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ABSTRACT: Recycling lithium from waste lithium batteries is a growing
problem, and new technologies are needed to recover the lithium. Currently,
there is a lack of highly selective adsorption/ion exchange materials that can be
used to recover lithium. We have developed a magnetic lithium ion-imprinted
polymer (Fe3O4@SiO2@IIP) by using novel crown ether. The Fe3O4@SiO2@IIP
has been synthesized by a surface imprinting technique using our newly
synthesized 2-(allyloxy) methyl-12-crown-4 as a functional monomer. The
Fe3O4@SiO2@IIP was analyzed by Fourier infrared spectroscopy (FT-IR),
scanning electron microscopy (SEM), and X-ray diffraction (XRD). The optimum
pH for adsorption is 6. Fe3O4@SiO2@IIP shows fast adsorption kinetics for
lithium ions (10 min to reach complete equilibrium), and the adsorption process
obeys an external mass transfer model. Homogeneous binding sites are proved by
the Langmuir isotherm, and the maximum adsorption capacity is 0.586 mmol/g.
Fe3O4@SiO2@IIP has excellent selectivity for Li(I) because the selectivity
separation factors of Li(I) with respect to Na(I), K(I), Cu(II), and Zn(II) are 50.88, 42.38, 22.5, and 22.2, respectively. The
adsorption capacity of sorbent remained above 92% after five cycles. Fixed-bed column adsorption experiments indicate that the
effective treatment volume was 140 bed volumes (BV) in the first run with a breakthrough of 10% of the inlet concentration for
an inlet concentration of 0.5 mmol/L, and 110 BV was treated for the second run under identical conditions. We demonstrated
that 89.8% of the lithium was recovered during bed regeneration using 0.5 mol/L HCl solution. Fe3O4@SiO2@IIP also exhibited
excellent removal efficiency for Li(I) in real wastewater, validating its great potential in advanced wastewater treatment.
Accordingly, we have developed a new method for wastewater treatment that meets Li emission standards, and recovery of Li
creates economic interest.
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■ INTRODUCTION

Lithium ion batteries (LIBs) are extensively used as electro-
chemical power sources due to their advantages such as high
cell voltage, high energy density, low self-discharge rate, and
long storage life.1,2 The annual global consumption of LIBs
increased as high as 14.5% from 2006 to 2011, and the global
consumption of LIBs reached 4.49 × 109 units in 2011.3

Consequently, more consumption of LIBs implies more spent
LIBs. In fact, it is evaluated that 200−500 MT of spent LIBs are
annually produced.4

The research on recovery of LIBs has attracted great interest
in recent years.5−7 The hydrometallurgical process is a
commercial method for recycling metals from spent LIBs.3 In

this method, the dismantled electrodes are dissolved in
concentrated acids,8 and then the dissolved metals can be
recovered by extraction, precipitation. or electrodeposition.9−11

The traditional pyrometallurgical method burns off all the
organic electrolyte and binder, which makes it easier to recover
valuable metals.12 However, these processes can only recycle
cobalt effectively, and hydrometallurgical and pyrometallurgical
processes are not adaptable for lithium recycling.13 Also, using
these processes, lithium ions are usually discharged as waste,
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which results in a significant waste of lithium resources. As far
as human health is concerned, exposure to lithium ions may
result in damage to the nervous system, kidneys, liver, brain,
and cardiovascular and endocrine systems.14−16 Consequently,
it is important to remove and recycle lithium ions from
industrial wastewater produced by spent lithium battery
operations.
Research on lithium recovery has begun, but it is in its

infancy. The utilization of sorption, nanofiltration, and
electrolysis have been proposed.13 Biological recovery of the
Li+ ion using various microorganisms is also possible according
to Tsuruta.17 The precipitation of Li using CO3

2− can be used
to recover lithium from a relatively clean aqueous solution. Due
to the large solubility product constant of lithium carbonate
(Ksb = 1.7 × 10−3 25 °C), lithium ions cannot be completely
precipitated. Adsorption is a cost-effective and environmently
friendly method for recovering lithium from aqueous
solution.18 However, most adsorbents are nonspecific, showing
low selectivity toward a particular metal.19 Therefore, it is
important to exploit a new adsorbent for selective separation of
Li from aqueous solution.
The ionic imprinting technique is an efficient method to

prepare ion-imprinted polymers (IIPs) in which specific
binding sites for the host molecules/ions are created by the
addition and subsequent extraction of template molecules/ions.
IIPs have promising prospects in the selective recovery of noble
metals and heavy metals from aqueous solution.20−22 Hoai et al.
have synthesized porous adsorbent for selective recovery of
copper ions using the ion-imprinting technique with meth-
acrylic acid (MMA) and vinylpyridine (4-VP) as bifunctional
ligands.23 Li et al. developed an IIP to remove cadmium ions
using a thiocyanato functional group as the complexing site for
Cd.24 In our previous work, −NH2 and −SH functionalized
IIPs were used to remove copper and lead ions from
wastewater.25,26 It is difficult to prepare lithium IIPs using
coordination/complexation routes between functional mono-
mers because lithium ions cannot combine in a stable fashion
with the common functional monomers. Therefore, we had to
design new functional monomers for the preparation of lithium
IIPs.
Crown ethers (CEs) are very useful model compounds that

possess a variety of chemical structures. Compared with the
corresponding open chain analogues, CEs show higher
selectivity for metal ions, and the complexes of CEs with

metal ions are more stable, which is due to the so-
called“macrocyclic effect”.27 In addition, the size of the crown
ring and chelating ability of CEs can be adjusted by altering side
chain groups or the number of ether groups or substituting the
ether group −O− with −S− or −N− groups. There are only a
few of reports on the preparation of IIPs using CEs.28−30

Crown ethers have shown high selectivity for binding the target
metal ions when the crown ethers have cavities with the
appropriate size and have suitable functional and cross-linking
monomers. Nevertheless, it is not easy to separate the IIPs
rapidly and effectively from wastewater after treatment.
In the past decade, Fe3O4 nanoparticles have attracted much

attention because of their superparamagnetism, low toxicity,
high biocompatibility, and easy separation from a liquid system
using a magnetic field.31−34 When IIPs are impregnated with
Fe3O4, they can be easily separated by the application of a
magnetic field. Furthermore, the coating of silica on Fe3O4 can
increase the high graft ratio (more hydroxyl group) and stability
under acidic conditions.26 Zhang et al. successfully prepared
core−shell magnetic ion-imprinted polymers (Fe3O4@SiO2@
IIP) with silica-coated Fe3O4 as the core and IIPs as the shell.

35

Fe3O4@SiO2@IIP exhibited good performance, such as good
magnetism and thermal resistance, and high stability under
acidic condition,
To the best of our knowledge, due to the similar size, 2-

methylol-12-crown-4 (2M12M4C) can easily combine with
lithium ions forming a stable complex. Nevertheless, without
the double bond, 2M12M4C cannot be used as a functional
monomer during polymerization. Therefore, we have success-
fully synthesized new crown ethers with a double bond as a
functional monomer. On the basis of the new functional
monomer, a novel magnetic ion-imprinted polymer with a
core−shell structure (Fe3O4@SiO2@IIP) was synthesized by a
surface imprinting technique using 2-(allyloxy)methyl-12-
crown-4 as the functional monomer, lithium ion as the
template, and ethylene glycol dimethacrylate as the cross-
linker. We utilize Fourier infrared spectroscopy (FT-IR), X-ray
diffraction (XRD), and scanning and electron microscopy
(SEM) to analyze the Fe3O4@SiO2@IIP samples. We also
determined the adsorption capacity and kinetics and applied
Fe3O4@SiO2@IIP as a selective sorbent for recycling Li+ from
LIB wastewater.

Figure 1. Synthesis route for Fe3O4@SiO2@IIP.
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■ MATERIALS AND METHODS
Synthesis of Functional Monomer 2-(allyloxy)methyl-12-

crown-4 (2AM12C4). Sections S1 and S2 of the Supporting
Information display the chemicals and characterization methods. A
30% potassium hydride dispersion in mineral oil (0.32 g, 9 mmol) was
mixed with 2-methylol-12-crown-4 (2M12C4, 0.40g, 1.94 mmol) in
DMF at room temperature for 30 min, and then allyl bromide (1.22 g,
10.1 mmol) was added. The above mixture was stirred overnight. The
reaction was quenched with methanol, and then the methanol was
evaporated under reduced pressure. The product was washed with
water for three times (3 × 100 mL), and then was extracted with
CH2Cl2, dried with MgSO4(s) and filtered. The solvent was removed
using a rotary evaporator, and the residue was purified by column
chromatography (SiO2, hexane/EtOAc 1:2). The

1H chemical shifts of
this product for the 1HNMR spectrum that is suspended in DMSO for
which all six hydrogen atoms are deuterium (400 Hz, δ/ppm) are
5.89−5.82 (m, 1H), 5.22 (d, J = 15.6, 1H), 5.16 (d, J = 26.8, 1H), 3.91
(d, J = 5.2 2H), and 3.67−3.32 (m, 17H), respectively. The 13C
chemical shifts of this product for the 13C NMR spectrum that is
suspended in DMSO for which all 11 carbon atoms are deuterium
(100 MHz, δ/ppm) are 135.16, 116.23, 77.81, 71.25, 70.99, 70.37,
70.07, 69.98, 69.89, 69.70, and 69.38, respectively. These results
demonstrate that the product is 2AM12C4.
Preparation of Lithium Ion-Imprinted Polymer (Fe3O4@

SiO2@IIP). The MH-Fe3O4@SiO2 preparation is described in detail
in section S3 of the Supporting Information. In brief, Fe3O4@SiO2@
IIP was prepared by surface-imprinted polymerization (Figure 1).
2AM12C4 (1.23g, 5.0 mmol), lithium chloride monohydrate (0.302 g,
5.0 mmol), and a mixture of methanol and DMF(1/2 v/v, 60 mL)
were added into a three-neck round-bottomed flask (150 mL). The
mixture was stirred for 30 min at room temperature to form a clear
solution to which EGDMA (4.95 g, 25 mmol), AIBN (180 mg, 1.1
mmol), and MH-Fe3O4@SiO2 (2.0 g) were added. After being purged
with argon for 30 min, the reaction mixture was sealed and stirred in a
water bath at 25 °C for 2 h for the self-assembly of the 2AM12C4 and
lithium ion. The mixture was subject to reflux at 70 °C overnight with
continuous stirring. The resulting polymer particles were collected by
an external magnet, and they were washed three times with methanol.
Then the particles were washed three times with 0.5 mol/L
hydrochloric acid to remove the Li+ ion, followed by thorough
washing with distilled water until pH 7.
The nonimprinted polymer (Fe3O4@SiO2@NIP) was prepared

under identical conditions as Fe3O4@SiO2@IIP except that lithium
chloride monohydrate was not added.
Batch Adsorption Experiments. Fe3O4@SiO2@IIP or Fe3O4@

SiO2@NIP (50 mg) were equilibrated with 50 mL of Li+ solutions
with different initial concentrations and pH at a constant temperature
of 25 °C for 12 h. The pH of the aqueous solution was controlled by
adding 0.1 mol/L HCl or 0.1 mol/L NaOH. After adsorption
equilibration, the adsorbent was collected under an external magnetic
field, and the concentration of Li+ in the supernatant was determined
by using flame atomic absorption spectrometry (FAAS). The amount
of the Li+ ion absorbed on Fe3O4@SiO2@IIP or Fe3O4@SiO2@NIP
was calculated as follows

=
−

Q
C C V

m
( )0 e

where Q is the adsorption capacity (mmol g−1); C0 and Ce are the
initial and equilibrium concentration of lithium ions (mmol L−1),
respectively; m is the mass of polymers (g); and V is the volume of Li+

solution (L).
Li+ Adsorption−Desorption Studies. The Li+-adsorbed im-

printed polymers were desorbed by using 0.5 mol/L HCl solution to
release lithium ions. Regenerated Fe3O4@SiO2@IIP was placed into
the adsorption medium and mechanically stirred at room temperature
for 2 h. The final Li+ ion concentration in aqueous solution was
determined as above. After that, the Fe3O4@SiO2@IIP was separated
and washed with distilled water and then dried in vacuum drying oven.

In order to test the reusability of Fe3O4@SiO2@IIP, the adsorption−
desorption studies were repeated five times.

Fixed-Bed Column Adsorption. PVC column (15 mm in
diameter and 60 mm in length) was used to conduct fixed-bed
column experiments. A total of 1.5 mL of wet Fe3O4@SiO2@IIP was
packed within the column. Flow rate was controlled by a speed-
adjustable peristaltic pump (QP−01, China). The superficial liquid
velocity (SLV) was 1.2 m/h, and the empty bed contact time (EBCT)
was 0.15 min. Wastewater with Li(I) concentrations of 0.5 mmol/L
was used. The exhausted Fe3O4@SiO2@IIP was regenerated using 0.5
mol/L HCl solution and a flow rate of 1.0 m/h.

■ RESULTS AND DISCUSSION
Characterization. The FT-IR spectra of 2M12C4,

2AM12C4, and Fe3O4@SiO2@IIP are shown in Figure 2.

The characteristic peak around 1140 cm−1 corresponding to
−O− stretching is observed in all samples. A characteristic peak
of 2M12C4 was observed at about 3600 cm−1 in Figure 2a,
which is attributed to the −OH stretching vibration. The peak
of −OH stretching vibration has disappeared in 2AM12C, and
the IR absorption at around 1640 cm−1 corresponds to the C
C stretching vibration (Figure 2b). These indicate that
2AM12C4 has been successfully synthesized. The peak at 590
cm−1 indicates the Fe−O−Fe bond (Figure 2c). The
absorption bands around 960 cm−1 represent Si−O stretching
vibrations. The peak at 1732 cm−1 is due to the characteristic
vibration frequencies of −CO and the stretching vibrations
of −O−. The results indicate that EGDMA reacted with
2AM12C4, and the imprinted polymer has been successfully
synthesized on a Fe3O4@SiO2 surface.
The morphologies of Fe3O4, Fe3O4@SiO2, and Fe3O4@

SiO2@IIP were observed by scanning electron microscopy. As
shown in Figure S1a of the Supporting Information, Fe3O4 is
monodispersed and has a size of about 40 nm. After a layer of
SiO2 is immobilized on the Fe3O4 surface, the surface of
Fe3O4@SiO2 is uneven, and its size is about 200 nm (Figure
S1b, Supporting Information). The average particle size of
Fe3O4@SiO2@IIP is 300 nm, which is larger than that of
Fe3O4@SiO2 (Figure S1c, Supporting Information). Thus, the
imprinted shell is calculated to be about 50 nm.

Figure 2. FT-IR spectra of 2M12C4 (a), 2AM12C4 (b), and Fe3O4@
SiO2@IIP (c).
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As shown in Figure S2a of the Supporting Information, the
diffraction peaks at 2θ = 30.10°, 35.45 o, 43.08 o, 53.45 o, 56.98
o, and 62.57 o are the reflection of (220), (311), (400), (422),
(511), and (440) planes of the cubic Fe3O4 (JCPDS file No.
65-3107), respectively. The six peaks of the Fe3O4 in Figure
S2b of the Supporting Information could be seen for Fe3O4@
SiO2, but the intensity decreases slightly. These results suggest
that SiO2 has been successfully coated on the surface of Fe3O4.
The six peaks of the Fe3O4 in Figure S2c of the Supporting
Information could be seen for synthesized Fe3O4@SiO2@IIP,
but the intensity decreases slightly. Moreover, after the coating
of SiO2 and polymerization, the peak positions do not change,
indicating that the crystalline structure of Fe3O4 is maintained.
This is in agreement with reported literature.26 The above
results may indicate that imprinted polymer is immobilized on
the surface of Fe3O4@SiO2 successfully.
Adsorption Experiments. Effect of pH on Absorption

Test. pH was found to be one of the most critical parameters
for adsorption of metals ion on the ion-imprinted polymer. The
effect of pH values (1−9) on Li+ ion adsorption on Fe3O4@
SiO2@IIP and Fe3O4@SiO2@NIP was investigated, and the
results were shown in Figure S3. The adsorption capacity of Li+

on Fe3O4@SiO2@IIP and Fe3O4@SiO2@NIP increased with
increasing the solution pH from 1.0 to 6.0 but decreased
slightly from pH 6.0 to 9.0. When the pH is below pH 3.0, the
adsorption capacity of Li+ is low due to the protonation of the
crown ether group; when the pH is higher than pH 3.0, high
adsorption capacity of Li+ is obtained as a result of
deprotonation of the crown ether group. It can be inferred
from the above results that the Fe3O4@SiO2@IIP can be
applied in a wide pH environment and solution pH should be
adjusted to pH 6.0 for further studies.
Absorption Capacity. Adsorption equilibrium experiments

were performed to determine the adsorption capacity of
Fe3O4@SiO2@IIP and Fe3O4@SiO2@NIP for Li in a
concentration range of 2.5−45 mmol/L at a pH 6.0. The
adsorption capacity increases with increasing the concentration
of Li+ ions. The saturation values or monolayer coverage was
achieved at an ion Li+ concentration of 15 mmol/L and
maximum adsorption capacities for Fe3O4@SiO2@IIP (0.586
mmol/g) (Figure 3).
In order to analyze the Li+ ions distribution between the bulk

solution and Fe3O4@SiO2@IIP and achieve the maximum
adsorption uptake, Langmuir and Freundlich isotherm models
were used to described the equilibrium data.

=
+

Q
Q k C

k C
Langmuir model:

1e
m l e

l e

=Q K CFreundlich model: n
e f e

1/

where Ce (mmol L−1) and Qe (mmol g−1) are the concentration
and adsorbed amount of the Li+ ion at adsorption equilibrium,
respectively; kl is the Langmuir constant (L mmol−1); Kf is the
Freundlich constant (mmol1−(1/n) L1/n g−1); and Qm is the
maximum adsorption capacity (mmol g−1).
Table 1 and Figure S4 of the Supporting Information show

the fitted constants of the Langmuir and Freundlich isotherms.
We compared the values of the correlation coefficient (R2) for
the Langmuir with Freundlich isotherm, and the Langmuir
model is better than the Freundlich model in describing the
adsorption process, indicating that the sorption sites are
basically homogeneous. As shown in Table S2 of the

Supporting Information, the adsorption capacity of Fe3O4@
SiO2@IIP is higher than those reported in the literature.36−39

Absorption Kinetics. Adsorption dynamics were carried out
to evaluate the ionic transfer on Fe3O4@SiO2@IIP and
Fe3O4@SiO2@NIP. The kinetic data shown in Figure 4
indicates that the absorption of Li+ increased rapidly within 5
min, followed by a relatively slow process, and then the
sorption equilibrium was achieved within 10 min. In addition,
no remarkable changes were observed from 10 to 60 min.
In order to study the mechanism of the adsorption kinetics,

the pseudo-second-order rate equation and the mass flow rate
equation were employed to describe the adsorption kinetics of
Li+ ions on Fe3O4@SiO2@IIP and Fe3O4@SiO2@NIP. The
pseudo-second-order equation is given as follows

=
×

+ ×t
Q K Q Q

t
1 1

t 2 e
2

e

= ×h K Q0 2 e
2

where Qe and Qt are the amount of Li+ ion adsorbed at
adsorption equilibrium and any time, respectively (mmol g−1);
K2 is the adsorption constant (min−1); and h0 is the initial
adsorption rate (g mmol−1 min−1).
The mathematical derivation process of the mass flow rate

equation on Fe3O4@SiO2@IIP is shown in section S4 of the
Supporting Information. The mass flow rate equation is given
as follows

− = × −C
t

k a C C
d
d

( )f s

= − + −C b ht C bexp[ ] 0

where C is the concentration of Li+ (mmol/L) in bulk solution
at any time t; Cs is the concentration of Li+ at interface (mmol/
L); h and b are the fitting parameters; and kf is the mass transfer
coefficient (m/s).
The regression data fitted to the pseudo-second-order

equation are shown in Figure S5 of the Supporting Information,
and the related kinetics constants and regression values are
summarized in Table 2. The correlation coefficients (R2) of

Figure 3. Li+ ion adsorption isotherms for Fe3O4@SiO2@IIP and
Fe3O4@SiO2@NIP. Conditions: 50 mg of sorbent, 50 mL of Li(I),
and temperature of 25 °C.

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/sc500659h
ACS Sustainable Chem. Eng. 2015, 3, 460−467

463

http://dx.doi.org/10.1021/sc500659h


Fe3O4@SiO2@IIP and Fe3O4@SiO2@NIP are 0.9989 and
0.9986, respectively. The Qe (0.595 mmol/g) parameter for the
pseudo-second-order equation is also close to the experimental
result (0.586 mmol/g). Moreover, the initial adsorption rate h0
of Fe3O4@SiO2@IIP is higher than that of Fe3O4@SiO2@NIP,
which is probably due to imprinted effect and strong affinity
between Li ions and imprinted polymer structures. The results
indicate that the pseudo-second-order mechanism is primary
and that the potential rate-controlling step in Li+ absorption
was chemical absorption.
Figure 5 shows the data fitted with the mass transfer model.

The mass transfer coefficient and nonlinear regression values
are summarized in Table 3. The obtained R2 values of Fe3O4@
SiO2@IIP and Fe3O4@SiO2@NIP are 0.974 and 0.995,
respectively. The obtained parameter of Fe3O4@SiO2@NIP
(5.56 × 10−4 m/s) is higher than that of Fe3O4@SiO2@IIP
(5.14 × 10−4 m/s), which can be attributed to the steric
hindrance effect caused by the imprinted cavity. The obtained kl
and Qm values in Fe3O4@SiO2@IIP and Fe3O4@SiO2@NIP are
almost same as those from Langmuir model. These results
verified that the mass flow rate equations are suitable for
explaining the adsorption kinetics.
Adsorption Selectivity. The selectivity of Fe3O4@SiO2@IIP

toward the Li(I) ion was studied by competitive adsorption in

the presence of Na(I), K(I), Cu(II), and Zn(II) ions and the
individual initial concentration of 100 mg/L. After a
competitive adsorption equilibrium, the concentrations of
Li(I), Na(I), K(I), Cu(II), and Zn(II) in the remaining
samples were determined by FAAS. The selectivity separation
factor of Li(I) with respect to other ions (αM

Li) and the relative
selectivity separation factor (αr) were calculated by following
equations.36

α =
Q C

C QM
Li Li M

Li M

α
α
α

=
|
|r

M
Li

i

M
Li

n

QLi and QM represent the adsorption capacity (equiv/gram) of
sorbent toward Li(I) and other ions, respectively; CLi and CM
represent the ion concentration (equiv/L) of Li(I) and other
ions, respectively; and αM

Li|i and αM
Li|n represent the selectivity

factor separation of Fe3O4@SiO2@IIP and Fe3O4@SiO2NIP,
respectively.
Na(I) and K(I) are chosen as the competitor ions due to the

same charge, while Cu(II) and Zn(II) are selected because of
their similar ionic radius (ionic radius: Cu (II), 71 pm; Zn (II),
74 pm; and Li (I), 76 pm). Figure 6 depicts the uptake of Li(I),
Na(I), K(I), Cu(II), and Zn(II) ions by Fe3O4@SiO2@IIP and
NIP. Fe3O4@SiO2@IIP exhibits much larger adsorption

Table 1. Langmuir and Freundlich Adsorption Isotherm Constants for Li+ ion on Fe3O4@SiO2@IIP and Fe3O4@SiO2@NIP

Langmuir Freundlich

adsorbent Qmax,cal (mmol g
−1) Qmax,exp (mmol g

−1) kl (L mmol−1) R2 n Kf ((mmol1−(1/n) L1/n g−1) R2

IIP 0.596 0.58 0.64 0.998 0.784 42.85 0.687
NIP 0.266 0.26 2.42 0.995 0.848 95.94 0.607

Figure 4. Adsorption kinetics for Li+ ion adsorption on Fe3O4@
SiO2@IIP and Fe3O4@SiO2@NIP. Conditions: 100 mg of sorbent,
200 mL of Li(I), concentration of 10 mmol/L, and temperature of 25
°C.

Table 2. Kinetic Parameters of Pseudo-Second-Order Rate
Equation for Li+ Adsorption on Fe3O4@SiO2@IIP and
Fe3O4@SiO2@NIP

sorbents K2 Qe h0 R2

Fe3O4@SiO2@IIP 1.29 0.595 0.458 0.9989
Fe3O4@SiO2@NIP 2.36 0.276 0.180 0.9986

Figure 5. Nonlinear plot of C vs t for Fe3O4@SiO2@IIP and Fe3O4@
SiO2@NIP.

Table 3. Kinetic Parameters of Mass Flow Rate Equation for
Li+ Adsorption on Fe3O4@SiO2@IIP and Fe3O4@SiO2@NIP

sorbents kf (m/s)
kl

(L/mmol)
Qm

(mmol g−1) R2

Fe3O4@SiO2@IIP 5.14 × 10−4 0.61 0.59 0.974
Fe3O4@SiO2@NIP 5.56 × 10−4 2.08 0.27 0.995
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capacity for Li(I) than other ions. Furthermore, Fe3O4@SiO2@
IIP and Fe3O4@SiO2@NIP particles exhibit very low
adsorption capacity for Na(I) and K(I), and the adsorption
capacities for Cu(II) and Zn(II) were relatively low compared
with Li(I). The above results can be attributed to the specific
selective recognition ability of Fe3O4@SiO2@IIP for Li(I).
Selectivity separation factor and relative selectivity separation

factor were summarized in Table 4. As shown in Table 4, the

selectivities of Li(I) with respect to Na(I), K(I), Cu(II), and
Zn(II) in Fe3O4@SiO2@IIP are greater than 22 for the
imprinted crown ether. The relative selectivity of Fe3O4@
SiO2@IIP as compared to that of Fe3O4@SiO2@NIP is greater
than 3.0. Accordingly, Li(I) fits better into the imprinted
cavities and has a higher affinity with the crown ether groups
than Na(I), K(I), Cu(II), and Zn(II).
Regeneration. The regeneration of the adsorbent is an

economic factor to evaluate the practical performance of
adsorbent, which is the reusability and stability of Fe3O4@
SiO2@IIP. Fe3O4@SiO2@IIP was subject to five adsorption−
desorption cycles, and the results are shown in Figure S6 of the
Supporting Information. The capacity for Li(I) decreases
slightly after each regeneration, and the adsorption capacity
of Fe3O4@SiO2@IIP in the fifth adsorption−desorption cycle
for Li+ was 92.4% of that in the first cycle. The results show that
Fe3O4@SiO2@IIP has excellent regeneration efficiency.
Fixed-Bed Column Experiments. In order to confirm the

applicability of Fe3O4@SiO2@IIP for the removal of Li(I) ions

in real water samples, fixed-bed column experiments were
investigated. Wastewater (Dingxin Co., Ltd., Shangrao China)
was selected and analyzed. The composition of the wastewater
is listed in Table S1 of the Supporting Information. The
wastewater contains large amounts of heavy metals (Li, K, Zn,
Co, Cr, Cu, Al, Ni, Pb, and Cd), and the pH value of the
wastewater is 9.2. Figure 7 shows the breakthrough curves of

Fe3O4@SiO2@IIP toward the Li+ ion. For Fe3O4@SiO2@IIP,
the effective treatment volume was 140 BV for the first run
when the breakthrough was fixed at 10% of the inlet
concentration, and 110 BV was achieved for the second run
under identical conditions, suggesting that Fe3O4@SiO2@IIP
exhibited a stable performance for Li+ ion removal. The
exhausted Fe3O4@SiO2@IIP column was subsequently regen-
erated in situ with the HCl solution (0.5 mol/L), and then the
desorption equilibrium was achieved within 2 BV. No leaching
of Fe3O4 was observed during the cyclic adsorption runs by
detecting the Fe content in effluent.
In addition, the cumulative desorption efficiency was around

89.9% for the first run and ∼98.7% for the second run (Figure
8). About 10% of the Li+ ion absorbed by the fresh Fe3O4@
SiO2@IIP could not be effectively desorbed by 0.5 mmol/L
HCl solution, which may due to the chelation of Fe3O4@
SiO2@IIP on the Li+ ion even under the condition of pH 0.3.
Moreover, to further explain this phenomenon, the pH (pH
0.3, 3, 6) effect on adsorption capacity was investigated and is
shown in Figure S7 of the Supporting Information. The
adsorption capacities, Q, in pH 0.3 (0.06 mmol/g) and pH 3
(0.46 mmol/g) are only about 10% and about 80% of the Qm in
pH 6 (0.58 mmol/g), respectively. This evidence verifies the
above assumption and may infer that about 10% of the Li+ ion
absorbed by the fresh Fe3O4@SiO2@IIP could not be
effectively desorbed by 0.5 mol/L HCl solution.
To prepare Li chemical materials removed from wastewater,

the desorption solutions in fixed-bed experiments were heated
and flash evaporated, and then 104 mg of the product was
obtained. The product was analyzed by ion chromatography
and AAS. The results demonstrate that the product is lithium
chloride, with a content of 96.48%. Few impurities in the
lithium chloride also verified strongly that Fe3O4@SiO2@IIP is
a highly selective material for Li ions and can effectively recycle

Figure 6. Selective binding analysis of Li+ ion by Fe3O4@SiO2@IIP
and Fe3O4@SiO2@NIP. Conditions: 50 mg of sorbent, 50 mL of
Li(I), concentration of 10 mmol/L, and temperature of 25 °C.

Table 4. Selectivity Parameters of Adsorbents for Fe3O4@
SiO2@IIP and Fe3O4@SiO2@NIP

metal ions Fe3O4@SiO2@IIP (αM
Li|i) αr Fe3O4@SiO2@NIP (αM

Li|n)

Na(I) 50.88 4.92 10.33
K(I) 42.38 4.10 10.33
Cu(II) 22.5 3.34 6.7
Zn(II) 22.2 3.04 7.3

Figure 7. Fixed-bed column adsorption test.
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Li ions from the complex wastewater. When one ton of the
wastewater is treated in this way, 15.4 L of desorption solution
was produced, and the concentration of Li(I) can be enriched
55 or 70 times. A total of 4.3 kg of white lithium chloride was
collected after the solution was flash evaporated. The recovery
of Li creates ¥240.8 economic value for enterprises (according
to the lowest price 56 ¥/kg).
Conclusions. In summary, this study developed an effective

material to recycle Li(I) ions from wastewater through a
surface-imprinting technique using 2-(allyloxy)methyl-12-
crown-4 as a functional monomer. The as-prepared Fe3O4@
SiO2@IIP combined high adsorption ability and excellent
selectivity for Li(I) ions with rapid external mass transfer
coefficients (kf = 5.56 × 10−4 m/s). This guaranteed that it can
remove and recycle Li(I) ions from real wastewater. When one
ton of the wastewater is treated in this way, 4.3 kg of white
lithium chloride is recycled, which creates ¥240.8 economic
interest for enterprises. If the low cost and long service life of
the magnetic lithium ion-imprinted polymers are realized,
magnetic lithium ion-imprinted polymers would have a
promising place in the large-scale application of treating
industrial wastewater produced by spent lithium battery
recycling enterprises in the future.
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