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Abstract: A magnetic carbon-based lithium ion — imprinted material (Li"-IIP-Fe,O,@ C) with a high Li" adsorption selectivity
was designed and prepared by a surface ion imprinting method, using magnetic carbon nanospheres (Fe,O,@ C) as the carrier and
2-hydroxymethyl-12-crown-4 as the adsorption unit. First, Fe,O,@ C was silanized by y-methacryloxypropyltrimethoxysilane to ob-
tain Si-Fe,O,@ C which was then functionalized with methacrylic acid (MAA) , followed by polymerization to obtain PMAA-Fe, O,
@ C with a regular morphology and a high degree of MAA grafting. Finally, 2-hydroxymethyl-12-crown-4 was grafted onto the sur-
face of PMAA-Fe,0,@ C in the presence of LiClO, under catalysis by p-toluenesulfonic acid. This was cross-linked by ethylene gly-
col dimethacrylate and eluted by a HNO, solution to obtain Li " -IIP-Fe,O,@ C. The kinetic adsorption and isothermal adsorption re-
sults for this material show that the adsorption of Li* conforms to a pseudo-second-order kinetic model and has Langmuir isotherms.
The maximum adsorption capacity of Li " -IIP-Fe,0,@ C for Li " is 22.26 mg/g at 25 °C. The selection factors of Li " against Na™ ,
K* and Mg’* are 8.06, 5.72, and 2. 75, respectively. The Li* adsorption capacity of Li * -IIP-Fe,0,@ C decreases by only 8. 8%
after six adsorption-desorption cycles, demonstrating an excellent regeneration capability and making it very useful for lithium recovery.
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1 Introduction

Lithium is considered to be an “energy metal for
promoting world progress” , owing to its many superi-
or electrochemical and physical properties to other
metals'"*’. Up to now, all the inventory of explored
lithium resources has achieved 5. 4 million tons in
China, of which the lithium from the salt lake brine
accounts for about 61.8% . The large amount of lithi-
um resources in the salt lake brine has opened up a
new path for the acquisition of lithium"* *'. There-
fore, the extraction of lithium from the salt lake brine
has caused abroad attention'”’.

Now, the methods for extracting lithium from
the salt lake brine include adsorption'®™*' | solvent ex-
traction'” ' | precipitation method'""’, and so on,
among which adsorption is the most adopted one ow-
ing to its advantages of simple operation and low en-
ergy consumption.

The composition of the salt lake brine is com-
plex, with the existence of Li, Na, K, Mg >
which makes it difficult to solely extract lithium. For
highly efficient lithium extraction by adsorption,
absorbents are needed to possess high selectivity. As
a new type of a selective adsorption technology, sur-
face imprinting' " '’ is different from the convention-
al imprinting techniques'”'. It creates memory
sites''®! on the surface of a substrate, which improves
the selectivity of an absorbent. What’ s more, the
high selectivity of an adsorbent also depends on rec-
ognition by an adsorption unit. Crown ether is a novel
kind of an annular chelator''®’. Its biggest feature is
that its appropriate ring size can be well coordinated
with positive ions, especially alkali metal ions. A
plurality of C—O dipoles in the molecule can coordi-
nate with different metal ions to form different complex
as the size of the ring changes. The inner diameter of
12-crown4"*" is 0. 15 nm, which is similar to the
size of Li* (0.152 nm) "', Therefore, 12-crown-4
is expected to exhibit a good stereoselectivity for lithi-
um ions"*.

Meanwhile, the adsorbent material should have a
high regenerability and adsorption capacity to lower
the adsorption operation cost. Currently, the adsor-
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bing materials are prepared by using polymers, SiO,
encapsulated magnetic particles and carbon materi-
als'” ! as supports. Cui et al'™' adopted precipitati-
on polymerization to synthesize a lithium ion imprinted
polymer, whose adsorption capacity (6.79 mg g ')
was not high enough but without a significant decline
after six adsorption and desorption cycles. Luo et
al'®! prepared a Li* imprinted polymer on the surface
of Fe,0,@ SiO, with 2-( allyloxy) methyl-12-crown-4
as a functional monomer, whose adsorption capacity
(4.07 mg g') was not high but declined only by
7.6% after five cycles due to its perfect magnetic per-
formance. Huang et al'”’’ chose dibenzo-14-crown-4
as a functional monomer to synthesize a lithium ion
imprinted polymer on the surface of multi-walled car-
bon nanotubes, which showed a low adsorption
(9.46 mg g~') but a high regenerability. After 10
cycles of adsorption-desorption, the adsorption capac-
ity only decreased by 10.3% . From the above-men-
tioned researchers, it can be concluded that it is of ur-
gent necessity to prepare an absorbent with both a
high adsorption capacity and a high regenerability.
Magnetic carbon nanospheres possess good bio-
compatibility, mechanical stability, and magnet-
ism'* *' that is in favor of subsequent separation.
Meanwhile , magnetic carbon nanospheres exhibit high
surface activity, which is beneficial to stably loading
an adsorption unit by modification and graftingm].
Therefore, magnetic carbon nanospheres can be used
as the supporting material for surface imprinting to
obtain a lithium ion imprinted absorbent with a high
selectivity and lithium ion adsorption capacity. In this
work, Fe,O,@ C prepared by the solvothermal method
was modified with KH-570 to prepare Si-Fe,O,@ C.
Further, methacrylic acid ( MAA) was used as a
functional monomer to modify Si-Fe,O, @ C surface
to obtain PMAA-Fe,O, @ C. During preparation of
PMAA-Fe,0,@ C, the initiator AIBN dosage was op-
timized. Later, surface ion imprinting technology was
adopted with 2-hydroxymethyl-12-crown-4 as the ad-
sorption unit, Li* as the target ion, p-toluenesulfonic
acid as the catalyst and ethylene glycol dimethacrylate
as the cross-linking agent to create an imprinted layer
on the surface of PMAA-Fe,0, @ C. Li"-IIP-Fe,0,
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@ C with a high selective adsorption capacity for Li*
was obtained after eluting Li*. In this process, the
influence of the p-toluenesulfonic acid dosage and re-
action temperature on the adsorption capacity of Li" -
IIP-Fe,0,@ C for Li" was investigated. Finally, the
selectivity in adsorption and regeneration performance
of Li" -IIP-Fe,0,@ C towards Li* were explored.

2 Experimental

2.1 Materials and reagents

Ferrocene, absolute ethanol, MAA, N, N-dime-
thylformamide ( DMF ), p-toluenesulfonic acid and
glacial acetic acid were purchased from Tianjin
Guangfu Technology Development Co. , Ltd. Lithi-
um perchlorate (LiClO,) was purchased from Beijing
Innochem Science & Technology Co. , Ltd. Acetone,
hydrogen peroxide (H,0,) and ~y-methacryloxyprop-
yltrimethoxysilane ( KH-570 ) were purchased from
Tianjin Tianli Chemical Reagent Co., Ltd. Azobi-
sisobutyronitrile ( AIBN ) was provided by Tianjin
Fuchen Chemical Reagent Factory. 2-hydroxymethyl-
12-crown-4 and ethyleneglycol dimethacrylate ( EGD-
MA) were obtained from Alfa Aesar Chemical Co. ,
Ltd. Nitric acid was purchased from Luoyang Chemi-
cal Reagent Factory.
2.2 Preparation of Li"-IIP-Fe,0,@C

First of all, the magnetic carbon nanospheres
(Fe,0,@C) with a particle size of ~90 nm and an
amorphous carbon layer thickness of ~ 13 nm, were
obtained, and then silanized by KH-570 to obtain si-
lanized magnetic carbon nanospheres ( Si-Fe,0,@ C)
according to our previous work*"" /. Next, Si-
Fe,0,@C (0.1 g), acetonitrile (30 mL) and MAA
(0. 01 mol) were sequentially added to a three-
necked flask under ultrasonic dispersion for 10 min.
The mixture was heated to 65 °C in a water bath. Af-
ter 10 min, AIBN was added into the solution to initi-

Acgtone 200°C 48 h 0 65°C 4 h
KH-570

Ferrocene Fe.0,@C
374

- -
6 h 2 60°C 12h
p-Toluenesulfonic acid A EGDMA AIBN

.
+

25°C 2h &7
HO [ iLit | s————— iLi‘} o
g Self-assembly ™

Si-Fe,0,@C

ate the polymerization of MAA , during which the in-
fluence of the AIBN dosage (0.000 2, 0.000 5, and

0.001 mol) on the grafting efficiency of MAA was
investigated. Finally, PMAA-Fe,O,@ C was obtained
under the optimized AIBN dosage. The MAA grafting
efficiency on the surface of PMAA-Fe,O, @ C was
calculated by the following equation (1) :

Dy = (Wie = Wiomer )/ Wigmer | X100% (1)

Where D, represents MAA grafting efficiency.

W, rand Wformer are the weight loss of Si-Fe,O, @ C
and PMAA-Fe,0,@ C, respectively.

On the basis of as-obtained PMAA-Fe,0, @ C,
Li"-IIP-Fe,0,@ C was synthesized by the surface ion
imprinting technique. LiClO, (0. 5 mmol ) and 2-
hydroxymethyl 12-crown-4 (0.5 mmol) were put in-
to 20 mL of DMF. The system was stirred at 25 °C
for 2 h to achieve self-assembly of the functional
monomer and lithium ions. After that, PMAA-Fe,0,
@C (0.1 g) obtained under the optimized conditions
and p-toluenesulfonic acid were added and reacted at
a designed temperature for 6 h, during which the in-
fluence of the p-toluenesulfonic acid dosage (30, 60,
90, 120 and 150 mg) and reaction temperature (60,
80, 100 and 120 °C) on the immobilization of 2-
hydroxymethyl-12-crown ether-4 on the surface of
Li"-IIP-Fe,0, @ C was explored. Then, EGDMA
(1 mL) and AIBN (2.5 mg) were added to the a-
bove mixture, the system was kept at 70 °C for 12 h.
The obtained product was washed with 0.5 mol L'
HNO; until no lithium ion was detected in the super-
natant, and finally washed with distilled water until
the pH was neutral and dried at 60 °C in oven. Thus,
Li " -IIP-Fe,0,@ C prepared under the optimized con-
ditions was obtained. The preparation process of Li " -
IIP-Fe,O0,@ C is shown in Fig. 1. For comparison,
non — imprinted material (Li"-NIP-Fe,0,@ C) was
also prepared under the same conditions without the
addition of LiCIO,.

55 °C 5h
MAA AIBN

PMAA- Fe 0,@C

Extract

Rebind

Li*-lIP-Fe,0,@C

Fig. 1 The detailed illustration of preparation of Li* -IIP-Fe;O,@ C.
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2.3 Characterization

The micromorphology of Fe,0,@ C and Li " -IIP-
Fe,O,@ C was characterized by using a JSM-6700F
field scanning electron microscope ( FESEM) , Japan
and a JEM-2100 high resolution transmission electron
microscope ( HRTEM ), Japan. The composition of
Fe,0,@ C, Li"-IIP-Fe,0, @ C was analyzed by a
Y2000 X-ray diffractometer ( XRD ), China. The
surface functional groups of Fe,O,@ C Si-Fe,0,@ C,
PMAA-Fe,0,@C, Li"-IIP-Fe,0,@ C were analyzed
by a BRUKER FTS-165 Fourier transform infrared
spectrometer ( FTIR), Germany. The Setaram Lab-
sys Evo thermogravimeter ( TG ), France was used
for thermal analysis of Fe,O, @ C, Si-Fe,O, @ C,
PMAA-Fe,0,@ C, and Li*-IIP-Fe,0,@ C. Ion con-
centration in solutions was determined by a
PerkinElmer Avio 200 inductively coupled plasma op-
tical emission spectrometer (ICP-OES) , USA.
2.4 Adsorption performance
2.4.1 Adsorption kinetics

Absorbent (5 mg) was added into the lithium
solution (10 mL, 20 mg L™"). The concentration of
the solution after addition for 5, 10, 15, 20, 30, 60,
90 and 120 min was determined by an ICP-OES. The
adsorption capacity of lithium was calculated by the
following equation (2) .

0, =(C,-C)V/m (2)

Where Q,(mg g~') represents the adsorption ca-
pacity at time t. C,(mg L™') and C,(mg L™") are
the initial concentration of lithium ion and the concen-
tration of lithium ion at time 7, respectively. V (L) is
the volume of the solution, m (g) represents the
mass of the lithium ion-imprinted adsorbent materials
or non-imprinted adsorbent materials.
2.4.2 Isothermal adsorption

To determine the adsorption capacity of materi-
als, the adsorption equilibrium experiment was per-
formed. Absorbent (5 mg) was placed in 10 mL of
solutions with different initial concentrations of Li*
(10, 20, 40, 60, 100, 200, 300 mg L") at 25 °C.
After adsorption equilibrium, the concentration of Li”*
in the solution was measured by the ICP-OES. The e-
quilibrium adsorption capacity of lithium ion-imprin-
ted adsorbent material or non-imprinted adsorbent ma-
terial was calculated as the following equation (3) :

0.=(C,~C)V/m (3)

Where Q. (mg g~') represents equilibrium ad-
sorption capacity and C, (mg L' is the equilibrium
concentration of lithium ions.
2.4.3 Selective adsorption

Na*, K* and Mg’* were chosen as competitive
ions to investigate the selectivity of materials. Adsor-

bent (5 mg) was put into 10 mL of a mixed solution
containing 20 mg L ™' of Li*, Na*, K" and Mg’".
After adsorption equilibrium, the concentrations of
Li", Na", K and Mg’" in the solution were detec-
ted by the ICP-OES. The adsorption capacity of each
ion by the lithium ion-imprinted adsorbent material or
non-imprinted adsorbent material was calculated by
the equation (4) .
Ou=(C-C)V/m (4)

where Q,, is the adsorption capacity of the mate-
rial towards each ion.
2.4.4 Regeneration performance

The regeneration performance was studied by de-
sorbing the adsorbed material with 0.5 mol L ™' HNO,
solution to release lithium ions, and then the absorb-
ent was used to absorb lithium ions again in 10 mL of
20 mg L' Li* solution. To test the regeneration per-
formance of the lithium ion-mprinted material, ad-
sorption-desorption was repeated for six times.

3 Results and discussion

3.1 Optimization of the initiator dosage during
preparation of PMAA-Fe,0,@C

The grafting degree of MAA on the surface of
PMAA-Fe,0,@ C plays a crucial role in the immobi-
lization of 2-hydroxymethyl-12-crown-4. And the ini-
tiator AIBN dosage directly affects the grafting effi-
ciency of the functional monomer MAA. As shown in
Fig. 2a-c, with increasing the AIBN dosage from
0.000 2 to 0. 001 mol, PMAA-Fe,0, @ C gradually
agglomerates and exhibits irregular spherical morphol-
ogy. The TG curve in Fig. 2d reflects the grafting ef-
ficiency of MAA on the surface of PMAA-Fe,0, @
C. When the AIBN dosage increases from 0. 000 2 to
0.000 5 mol, the grafting degree of MAA increases
from 5.88% to 20.59% . As the initiator dosage fur-
ther increases to 0. 001 mol, the grafting degree of
MAA increases to 26. 47% but the product presents
irregular and agglomerate morphology. Therefore, by
taking MAA grafting degree and PMAA-Fe,0, @ C
morphology into consideration, the appropriate initia-
tor dosage is 0. 000 5 mol in this research.
3.2 Optimization of the catalyst dosage and reac-
tion temperature during preparation of Li*-IIP-
Fe,0,@C

During the preparation of Li"-IIP-Fe,0, @ C,
the catalyst ( p-toluenesulfonic acid) dosage and reac-
tion temperature play a key role in the immobilization
of 2-hydroxymethyl-12-crown-4 on the surface of
PMAA-Fe,O0,@ C, which influences the adsorption
capacity of Li " -1IP-Fe;0,@ C. Therefore, the effects
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Fig. 2 SEM images at the initiator AIBN dosage of (a) 0.000 2 mol, (b) 0.000 5 mol, (c) 0.001 mol
and (d) the corresponding TG curves of PMAA-Fe;0,@ C.
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Fig. 3 Adsorption capacities of Li * -IIP-Fe; O, @ C prepared
under different catalyst dosages at reaction temperatures
from 60 to 140 °C.

of the p-toluenesulfonic acid dosage and reaction tem-
perature on the Li* adsorption capacity of Li"-IIP-
Fe,O,@ C are investigated, as shown in Fig. 3.

At lower reaction temperatures (60 and 80 °C),
the obtained Li"-IIP-Fe,O, @ C has no obvious ad-
sorption capacity towards Li*. On the other hand,
Li"-IIP-Fe,0,@ C shows hardly changing adsorption
capacity towards Li™ with increasing the p-toluenesul-
fonic acid dosage in the reaction system. This is be-
cause the reaction temperature is too low to activate 2-
hydroxymethyl-12-crown-4. Therefore, these condi-
tions are unfavorable for the immobilization of 2-
hydroxymethyl-12-crown-4 on the surface of PMAA-
Fe,0,@ C, which affects the Li* adsorption capacity

of Li"-IIP-Fe,0,@ C, resulting in negligible adsorp-
tion capacity. When the reaction temperature increa-
ses to 100 °C, the resultant Li " -IIP-Fe,O0,@ C shows
a much improved adsorption capacity for Li* , indica-
ting that 2-hydroxymethyl-12-crown-4 is grafted and
immobilized on PMAAFe,O,@ C under catalysis of p-
toluenesulfonic acid under 100 °C, which improves
the adsorption capacity of Li" -IIP-Fe,0,@ C towards
Li" significantly. When the reaction temperature in-
creases to 120 °C, Li"-IIP-Fe,O, @ C prepared with
the p-toluenesulfonic acid dosage of 120 mg exhibits
the maximum adsorption capacity. This shows that at
a high reaction temperature of 120 °C, 2-hydroxym-
ethyl-12-crown-4 molecules are activated, and then
immobilized onto the surface of PMAA-Fe,0,@ C un-
der catalysis of p-toluenesulfonic acid. Therefore, the
adsorption capacity of Li* is further improved, resul-
ting in an improved adsorption capacity of Li"-IIP-
Fe,0,@C. As the reaction temperature increases further
to 140 °C, which approaches the boiling point of 2-
hydroxymethyl-12-crown-4 , 2-hydroxymethyl-12-crown-4
molecules are vaporized, which decreases their immo-
bilization efficiency onto the surface of PMAA-Fe,0,
@ C, and finally reduces the adsorption capacity for
Li". Therefore, by comparing the adsorption capaci-
ty of Li"-IIP-Fe,0,@ C prepared under different con-
ditions, the optimal reaction temperature is 120 °C,
and catalyst dosage is 120 mg. Thus, the structure
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and properties of Li*-I1IP-Fe,O, @ C prepared under
the optimized conditions are analyzed in the subse-
quent sections.
3.3 Microstructure and magnetic properties

The morphology of Fe,O, @ C and Li"-IIP-
Fe,O,@ C was obtained by FESEM, as shown in
Fig. 4. As shown in Fig. 4a-b, Fe,O,@ C is spheri-
cal with a regular shape and uniform particle size.
Li"-IIP-Fe,0, @ C, which was prepared by using
Fe,0,@ C as the matrix carrier, still maintains spherical

morphology, but the particle size of Li*-1IP-Fe,0,@ C
increases due to the graft polymerization of the ad-
sorption unit 2-hydroxymethyl-12-crown-4 and cross-
linking agent EGDMA in the imprinting process. Fur-
ther, HRTEM was used to characterize the micro-
structure of Li*-IIP-Fe,O, @ C. It can be seen from
Fig. 4c-d that Li*-IIP-Fe,0, @ C possesses a core-
shell structure and the inner core is Fe,O,@ C nanop-
article.

Fig. 4 FESEM images of (a) Fe;O0,@C and (b) Li*-IIP-Fe;O,@ C , and HRTEM images
of (¢) Fe;0,@C and (d) Li*-IIP-Fe;0,@ C.

By analysis of FT-IR spectra (Fig. 5a), the sur-
face functional groups at each modification stage can
be identified. The band at 590 cm ™' in Fe,0,@ C is
attributed to the stretching vibration of Fe-O-Fe of
Fe,O, particles. The adsorption band at 1 050 cm ™' of
Si-Fe,O,@ C corresponds to the tensile vibration of
C—0O—Si, which is due to the silanization of KH-
570. The absorption of C—H at 2 974 cm ™' is caused
by the grafting of MAA. The unique absorption band
of Li*-IIP-Fe,O, @ C at 1 278 cm ™' is due to C—
O—C stretching vibration, which proves the presence
of 2-hydroxymethyl-12-crown-4 on the surface of car-
bon nanospheres. The appearance of characteristic
functional groups of the products at each stage not on-
ly indicates the realization of modification at each
stage, but also provides the possibility of constructing
lithium-imprinted sites.

To confirm the thermostability of the products in
each reaction stage, the TG test was performed in Ar
atmosphere at the temperature range from 0 to 900 °C
at a heating rate of 10 °C min "', as shown in Fig. 5b.

It can be seen that the weight loss of the products in
each stage gradually increases in the temperature
range up to 600 °C, suggesting a high stability. For
Fe,0,@ C, its weight loss is 7% at 600 °C, while
that of Si-Fe;O0,@ C is 8% , only 1% higher. This is
due to the fact that thermal decomposition of KH-i570
leads to the formation of silicon oxide, which hinders
the further decomposition of Si-Fe,O, @ C. After
grafting MAA, PMAA-Fe,0, @ C shows a suddenly
increased weight loss of 11% , due to the large a-
mount of MAA grafted onto its surface. Compared
with PMAA-Fe,0,@ C, Li"-IIP-Fe,0,@ C increases
in weight loss by 2% after cross-linking polymeriza-
tion. When the temperature is raised from 600 to
700 °C, the weight loss of all the products in each
stage shows an abrupt increase, which is caused by
the carbothermal reduction between carbon and
Fe,0,. Within the temperature range of 700-900 °C,
the thermogravimetric curves of the products in each
stage are flattened because of the completion of carbo-
thermal reduction.
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The magnetic response property of Li*-IIP-
Fe,0,@ C is conferred by Fe,O, particles. In Fig. 6,
XRD analysis was performed onFe,0,@ C and Li"-
IIP-Fe,0,@ C, and the results are compared with the
characteristic peaks of Fe,O, in the PDF card. From
Fig. 6, it can be seen that both Fe,0,@ C and Li"-
[IP-Fe,0,@ C have peaks of (220), (311), (400),
(422), (511) and (440) at 2 angles of 30°, 36°,
43°,53°, 57°, 63°, respectively, which are ascribed
to the diffraction peaks of Fe,O,. These results show
that Li"-IIP-Fe,O, @ C has a cubic structure of
Fe,O,, which provides the possibility of subsequent
liquid solid separation and recycling.

-‘- Li*-lIP-Fe,0,@C
. _1 Fe,0,@C

/i —— Fe,0,standard pattern
W ¢ J.

| s Wy

\ A
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Fig. 6 XRD of Fe;0,@ C and Li * -IIP-Fe; O, @ C (inset image:
magnetic separation of Li* -IIP-Fe;0,@ C in water) .

According to the previous research, the satura-
tion magnetization of Fe,0, @ C is 32.2 emu g ',
suggesting Fe,O, @ C could be easily separated from
solution by applying an external magnetic field"*' .
As shown in the inset image in Fig. 6, Li"-IIP-
Fe,0,@ C synthesized with Fe,O, @ C as a carrier,
can be easy to achieve solid-liquid separation under an
external magnetic field because of its good magnetic
properties of Fe,O,@ C.

3.4 Adsorption performance

3.4.1 Adsorption kinetics

100 200 300 400 500 600 700 800 900
Temperature (°C)

(a) FT-IR spectra and (b) TG diagram in Ar of each stage product at a heating rate of 10 °C/min.

Bl ° Li*-llP-Fe,0,@C
= Li*-NIP-Fe,0,@C
L7 Pseudo-first-order fit

| —Pseudo-second-orderfit ___* %

Q(mg/g)

40 60 80 100 120
Time (min)

Fig. 7 Adsorption kinetics curves of Li* -IIP-Fe;O,@ C
and Li* -NIP-Fe; 0, @ C.

The adsorption kinetic curves of Li"-IIP-Fe,O,
@ C and Li"-NIP-Fe,O, @ C are shown in Fig. 7.
Both Li*-IIP-Fe,0,@ C and Li " -IIP-Fe,0,@ C show
adsorption towards lithium ions. As time goes by, the
adsorption capacity of the two materials towards lithi-
um ions increases rapidly in the first 30 min, and then
levels off with the increase of time. The imprinted
cavities and binding sites on the material surface are
abundant at the initial stage of adsorption, thus Li*
can be quickly identified and adsorbed. As the ad-
sorption continues, the adsorption rate gradually de-
creases as most of the recognition sites are occupied.
When the adsorption time is extended to 120 min,
both absorbents reach the adsorption equilibrium. More-
over, the adsorption capacities of Li*-IIP-Fe,0,@ C in
different time periods are always higher than those of
Li"-IIP-Fe,O0, @ C, which indicates that Li"-IIP-
Fe,O,@ C has the specific recognition sites towards
the template ions.

To reveal the mechanism behind lithium ion ad-
sorption kinetics, the pseudo-first-order and second-
order kinetic models were fitted to the adsorption ki-
netic data by the equations (5) and (6) respective-
ly'"**'. The fitting results are shown in Table 1.

0 =0.-0Qe ™ (5)
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Qt:kZQit/(l +k,0,1) (6)

Where Q,(mg g~') is the equilibrium adsorption
capacity of lithium. Q,(mg g~') is the amount of ad-
sorption at time 7. k, (1 min~') and k, (g (mg
min) ~') are constants of the first-order and second-
order kinetic models, respectively.

Table 1 shows the kinetic adsorption parameters of
Li*-TIP-Fe,0,@ C and Li*-NIP-Fe,0,@ C. The R’ of
the pseudo-second-order kinetic model (0.9664) is
higher than that of the pseudo-first-order dynamic
model (0.9158). As shown in Table 1, the calculat-

ed adsorption capacity (Q,, cal =12.99 mg g ') for
the pseudo-second-order kinetic model is close to the
experimental value (Q, .., =13.46 mg g “'). These
findings indicate that it is more appropriate to describe
the adsorption behavior of Li* -IIP-Fe,0,@ C towards
lithium ions with the pseudo-second-order kinetic
model, suggesting that the chemical adsorption nature
of lithium ions by Li* -1IP-Fe,0,@ C due to the com-
plex interactions between multiple C-Os of crown e-
ther and lithium ions.

Table 1 Kinetic adsorption parameters of Li* -IIP-Fe,0,@ C and Li* -NIP-Fe,0, @ C.

Kinetic models

Pseudo-first-order-model

Pseudo-second-order-model

Absorbents Qe g O R O ke R’
Li'"-1IP-Fe,0,@C 13.46 11.98 0.1896 0.9158 12.99 0.0236 0.9664
Li-NIP-Fe,0,@C 5.24 7.34 0.0030 0.9744 5.40 0.0266 0.9796

Note: O

e, exp

3.4.2 Adsorption isotherms

It can be seen from the adsorption isotherms of
Li*-IIP-Fe,0,@ C and Li"-NIP-Fe,0,@ C in Fig. 8
that the adsorption capacities of two absorbents increase
with the increase of the lithium ion concentration. As
the lithium ion concentration increases to 100 mg L',
the adsorption is basically saturated. Then as the con-
centration continues to increase to 300 mg L ™', there
is no significant change in the adsorption capacity. The
maximum adsorption capacity of Li"-IIP-Fe,0,@C
(22.26 mg g ') is higher than that of Li*-NIP-
Fe,0,@C (11.94 mg g~'). And the imprinting fac-
tor (fi,,), which is calculated by the equation (7),
is 1. 86.

.fimp = Qe(IIP)/Qe(NIP) (7>

Where O, p) and Q. yp) Tepresent the equilibri-
um adsorption capacity of Li"-IIP-Fe,O, @ C and
Li"-NIP-Fe,O, @ C, respectively. These findings
prove that Li " -ITP-Fe,O,@ C has an excellent adsorp-
tion selectivity towards Li".

The experimental data are fitted to the Langmuir
and Freundlich isotherm models using the equations
(8) and (9), respectively. The fitting results are
shown in Table 2. It can be seen from Table 2 that
the correlation coefficient of the Langmuir isotherm
model (0.958 5) is significantly better than that of
the Freundlich isotherm model (0.905 9). In addi-
tion, the adsorption capacity calculated by the Lang-
muir isotherm model is close to the experimental re-
sults. These results suggest that the adsorption for Li”*
can be described by monolayer adsorption. This ad-
sorption behavior matches the imprinted layer con-
structed on the surface of carbon nanospheres by sur-
face ion imprinting. Lithium ions can be captured by

is the experimental value of Q,(mg g~ ') ; Q.. ca is the calculated value of Q. (mg g -y,

* Li~lIP-Fe,0,@C
30 = Li-NIP-Fe,0,@C
Langmuir fit
25 - - - Freundlich fit

Q,(mg/g)

0 50 100 150 200 250 300
C, (mg/L)

Fig. 8 Adsorption isotherm fitting curves of
Li* -IIP-Fe;0,@ C and Li* -NIP-Fe; O, @ C.

direct contact with the surface imprinting layer.
Q.=K.0,C/(1+K.C,) (8)
0. :KFCL/H (9)

Where O, (mg g ') is the maximum adsorption
capacity of material, K, (L mg~') is the Langmuir
constant, and K. (mg L") and 1/n are Freundlich
constants.

The binding affinity of an adsorbent towards a
target ion is analyzed according to the separation fac-
tor R, value calculated by the equation (10) accord-
ing to the K, constant in the Langmuir isotherm mod-
el. The value of R, is between 0 and 1. The smaller
the value of R, is, the more favorable it is for the ad-
sorbent to adsorb the target ion. The R, value of Li"-
IIP-Fe, O, @ C is calculated to be 0. 051 9, which
proves that lithium ions are easily adsorbed by this
material due to the strong binding affinity between the
absorbent and target ions.

R =1/(1+C,K,) (10)

Where C, (mg L") is the maximum initial con-
centration and K, (L mg™') is Langmuir constant.
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Table 2 Isothermal adsorption parameters of Li*-IIP-Fe,0,@ C and Li* -NIP-Fe,0, @ C.
Isothermal models Langmuir model Freundlich model
Absorbents Doy O ; R K, 1/n R
Li'-1IP-Fe,0,@C 22.26 21.43 0.0609 0.9585 7.7935 0.2007 0.9059
Li"-NIP-Fe,0,@C 11.94 12.16 0.0278 0.9552 2.3889 0.3043 0.8416

Note: Q

e, exp

is the experimental value of Q. (mg g 1y, Q.. ca is the calculated value of Q. (mg g ~T') of the Langmuir adsorption model.

Table 3 Adsorption selectivity of Li* -IIP-Fe,0,@ C for Li".

Li'-1IP-Fe,0,@C

Li'-NIP-Fe,0,@C

lons K, s X, o o'
Li’ 1.03 . 0.25 - -
Na' 0.13 8.06 0.10 2.67 3.02
K’ 0.18 572 0.13 2.00 2.86
Mg* 0.37 2.75 0.12 2.06 131
Table 4 Comparison with other adsorbents for Li* adsorption performance.
Adsorption Selective factor )
Absorbents . i Li+  Li+ Regeneration performance Reference
capacity (mg g~") Na >QK
Li-IIPs 6.79 5.34, 6.47 95% (six cycles) [25]
Fe,0,@ Si0, @ [IP 4.07 50.88, 42.38 92% (five cycles) [26]
LIPs 9.46 3.66, 3.01 89.7% (ten cycles) [27]
DIMFs 26.2 72.05, 93.35 85% (five cycles) [33]
Li*-IIP 7.07 24.15, 52.1 97.9% (five cycles) [34]
Li* -IIP-Fe;0,@ C 22.94 8.06, 5.72 91.2% (six cycles) This work
3.4.3 Selective adsorption
To investigate the adsorption selectivity of Li®- 12t B Li-IP-Fe,0,@C
IIP-Fe,0, @ C towards Li" against other metal ions w0l B Li-NIP-Fe,0,@C
with similar or large size, Na® (0.204 nm), K’
(0.276 nm) and Mg’ " (0. 144 nm) were selected as 5 8f
the competitive ions. The adsorption capacities of £ sl
Li*-IIP-Fe,O0, @ C for the four ions are shown in © al
Fig. 9. Compared with the adsorption capacities for
Na*(1.66 mg g '), K" (2.34 mg g7'), Mg** 2t
(3.36 mg g'), a significantly higher adsorption ca- 0 ’ :
pacity for Li* (12.72 mg g~ ') is observed. This is L N:bsmbed ion': Mg™

because the formed imprinted cavities have a closer
size to and thus stronger electrostatic interaction with
the target ion than to other ions.

The distribution coefficient K, selection factor
oy and relative selection factor of Li* -IIP-Fe,0,@ C
towards Li* against the other three competitive ions
can be calculated by the equations (11), (12) and

(13). The results are shown in Table 3.

Kd:(CO_Ce)V/(Cem) (11)
an’ =KJ/KY (M=Na* ,K* ,Mg**) (12)
a=ay (I)/a; (N) (13)

Where C,(mg L") and C.(mg L") represent
the initial concentration and equilibrium concentration
of ions, Q, (mg g ') is the adsorption capacity of
material to each ion, V (L) is the volume of the so-
lution, and m (g) is the mass of lithium ion-imprin-
ted adsorbent or non-imprinted adsorbent.

Obviously, the K, value of Li " -IIP-Fe,0,@ C

Fig. 9 Adsorption selectivity of Li* -IIP-Fe; O, @ C.

for Li* (1.03) is greater than that for Na® (0. 13),
K* (0.18), and Mg** (0.37). This is consistent
with the results exhibited by the selection factor , in-
dicating that Li*-1IP-Fe,0, @ C has a higher separa-
tion selectivity towards Li*. Further, according to the
o values, Li"-IIP-Fe,O, @ C has a higher selective
recognition towards Li* than Li " -NIP-Fe,0,@ C.
3.4.4 Regeneration performance

The adsorption-desorption cycle is used to inves-
tigate whether the material has good regeneration per-
formance. Fig. 10 shows the adsorption capacity of
Li"-IIP-Fe,0,@ C after six adsorption-desorption cy-
cles. It can be seen that the adsorption capacity of
Li"-IIP-Fe,O, @ C towards Li* decreases slightly
from 13.84 to 12.62 mg g~ ' after six adsorption-de-
sorption cycles, only a 8. 8% decrease. This slight
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decrease is due to the damage of the adsorption sites
using HNO, as an eluent during desorption. Despite
this, Li*-IIP-Fe,0,@ C still shows good regeneration
performance with high recovery rates ranging from
97.27% to 96. 12% in six adsorption-desorption cy-
cles.

Cycle number

Fig. 10 Li*-IIP-Fe;0,@ C adsorption and

regeneration performance of Li* .

As shown in Table 4, the adsorption of different
materials for Li* are compared. It can be seen that
the Li " -IIP-Fe,0,@ C in this work has a considerable
adsorption capacity for Li*. Importantly, it also has a
better selectivity and regeneration performance for ex-
tracting Li". Therefore, the Li"*-IIP-Fe,O, @ C in
this work can be regard as a kind of potential material
for selectively extracting Li® with a high recycling
utilization rate.

4  Conclusions

PMAA-Fe,O0, @ C, with uniform morphology
and a high MAA grafting efficiency of 20.59% , was
synthesized under a molar ratio of AIBN to MAA of
1:20. On this basis, Li*-1IP-Fe;0,@ C with a high
selectivity for Li* adsorption was synthesized under a
molar ratio of 2-hydroxymethyl-12-crown-4 to p-tolu-
enesulfonic acid of 1:1.39 at 120 °C. Li"-1IP-Fe,0,
@ C achieves a high selectivity factor for Li* relative
to Na* (8.06), K*(5.72), Mg**(2.75) in a solu-
tion with a lithium ion concentration of 20 mg L ™' for
each at 25 °C. The maximum adsorption capacity of
Li"-Fe,0,@C (22.26 mg g~ ') is 1. 86 times that of
non-imprinted material (11.94 mg g~'). The adsorp-
tion of Li*-IIP-Fe,0,@ C is better described by the
Langmuir isotherm model and the pseudo-second-or-
der kinetic model. More importantly, after adsorp-
tion-desorption cycles, the recognition ability only de-
creases by 8. 8% of the initial value, suggesting that
the prepared Li* -IIP-Fe,0,@ C has excellent regener-
ation performance and a high stability. The ion-im-

printed product is expected to be used for separation
and recovery of lithium ions from the salt lake water.
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