatial structure of template ions [47]. The polymers prepared by 
ion imprinting technology show good selectivity to target ions, and 
surface imprinting technology can solve the problem of slow adsorption 
rate of the prepared materials to target ions to a great extent. Never-
theless, there still exist two problems hindering the development of ion 
imprinting technology for lithium extraction from salt lake. One prob-
lem is the high cost of functional units. At present, most of the ion 
imprinting technologies for lithium extraction reported in the literature 
select expensive crown ether as the functional monomer [48,49]. In the 
preparation of ion-imprinted polymers, since functional monomers will 
directly affect the recognition ability and adsorption performance of the 
prepared imprinted materials for target ions, the selection of functional 
monomers is particularly critical. Ion imprinting technology is devel-
oped from molecular imprinting technology. In the preparation of 
molecularly imprinted polymers, methacrylic acid is usually applied as a 
functional monomer, and hydrogen bonds are formed by H in the 
carboxyl group and N, O and other elements in the template molecule. 
However, there is no such general rule in the preparation of 
ion-imprinted polymers [50]. Another problem is the water solubility of 
functional monomers. The first step in the preparation of ion-imprinted 
polymers is the formation of complexes by the coordination of func-
tional monomers with template ions. During this process, it is expected 
that as many functional monomers as possible coordinate with the 
template ions, thereby forming more imprinted holes. In practice, 
however, functional monomers (usually organic molecules) tend to have 
poor water solubility in aqueous solutions containing template ions 
[51]. This is also one of the main reasons why the currently prepared 
ion-imprinted polymers have poor adsorption effect on target ions. In 
terms of it, some researchers have proposed the use of emulsion poly-
merization or suspension polymerization to solve the problem of water 
solubility of functional monomers, but the effect is still unsatisfactory. 
Therefore, in the preparation of this new type of ion-imprinted material 

in this study, the functional groups were first grafted to the surface of the 
matrix material, and then the template ions were adsorbed, and the 
structure was fixed by polymerization. Finally, the template ions were 
removed by elution, that is, multiple adsorption vacancies matching the 
spatial structure, radius and charge number of the template ions were 
formed on the surface of the matrix material, solving the problem of 
poor water solubility of functional monomers. Selective separation of Li 
(I) from salt lakes by applying vinyl phosphoric acid as a functional 
monomer is rarely reported. In this study, electrostatic spinning tech-
nology and surface ion imprinting technology were combined to prepare 
a high-performance and low-cost adsorption material, which was uti-
lized for selective separation and recovery of Li(I) in real salt lake brine. 

The mobility and selectivity of the adsorbing materials are critical for 
the adsorption of Li(I) from the salt lakes. Based on the previous work, a 
new type of nanofiber material with low cost, high mobility, and stable 
structure was synthesized by combining the surface ion imprinting 
technology and high-voltage electrospinning technology. The adsorp-
tion mechanism was revealed through the characterization, adsorption 
experiments, and theoretical calculation of the prepared adsorbing 
material. The results showed that the material can be applied to separate 
Li(I) selectively from the salt-lake brine. 

2. Materials and methods 

2.1. Materials and chemicals 

The salt-lake brine was collected from the carbonate-type Zabuye 
Salt Lake in Tibet Autonomous Region of China. The concentrations of 
various elements were measured by an inductively coupled plasma- 
atomic emission spectrometry (ICP-AES) method, and the pH value of 
the brine at the sampling site was 8.6. The chemical reagents for pre-
paring the adsorbing material were purchased from Rhawn Reagent Co., 
Ltd and Sinopharm Chemical Reagent Co., Ltd. The chemical reagents 
and concentrations of the metal ions in the brine are listed in Supporting 
Information (Text S1 and Table S1). 

2.2. Synthesis of the adsorbing material 

5.0 mg of chromatographic silica gel (SG) were weighed and placed 
in a 250-mL of three-necked flask, in which 6 mol/L hydrochloric acid 
(HCl) was added. After reflux heating for 6 h during stirring, the solution 
was filtered and then washed to neutral with deionised water, followed 
by drying to a constant weight at 100 ◦C. 2.0 g of activated SG was 
weighed and poured in a 50 mL of three-necked flask, in which 30 mL 
methylbenzene was added to homogeneously disperse the activated SG. 
Afterwards, 2 mL of N-(2-aminoethyl)-3-aminopropyltriethoxysilane 
(KH-791) was added to the solution during stirring, and then 2 mL of 
aniline was added. The solution was heated by reflux for 15–24 h during 
stirring. Graphene oxide (GO) (0.068 g) and dicyclohexylcarbodiimide 
(DCC) (1.0 g) were added to 30 mL of N,N dimethylformamide (DMF). 
After dissolution, 2 g of N,N dimethylformamide (DMF) was added and 
reacted for 24 h at 60 ◦C to obtain SG/GO composites. 2.0 g of SG/GO 
was weighed, in which 30 of mL methylbenzene, 2 mL of KH-791, and 2 
mL of aniline were added, the mixture was then heated evenly under 
reflux for 15–24 h, and the amino component was grafted. Maleic an-
hydride and glacial acetic acid were used to partially modify the double 
bonds on the amino-functionalised SG/GO, and 4 mL of vinylphosphonic 
acid were added to modify phosphoryl groups. 2.0 g of the resulting 
products were weighed and added to the saturated LiCl solution, then 
filtered and dried after 6 h. Thereafter, 30 mL of acetonitrile was added 
to disperse the products, followed by 2 mL of ethylene glycol dimetha-
crylate (EGDMA) and 150 mg of azodiisobutyronitrile. After adding 
stirring magnetons into the solution, N2 was injected to replace air from 
the flask for 20 min to ensure that the whole system reacted in an 
oxygen-free environment. After being sealed, the flask was heated in an 
oil bath at 60 ◦Cand stirred for 24 h, and the solution was then filtered. 
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The polymerization was completed when the products were dried to a 
constant weight at 50 ◦C in a vacuum. The polymerization products were 
then eluted with 2 mol/L HCl to obtain Li(I) ion-imprinted polymer (IIP) 
@SG/GO containing imprinting cavities for Li(I). IIP@SG/GO nano- 
powders (0.5 g), DMF, and PAN fibers were poured into a three- 
necked flask, and then stirred magnetically for 4 h at 90 ◦C to prepare 
a transparent, homogeneous spinning solution (13 wt%). The high- 
voltage electrospinning was conducted at a voltage of 15 kV, a flow 
rate of 0.25 mL/min of spinning solution, and a rate of rotation of 450 
rpm in the drum receiver. The electrospinning products were placed in a 
dryer to be dried at 50 ◦C under vacuum for 12 h. In this way, the PAN- 
IIP@SG/GO nanofibers were obtained. The synthesis route is illustrated 
in Fig. 1. 

As a comparison, non-imprinted adsorbent materials were prepared 
through the same steps as above without immersing in the saturated LiCl 
solution, which was marked as PAN-Non- IIP@SG/GO nanofibers. 

2.3. Sample characterization 

A series of techniques, including scanning electron microscopy 
(SEM), Fourier transform infrared spectroscopy (FT-IR), X-ray photo-
electron spectroscopy (XPS), and a surface area and porosity analyser 
were employed to test and analyse each stage in the synthesis of PAN- 
IIP@SG/GO and changes of PAN-IIP@SG/GO before and after adsorb-
ing Li(I). The concentrations of each metal ion in the solution were 
measured by the ICP-AES method. The specifications and parameters of 
the test devices used are given in Supporting Information (Text S2). 

2.4. Adsorption experiments 

The static adsorption and fixed-bed adsorption experiments were 
conducted to investigate the adsorption performance of PAN-IIP@SG/ 
GO. The solution was prepared with pure chemical reagents, and its 
pH was adjusted using dilute HCl and ammonia water. The adsorption 
kinetics and adsorption isotherms of PAN-IIP@SG/GO for Li(I) as well as 
the influences of pH on the adsorption capacity for Li(I) were investi-
gated through the static experiments. The recycling performance and 
desorption ability of the adsorbing materials for Li(I) were analysed by 
fixed-bed adsorption experiments. A series of experiments were per-
formed on the adsorption performance and conditions of PAN-IIP@SG/ 
GO for the ions in the salt-lake brine. Detailed information about ex-
periments is available in Supporting Information (Text S3). 

2.5. Methods of calculation 

Density functional theory (DFT) is used to describe the state and 
properties of electron density, which is one of the theoretical calculation 
methods in quantum chemical computation [52,53]. Due to the reli-
ability of the B3LYP hybrid functional in processing electronic exchange 
and correlation in a wide range of molecular systems, the 6-31+G(d, p) 
basis sets therein were adopted to optimise the initial structure of the 
compound of PAN-IIP@SG/GO and Li(І) [54–56]. Using the Gaussian 09 

software package, the adsorption mechanism of PAN-IIP@SG/GO for Li 
(І) was further explained by combining the DFT and a series of charac-
terization results. The mechanism of action between PAN-IIP@SG/GO 
and Li(І) was revealed by calculating the natural bond orbit (NBO) of 
the compound. The specific calculation models are given in Supporting 
Information (Text S4). 

3. Results and discussion 

3.1. Characterization of PAN-IIP@SG/GO 

Fig. 2 illustrates the SEM images of PAN-IIP@SG/GO before and after 
adsorbing Li(I). Fig. 2(a) demonstrates that the nanofibers have regular 
appearance and smooth surfaces, with many voids distributed between 
them. these impart lower flow resistance and excellent permeability to 
PAN-IIP@SG/GO in the salt-lake brine, which are beneficial toits 
adsorption of Li(I). It can be clearly observed from Fig. 2(b) that large 
numbers of particles were attached to the surface of PAN-IIP@SG/GO 
and even intercalated between the nanofibers, indicated that the 
adsorption of Li(I). 

Fig. 3 displays FT-IR spectra of the activated SG and IIP@SG/GO 
before and after adsorbing Li(І). There were characteristic absorption 
peaks at 960 cm− 1, which was attributed to the scissoring vibration of 
Si–OH of SG. Compared with the activated SG, the intensity of the ab-
sorption peak in IIP@SG/GO at 960 cm− 1 was significantly weakened, 
indicating that the surfaces of SG were partly occupied and –OH on the 
surface underwent grafting reaction [57,58]. In Fig. 3(b), the peak at 
about 1734 cm− 1 corresponded to the characteristic absorption peak of 
–C(O)OH in EGDMA, and that at 1091 cm− 1 was assigned to the char-
acteristic absorption peak of P–OH, which implied that vinylphosphonic 
acid participated in the synthesis of IIP@SG/GO. Whereas, there was no 
characteristic absorption peak at 1640 cm− 1, suggesting that unsatu-
rated bonds were completely polymerized in the synthesis process [59, 
60]. The absorption peaks in Fig. 3(b–c) resembled each other, which 
showed that the Li(І) adsorption and elution processes of IIP@SG/GO 
did not influence the structure of the adsorbing material. 

3.2. Adsorption behaviours 

As shown in Supporting Information (Fig. S1), the adsorption ca-
pacity of Li(І) by PAN-IIP@SG/GO (0.95 mg/g) is significantly higher 
than that by PAN-Non-IIP@SG/GO (0.13 mg/g) under the same condi-
tions. Therefore, in the subsequent study, we focus on the Li(І) adsorp-
tion behavior, selectivity and mechanism of PAN-IIP@SG/GO. 

The pH value is one of the important factors affecting the form of the 
metal ions and the charge distribution on the surface of the adsorbing 
material, thus affecting the adsorption process. Fig. 4 shows the 
adsorption of PAN-IIP@SG/GO for Li(І) when the pH was between 5 and 
10. The adsorption capacity of PAN-IIP@SG/GO for Li(І) was too low to 
be ignored when the pH was less than 5. The functional groups of PAN- 
IIP@SG/GO were remarkably protonated in the highly acid solution, 
and numerous H+ in the solution with a pH lower than 5 competed with 

Fig. 1. Synthesis route of PAN-IIP@SG/GO nanofibers.  
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Li(І) for coordination with functional groups. The adsorption capacity of 
PAN-IIP@SG/GO gradually increased in the solution with pH values of 
5–8. The adsorption capacity reached the maximum of 1.1 mg/g as the 
pH increased to 8 (the subsequent experiments were conducted at pH =

8 unless otherwise specified). The protonation weakened and the 
adsorption sites on PAN-IIP@SG/GO increased with the increase of pH 
value, and the adsorption capacity for Li(І) was also enhanced. Once the 
pH was greater than 8, the adsorption capacity began to decrease. The 
quantity of OH− increased in the alkaline solution, leading to the 
decrease in the adsorption capacity of PAN-IIP@SG/GO for Li(І) (In 
Supporting Information Fig. S2). 

Fig. S3 illustrates the changes in the adsorption capacity of PAN- 
IIP@SG/GO for Li(І) with time. The whole adsorption process experi-
enced rapid adsorption, slow adsorption, and adsorption equilibrium. 
The adsorption capacity increased rapidly in the first 90 min, then 
increased slowly, and remained quasi-constant from about 120 min, 
indicating that it reached adsorption equilibrium. There was a large 
amount of Li(І) in the initial solution, and PAN-IIP@SG/GO contained 
numerous effective adsorption sites, which promoted PAN-IIP@SG/GO 
capture Li(І) in the solution. After a period of adsorption, the concen-
tration of Li(І) decreased, the driving force of the mass transfer 
increased, and the original adsorption sites of PAN-IIP@SG/GO were 
also constantly occupied. Consequently, the adsorption rate decreased 
after 90 min, and it took a long time to reach adsorption equilibrium. 
Nevertheless, the adsorption rate of the prepared adsorbing material 
was still much greater than that of other materials mentioned in previ-
ous research (Table 1), indicating that the adsorption sites of acidic 
functional monomers prepared by surface imprinting were easier to 
capture Li(І). Therefore, PAN-IIP@SG/GO exhibited potential for in-
dustrial application. 

The adsorption mechanism of PAN-IIP@SG/GO for Li(І) was further 
revealed from the macroscopic perspective. The pseudo-first-order and 
pseudo-second-order models were used to fit the data in the kinetics 
experiments (Supporting Information, Fig. S4), and the relevant data are 
listed in Table 2. According to the fitting results of kinetics models, the 
correlation coefficient of the pseudo-second-order model (R2

2 = 0.991) 
was greater than that of the pseudo-first-order model (R1

2 = 0.967). In 
addition, the adsorption capacity obtained by the pseudo second-order 
model was close to the experimental data. Therefore, the adsorption of 
PAN-IIP@SG/GO for Li(І) can be described by using the pseudo-second- 
order model, and the adsorption process was regarded as chemical 
adsorption. 

The adsorption fitting curves of PAN-IIP@SG/GO for Li(І) with 
Freundlich and Langmuir adsorption isotherm models are illustrated in 
Fig. 5, and the relevant fitting data are listed in Table 3. As shown in 

Fig. 2. SEM images of PAN-IIP@SG/GO before and after adsorbing Li(I).  

Fig. 3. IF spectra of activated SG (a), IIP@SG/GO before adsorbing Li(І) (b), 
and IIP@SG/GO after adsorbing Li(І) (c). 

Fig. 4. Adsorption capacities of PAN-IIP@SG/GO for Li(І) within a pH range 
of 5–10. 

Table 1 
Adsorption performance of Li(І) adsorbents in the literature.  

Types of adsorbents Time to adsorption equilibrium (h) Reference 

HTO 30 [61] 
HTO-ceramic foams 24 [62] 
Li/Al-LDHs 24 [63] 
MnO2⋅0.5H2O 12.5 [64] 
PAN-IIP@SG/GO 2 This research  
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Table 3, the Langmuir adsorption model was more applicable in 
describing the adsorption process. The adsorption capacity calculated by 
the Langmuir model was closer to the experimental data, and the cor-
relation coefficient of the Langmuir adsorption model (RL

2 = 0.977) was 
larger than that of the Freundlich adsorption model (RF

2 = 0.754). The 
fitting curve of the Langmuir adsorption model indicated that the 
adsorption capacity increased rapidly at first and then increased slowly 
with the increase of the Li(І) concentration in the solution. The 
adsorption capacity remained unchanged after the adsorption was 
saturated. The adsorption of PAN-IIP@SG/GO for Li(І) was mainly 
dependent on the complexation of the functional monomers with Li(І), 
and Li(І) was eluted to produce identification sites for Li(І). The number 
of effective adsorption sites in PAN-IIP@SG/GO is finite. In the initial 
period, the driving force of the mass transfer constantly increased with 
the increase of the Li(І) concentration. In this case, there were abundant 
adsorption sites in PAN-IIP@SG/GO, which increased the adsorption 
capacity rapidly. After occupying effective adsorption sites in PAN- 
IIP@SG/GO, the adsorption capacity remained unchanged even 
though the concentration of Li(І) increased. Therefore, it was deemed 
that there were a finite number of effective adsorption sites in PAN- 
IIP@SG/GO, the adsorption process was one of monolayer adsorption, 
and the nanofibers themselves did not interact. 

3.3. Selectivity and recycling performance 

To evaluate whether the material can be further applied in industry, 
the adsorption selectivity of PAN-IIP@SG/GO was tested under different 
pH values. The actual brine used in the research contained metal cations 
associated with Li(І), including Na(І), K(І), Mg(II), and Ca(II), the five 
metal ions were added to the solution to explore the adsorption selec-
tivity of PAN-IIP@SG/GO. The solutions with pH values of 6, 8, and 10 
were prepared to investigate the adsorption selectivity of PAN-IIP@SG/ 
GO. The selective adsorption data are listed in Table 4. Table 4 showed 
that PAN-IIP@SG/GO had high selectivity for Li(І), while a certain 
amount of Mg(II) was also adsorbed, which was due to the similar radius 
of Mg(II) (0.065 nm) with Li(І) (0.068 nm). For the desorption of PAN- 
IIP@SG/GO, 1 M HCl was used. After five cyclic adsorption-desorption 
experiments, the adsorption capacity of PAN-IIP@SG/GO was only 
reduced by 10.91%, which indicated that the material can be recycled 
(Fig. 6). 

3.4. Adsorption mechanism 

Fig. 2 shows the SEM images of PAN-IIP@SG/GO. The PAN-IIP@SG/ 
GO nanofibers after adsorption in Fig. 2(b) were 1.5–2 times thicker 
than those in Fig. 2(a) before adsorption. the surface of the PAN- 
IIP@SG/GO nanofiber became rough after adsorption, and many parti-
cles were adsorbed thereon. P–O and P––O in the functional monomers 
were complexed with Li(I), and the locations of the P and O atoms in the 
adsorption sites were changed, leading to the thickening of nanofibers. 
The comparison of IF spectra of PAN-IIP@SG/GO before and after 
adsorption showed that the characteristic absorption peak of –C(O)OH 
in EGDMA originally at 1734 cm− 1 and that of P–OH at 1091 cm− 1 both 
shifted to the low frequency after adsorption, which implies that the 
functional groups were complexed with Li(I). Fig. 7 illustrates the XPS 
fitting curves of PAN-IIP@SG/GO before and after adsorbing Li(I). There 
was no characteristic peak attributed to Li(I) in the full-spectrum fitting 
curve in Fig. 7(a), while a new characteristic peak occurred at 55.9 eV 
after adsorption [65], which was attributed to Li(I) coordinated with 
P–O. In Fig. 7(b), the characteristic peaks of P–O and P––O before 
adsorption were separately located at 530.61 and 531.62 eV [66], which 
were shifted to 530.74 and 531.73 eV after adsorption. In Fig. 7(c), the 
characteristic peak attributed to P shifted from 133.80 eV to 133.95 eV 
after adsorption, which was due to the participation of P–O, P––O, and P 
(as the electron donors) in the adsorption of Li(I). 

DFT was used to elucidate the interaction mechanism between the 
functional groups of the adsorbent and the Li(I). Fig. 8 shows the optimal 
structures of the surface functional groups before and after combining 
with Li(I), and the relevant calculation parameters are listed in Table 5. 
The electrostatic potentials of the functional groups on the surface of the 
adsorbent (Fig. 8(a)) and the optimised geometry after combining with 

Table 2 
Reaction kinetic parameters.  

Temperature 
(K) 

Pseudo-first-order Pseudo-second-order 

298 k1(min− 1) qe, 

cal(mg/ 
g) 

R1
2 k2(mg/ 

(g⋅min)) 
qe, 

cal(mg/ 
g) 

R2
2 

0.059 0.43 0.967 0.026 0.50 0.991  

Fig. 5. Comparisons of Langmuir and Freundlich adsorption models for Li(І) 
adsorption by the adsorbing material. 

Table 3 
Parameters of Langmuir and Freundlich models.  

Temperature 
(K) 

Langmuir Freundlich 

qmax, cal 

(mg/g) 
KL (L/ 
mg) 

RL
2 n KF (mg/ 

g) 
RF

2 

298 1.31 1.307 0.977 4.889 0.624 0.754  

Table 4 
Selective adsorption parameters of PAN-IIP@SG/GO.  

Ions pH Distribution coefficient (Kd) (ml/ 
g) 

Selectivity coefficient (K) 

D (Li) D (M)  

6 14.20 1.16 12.24 
Li(І)/Mg(II) 8 22.49 2.00 11.25  

10 13.79 2.20 6.27  
6 13.99 0.26 53.81 

Li(І)/Na(І) 8 22.29 0.44 50.66  
10 13.81 0.38 36.34  
6 14.40 0.16 90.00 

Li(І)/K(І) 8 22.91 0.20 114.55  
10 14.61 0.18 81.17  
6 14.82 0.22 67.36 

Li(І)/Ca(II) 8 24.38 0.84 29.02  
10 13.58 1.00 13.58  
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Li(I) (Fig. 8(b)) were ascertained. On this basis, it was preliminarily 
inferred that –(PO)(OH)2 is the key adsorption site for the binding of 
adsorbent with Li(I). The bond lengths of P–Li and O–Li were 3.68 Å, 
3.19 Å, 3.29 Å, and 4.19 Å, and the adsorption energy was − 96.04 kJ/ 
mol, indicating that the adsorption of the PAN-IIP@SG/GO adsorbent 
for Li(I) was classified as stable chemical adsorption. The specific 
mechanism of action was further studied via the NBO. The NBO analysis 
of partial charges showed that the charge of Li(I) was 0.98, while that of 
its ligand was 0.02, suggesting the charge transfer between the surface 
functional group and metal ion during the adsorption. The natural 
electron configuration of Li(I) was shown as 2s0.023p0.15, which indi-
cated that the electrons were mainly transferred from the functional 
groups to the 3p orbit of Li(I). 

Fig. 9 illustrates the comparison of the highest occupied molecular 
orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOs) of 
PAN-IIP@SG/GO before and after adsorbing Li(I). The HOMOs of PAN- 
IIP@SG/GO before adsorbing Li(I) were mainly distributed on the C and 
H atoms, while they were mainly found on the -(PO)(OH)2 functional 
group and Li(I) after adsorption. The LUMOs of PAN-IIP@SG/GO before 
adsorbing Li(I) were mainly located at the -(PO)(OH)2 functional group, 
while they were mainly on Li, P, and O atoms after adsorption. This 
phenomenon further proved the electron transfer between the ligand 
and the metal ions in the adsorption process. The stabilization energy E 
(2) reflected the extent of electron transfer from the HOMOs to LUMOs. 
Therefore, the electron transfer between -(PO)(OH)2 and Li(I) was 
explored by calculating the second-order perturbation energy, and the 
results are listed in Table 5. The stabilization energy E(2) of LP(P)-LP* 
(In) and LP(O)-LP*(In) of Li(I) was 3.43, 4.23, 3.01, and 2.22 kJ/mol, 
which further verified that PAN-IIP@SG/GO reached the goal of 
adsorbing Li(I) by forming coordinated bonds with Li(I) mainly using 
the P and O atoms of the functional groups. 

3.5. Practical applications in salt-lake 

In order to investigate the practical applications of the Li(I) 
adsorption capacity of PAN-IIP@SG/GO, the PAN-IIP@SG/GO was used 
to adsorb the Li(I) in the actual salt lake. The chemical composition of 
the salt-lake is shown in Table S1, and the amount of salt-lake brine was 
controlled to 200 mL per portion. Fig. S5 shows the variation of the Li(I), 
Na(І), K(І), Mg(II), and Ca(II) concentrations in the salt-lake brine for 
different adsorbent additions. The adsorption rate for Li(I) in the salt- 
lake brine increased gradually and changed significantly as the adsor-
bent increased, while the concentrations of Na(І), K(І), Mg(II), and Ca 
(II) ions also increased to some extent, which indicated that the adsor-
bent had a certain adsorption capacity and selectivity for Li(I) in the salt 

lake. The results indicated that the adsorbent had the potential for 
application. 

4. Conclusion 

PAN-IIP@SG/GO nanofiber was prepared by combining ion- 
imprinting technique and electrospinning for directional capturing Li 
(І) from the salt-lake brine. PAN-IIP@SG/GO exhibited a favourable 
selectivity for Li(І), and the adsorption capacity was only decreased by 
10.91% after five adsorption-desorption cycles. The adsorption reached 

Fig. 6. Recycling performance.  

Fig. 7. XPS fitting curves of PAN-IIP@SG/GO before and after Li(І) adsorption.  
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equilibrium within 120 min, and the maximum adsorption capacity for 
Li(І) was 1.1 mg/g. The fitting results showed that the adsorption was 
governed by the Langmuir adsorption isothermal model, and the 
adsorption kinetics followed the pseudo-second-order model. The 
adsorption is monolayer chemical adsorption, and the adsorbing mate-
rial itself did not undergo a chemical reaction. In addition, the adsorp-
tion mechanism of PAN-IIP@SG/GO for Li(І) was revealed by a series of 
characterization, adsorption experiments, and DFT computation. The P 
and O atoms of the functional groups form coordinated bonds with Li(I) 
and electrons mainly were transferred from the functional groups to the 
3p orbit of Li(I), thus realizing the capture of Li(I). PAN-IIP@SG/GO was 
proved to be an effective adsorbing material for directional capturing Li 
(I) in the salt lakes and exhibited promising industrial application 
prospects. 
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Fig. 8. (a) The optimised geometry and electrostatic potential analysis of functional groups, and (b) the optimised geometry of complexes.  

Table 5 
Calculated parameters for the complex.  

Complex Interaction energy (kJ/mol) NBO partial 
charge 

M(I) electron configuration E(2) Energy 
((kJ/mol) 

Ligand M(I) LP(P10)-LP*(M) LP(O11)-LP*(M) LP(O12)- LP*(M) LP (014)- LP*(M) 

Li(I) complex − 96.04 0.02 0.98 2s0.023p0.15 3.43 4.23 3.01 2.22  

Fig. 9. The contour plots of HOMOs and LUMOs of functional groups and the corresponding complexes.  
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