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Abstract
In this paper, APTES was used as the functional monomer, reamed MCM-41 was used as the carrier, and epichlorohydrin 
was used as the crosslinking agent to prepare the Lanthanide ion-imprinted polymer, La-IIP. The effects of pH, time, tem-
perature, and initial concentration on La-IIP adsorption were investigated, and the adsorption mechanism was discussed by 
fitting the adsorption data to various kinetic and thermodynamic models. The results showed that La-IIP reached adsorption 
equilibrium in 20 min at 338 K and pH = 5, and the maximum adsorption capacity was 272.2 mg/g. The La-IIP adsorption 
process conformed to the Langmuir adsorption model, and La-IIP showed strong selectivity for La(III) in the presence 
of interfering ions with similarproperties. 2 M hydrochloric acid solution was used to eluate La-IIP and re-adsorb lantha-
num ion solution. After elution of La-IIP for five times, the adsorption remained at the initial value of 81%. It shows that La-
IIP has stability and reusability.
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1  Introduction

Lanthanum is the second most-abundant rare earth metal, 
and most lanthanum or lanthanum-containing compounds 
are derived from solitary sand or extracted from mines [1]. 
Lanthanum is widely used in industry. High-purity lantha-
num oxide is used to coat many precision instrument lenses, 
and lanthanum-nickel alloys are used as hydrogen storage 
materials [2, 3]. Lanthanum also has irreplaceable uses 
in the field of catalysis [4, 5]. Rare earth metals are non-
renewable resources that are being depleted due to constant 
exploitation and mining. Therefore, the preparation of effi-
cient materials, and the enrichment and recovery of these 
rare earth elements are being investigated.

Surface ion-imprinted polymers are derivatives of ion-
imprinted polymers in which the carrier is grafted with a 
functional monomer, and template ions are crosslinked and 
then eluted [6]. After removing template ions, the prepared 
polymer can selectively adsorb ions from solution accord-
ing to its imprinted hole memory [7, 8]. Surface-imprinted 

polymers prevent ions from becoming too deeply embedded 
in the adsorbent and also contain adsorption sites on their 
surface. Combined, these properties improve the adsorp-
tion selectivity and speed of the polymer, which allow these 
materials to be used for recycling and separating rare-earth 
ions.

In this work, the polymer with reamed MCM-41 as the 
carrier was prepared. This carrier has larger adsorption 
capacity and pore diameter than the traditional MCM-41 [9], 
which is conducive to the speed of ions entering the channel, 
and provides a large space for the diffusion of ions or groups 
in the channel. The lanthanum ion surface imprinted poly-
mer was prepared by using this advantage combined with 
ion imprinting technology. The experimental results showed 
that the imprinted polymer has large adsorption capacity for 
lanthanum ions and good recognition selectivity.

2 � Experimental

2.1 � Chemical and Reagents

La(NO3)3·6H2O, Ce(NO3)3·6H2O, Gd(NO3)3·6H2O, 
Yb(NO3)3·5H2O, and hexadecyltrimethyl ammonium bro-
mide (CTAB) were obtained from Sinopharm Chemical 
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Reagent Co., Ltd. Hydrochloric acid (HCl), Al(NO3)3·9H2O, 
Fe(NO3)3·9H2O, and NH3·H2O were purchased from Xilong 
Scientific Co., Ltd. Tetraethyl orthosilicate (TEOS, 98%), 
3-aminopropyltriethoxysilane (APTES), and 3-chloropro-
pyltriethoxysilane were obtained from Aladdin Reagent. 
Arsenazo (III), and Mesitylene (MES) were obtained from 
Shanghai Macklin Biochemical Co., Ltd. Distilled water was 
used throughout the experiments. All chemical reagents and 
solvents were of analytical grades (AR) and used without 
further purification.

2.2 � Preparation of Lanthanum Ion‑Imprinted 
Polymer

2.2.1 � Preparation of Reaming MCM‑41

Four MCM-41 compositions were prepared using 1,3,5-tri-
methylbenzene (MES) as the pore expanding agent. The 
molar ratios of CTAB-to-1,3,5-trimethylbenzene were 
1:1, 1:2, 1:3, and 1:4. First, 1.2 g CTAB, 90 mL ammo-
nia and 130 mL deionized water were poured into a three-
necked  f las-k.   After  CTAB  was  fully  hydro-
lyzed  in  water,  CTAB were  added:  the  molar  ratio 
of  MES was  1,  2,  3  and  4  corresponding  propor-
tions of 1,3,5-trimethylbenzene. The evenly mixed solu-
tion  was  stirred  in  water  bath  at  60 ℃  for  1  h,  then 
5 mL TEOS was slowly added, and  the stirring contin-
ued for 6 h. The product was crystallized at room tempera-
ture for 3 days, and the product was recorded as MCM-41-X 
(X = 1, 2, 3, 4) by filtration, washing, drying and calcination. 
When the molar ratio of CTAB:MES was 1:2, the adsorption 
effect on lanthanum ions was the best, so the subsequent 
experiments used this ratio for reaming MCM-41. Named 
MCM-41-2.

2.2.2 � Alkylation of MCM‑41‑2

MCM-41-2 prepared with a CTAB-to-mesitylene molar ratio 
of 1:2 was used as the carrier for alkylation. First, appropri-
ate amounts of MCM-41-2 and xylene were mixed, stirred at 
90 °C for 0.5 h. Then, 1 mL of 3-chloropropyltriethoxysilane 
was added, and the mixture was stirred for an additional 6 h. 
The mixture was suction filtered and washed repeatedly with 
acetone and ethanol solution, then dried at 80 °C for 8 h to 
obtain alkylated MCM-41-2 [10].

2.2.3 � Preparation of Lanthanum Ion‑Imprinted Polymer

First, 2.5 mL of APTES, 0.2339 g of anhydrous lanthanum 
nitrate, and 30 mL of anhydrous methanol were added to 
a three-necked flask, and the mixture was stirred at 50 °C 
for 1 h. Then, 1 g of alkylated MCM-41-2 was added, and 
the reaction was continued for 18 h. Anhydrous methanol 

was used to repeatedly wash the solid at room temperature, 
which was then suction filtered to remove unreacted func-
tional monomers and lanthanum ions. The obtained product 
was dried at 80 °C for 8 h and then added to a flask contain-
ing 100 mL of anhydrous methanol and mixed uniformly. 
Then, 5 mL of epichlorohydrin was added dropwise, and 
then reacted at 50 °C for 12 h. The obtained product was 
washed with anhydrous methanol and repeatedly eluted with 
2 M HCl until no lanthanum ions were present in the filtrate. 
Finally, it was washed with water to neutrality and dried 
at 80 °C for 8 h. The obtained product was denoted as La-
IIP. The method for preparing non-ionic surface-imprinted 
polymers was similar, except that no template ion was added, 
and no elution step was required. The polymer obtained was 
labeled as La-NIP [11, 12].

2.3 � Adsorption Procedure

2.3.1 � Static Adsorption Experiment

An appropriate amount of the prepared adsorbent was added 
to an Erlenmeyer flask containing La3+ solutions with dif-
ferent concentrations, then sealed in a constant-temperature 
shaking box and shaken until adsorption saturation was 
reached. Then the filtrate was added to a 25 mL volumetric 
flask containing hydrochloric acid and arsenazo (III) solu-
tion and diluted it. Let it stood for a period of time to allow 
the lanthanum ions to completely complex with azozone 
(III), then measured the absorbance of the solution. The 
adsorption amount was calculated from the standard curve 
using formula (1):

where Q is the adsorption amount of the adsorbent (mg/g), 
C0 is the initial concentration of the rare earth ion (mg/L), 
Ce is the concentration of the lanthanum ion at adsorption 
saturation (mg/L), V  is the volume of the solution (L), and 
m is the mass (g) of the added adsorbent.

2.3.2 � Study on Selective Recognition of Lanthanum Ions

Coexisting solutions containing La3+ and Gd3+, Ce3+, Fe3+, 
Yb3+, or Al3+ were created with the same concentrations, 
and the adsorbent was added and allowed to reach saturated 
adsorption. The concentration of each ion in the solution was 
measured by ICP, and each partition coefficient Kd of metal 
ions was calculated using formula (2). And the selectivity 
coefficient k and the relative selectivity coefficient k' were 
calculated according to formulas (3) and (4). The specific 
recognition ability of the adsorbent was analyzed accord-
ing to k.

(1)Q =

(

co − ce
)

⋅ V

m
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where Kd is the distribution coefficient, k is the selectivity 
coefficient of La3+, k' is the relative selectivity coefficient of 
ion-imprinted kIIP and non-imprinted kNIP.

2.4 � Characterization Methods

Fourier-transform infrared (FTIR) spectroscopy, trans-
mission electron microscopy (TEM), and scanning elec-
tron microscopy (SEM) were used to characterize the 
adsorbents. The concentration of rare-earth ions in solu-
tions was measured using a spectrophotometer, and the 
concentration of the mixed ions was measured by ICP.

(2)Kd =
Qe

Ce

(3)k =
Kd(La)

Kd(M)

(4)k� =
kIIP

kNIP

3 � Results and Discussion

3.1 � Characterization of Lanthanum Ion‑Imprinted 
Polymers

3.1.1 � SEM Analysis

SEM images of imprinted polymer La-IIP and non-imprinted 
polymer La-NIP are shown in Fig. 1. There is no obvious 
difference between La-IIP and La-NIP, indicating that modi-
fying the support MCM-41 and subsequent polymerization 
did not affect the crystal structure of the support, which indi-
cates that MCM-41-2 is stable. The figure also shows that 
the prepared polymer has good dispersion and no obvious 
agglomeration [13, 14].

3.1.2 � TEM Analysis

Figure 2 shows a TEM image of La-IIP and La-NIP. The 
pore structure of La-IIP and La-NIP did not significantly 
change, indicating that the modification to the MCM-41-2 
support and subsequent polymerization did not change the 
crystal form of the support. However, both La-IIP and La-
NIP collapsed the channels, and the non-imprinted polymers 
collapsed more significantly. La-IIP functional monomers 

Fig. 1   SEM image of La-IIPand 
La-NIP

Fig. 2   TEM image of La-IIP 
and La-NIP
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were grafted on the surface of mesoporous materials, inter-
acted with ions, and were protected from subsequent reac-
tions. Finally, they were eluted under acidic conditions to 
form imprinted holes. Since La-NIP does not interact with 
ions, the subsequent polymerization reaction was affected, 
and the collapse of the channels was more obvious [15].

3.1.3 � FTIR Analysis

The FTIR spectra of MCM-41-2 and La-IIP in Fig.  3 
both contain absorption peaks at 3394 cm−1, 1083 cm−1, 
802 cm−1, and 460 cm−1. The peak of La-IIP at 3394 cm−1 
was significantly broader than that of MCM-41-2 due to 
interactions between N–H and Si–OH, and also shows 
that ATPES was supported on MCM-41-2. The peaks at 
1083 cm−1, 802 cm−1, and 460 cm−1 correspond to asym-
metric Si–O–Si stretching, symmetrical stretching, and 
bending of the molecular sieve, respectively [16, 17]. Com-
pared with MCM-41-2, new absorption peaks appeared 
at 2943 cm−1, 1458 cm−1, 1382 cm−1, and 1232 cm−1 due 
to La-IIP. The peak at 2943 cm−1 was the C–H stretching 
vibration peak, which was due to the presence of 3-chloro-
propyltriethoxysilane. The peak at 1232 cm−1 corresponded 
to the C–O–C stretching vibration peak, indicating that 
epichlorohydrin was crosslinked on MCM-41-2. The peaks 
at 1458 cm−1 and 1382 cm−1 corresponded to the CN and 
CH stretching vibration peaks. The bending vibration peak 
implies the successful grafting of APTES onto the surface 
of MCM-41-2 [18].

3.2 � Effect of Adsorption Conditions on the Static 
Adsorption Performance of Adsorbents

3.2.1 � Influence of Solution pH on Adsorption

The stock solution was diluted in equal concentrations and 
transferred to Erlenmeyer flasks. The pH was adjusted to 
1, 2, 3, 4, 5, and 6 to investigate the effect of pH on the 
adsorption properties of lanthanum ion-imprinted polymers 

and non-imprinted polymers. Figure 4 shows the relation-
ship between the adsorption amount and pH. The adsorption 
curve trend of adsorption amounts of La-IIP and La-NIP 
were the same, but La-IIP showed a greater increase than 
La-NIP, indicating that pH had a greater effect on La-IIP. 
The adsorption of La-IIP and La-NIP both sharply increased 
when the pH was increased from 1 to 5, and then began to 
decrease. The maximum adsorption amounts were 175 mg/g 
and 125.89 mg/g, respectively. The capacity ion blot was 
1.4 times higher than the non-ion blot. The adsorption of 
lanthanum ions was lower at low pH due to the presence of 
more free H+ in the solution which competed with the lan-
thanum ions and occupied some of the active sites. As the 
pH increased, the free H+ decreased, the contact between the 
lanthanum ions and La-IIP increased, the interaction with 
amines in APTES increased, and the adsorption capacity 
increased. The maximum adsorption was reached at pH = 5. 
When pH > 5, lanthanum ions were hydrolyzed to form 
hydroxides which reduced the number of free lanthanum 
ions in the solution, which in turn reduced the amount of 
adsorption [19, 20].

3.2.2 � Adsorption Kinetics

Figure 5 shows the La-IIP and La-NIP adsorption time 
curves, which shows that La-IIP reached adsorption equi-
librium within 10–20 min, while La-NIP reached adsorption 
equilibrium within 20–30 min. The ion-imprinted polymer 
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reached adsorption equilibrium faster than the non-ion-
imprinted polymer. This was because the ion-imprinted sur-
face contained lanthanum ion vacancies, which more quickly 
and efficiently adsorbed lanthanum ions from water than 
non-ion-imprinted polymers, thus shortening the adsorption 
time. It can also be seen from the figure that the adsorption 
of La-IIP and La-NIP within 10 min sharply increased, and 
after 10 min, the adsorption gradually slowed until adsorp-
tion equilibrium was reached. However, to ensure that the 
polymer fully adsorbed lanthanum ions, the adsorption time 
was set to 1 h [21].

To investigate the adsorption process of lanthanum ions 
by La-IIP, the adsorption of La-IIP was fitted with quasi-
first-order and quasi-second-order kinetic models. The fitting 
results are shown in Table 1, which shows R2 values of 0.9936 
and 0.9999, respectively. Therefore, it can be concluded that 

the La-IIP adsorption process followed the quasi-second-
order kinetic model. The fitted theoretical maximum adsorp-
tion Qe and the experimentally measured 175.44 mg/g and 
168.79 mg/g, respectively. These similar values that La-IIP 
conformed to a quasi-second-order kinetic model and that the 
adsorption of the imprinted polymer proceeded mainly via 
chemical adsorption [22].

3.2.3 � Isothermal Adsorption Model

Figure 6 shows the adsorption amounts of La-IIP at 298 K 
(25 °C), 318 K (45 °C), and 338 K (65 °C). The figure shows 
that the amount of lanthanum ions adsorbed at different ini-
tial concentrations first sharply increased, and then reached 
equilibrium at about 280 mg/g. The maximum adsorption 
of 272.2 mg/g was reached at 338 K. The maximum adsorp-
tion amounts at 298 K and 318 K were 175.54 mg/g and 
222.15 mg/g, respectively. These results show that the adsorp-
tion process of La-IIP required energy, so it can be concluded 
that adsorption proceeded via chemisorption [23, 24].

The adsorption data of La-IIP at 298 K, 318 K, and 338 K 
were fitted to the Langmuir and Freundlich isotherm models, 
and the fitting results are shown in Table 2. Comparing the R2 
values shows that La-IIP more closely followed the Langmuir 
adsorption model, indicating that the adsorption process was 
monomolecular adsorption. Larger KL values were obtained at 
higher temperatures, indicating an endothermic reaction, and 
that the La-IIP adsorption more closely followed the Langmuir 
adsorption model [22, 25].

3.2.4 � Adsorption Thermodynamics

The values ΔH, ΔS, and ΔG of La-IIP were calculated using 
Eqs. 5 and 6, and the results are shown in Table 3.

(5)ΔG = ΔH − ΔS ⋅ T

Table 1   The fitting parameters of the quasi-first-order and quasi-sec-
ond-order kinetic models of La-IIP

Pseudo-first-order equation Pseudo-second-order equation

k1/min R2 Qe/mg/g k2 × 10–3/g/(mg min) R2 Qe/mg/g

0.3888 0.9416 619.06 2.9536 0.9986 175.44
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Fig. 6   Influence of initial concentration of solution on La-IIP at dif-
ferent temperatures (a-338 K, b-318 K, c-298 K)

Table 2   Lamuguir and 
Freundlich adsorption model 
fitting parameters of La-IIP

Thermodynamic 
model

Temperature (K)

298 318 338

Langmuir
 Equation y = 0.0046x + 0.6246 y = 0.0035x + 0.4221 y = 0.0032x + 0.2467
 R2 0.9919 0.9941 0.9976
 Qm/mg/g 217.39 285.71 312.5
 KL 0.0074 0.0083 0.013
 RL 0.2636 0.2535 0.182

Freundlich
 Equation y = 0.5083x + 2.1168 y = 0.4741x + 2.6087 y = 0.4108x + 3.1904
 R2 0.9876 0.9845 0.9665
 1/n 0.5083 0.4741 0.4108
 KF 8.3 13.58 24.3
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It can be seen from the table that ΔG < 0 at 298 K, 318 K, 
and 338 K, indicating that the reaction was spontaneous. 
ΔG decreased with increasing temperature, indicating that 
higher temperatures were more favorable for adsorption [26, 
27]. ΔH = 20.71 kJ/mol > 0 kJ/mol, indicating that La-IIP 
adsorption was an endothermic reaction. Experimental cal-
culations showed that ΔG < 0, ΔH > 0, and ΔS > 0, indicat-
ing that adsorption proceeds via an endothermic spontane-
ous reaction [28, 29].

3.2.5 � Selectivity Study

In order to study whether the imprinted La-IIP and the non-
imprinted La-NIP could selectively adsorb lanthanum ions, 
Ce(III), Gd(III), Yb(III), Al(III), and Fe(III) were selected 
as interfering ions. The corresponding selectivity coeffi-
cients were calculated using formulas 2, 3, and 4 to study 
the selectivity of La-IIP and La-NIP towards lanthanum ions 
during adsorption. The results are shown in Table 4 [30, 31] 
and show that the lanthanum selectivity of La-IIP was better 
than that of La-NIP. The selectivity coefficients for Ce(III), 
Gd(III), and Yb(III) were 3.63, 5.42, and 3.01, respectively. 
The selectivity coefficients for Ce(III), Gd(III), and Yb(III) 
were only 1.16, 1.44, and 1.1. Compared with the reamed 
MCM-41, La-IIP showed a good selectivity coefficient for 
La(III). The selectivity coefficients of La-IIP for Al(III) 
and Fe(III) were 12.32 and 6.7, respectively, indicating that 

(6)InKd =
ΔS

R
−

ΔH

RT

Ce(III), Gd(III), and Yb(III) interfered with La-IIP selectiv-
ity and recognition of La(III). Among the relative selectiv-
ity coefficients, Al(III) has the highest relative selectivity 
coefficient of 10.11, indicating that La-IIP could select and 
recognize La(III).

3.2.6 � Elution and Reuse

For imprinted polymers, it is important to consider whether 
the adsorption of ions after repeated elution affects their 
selectivity. First, a 2 M HCl solution was selected as the 
desorption solution, and La-IIP was repeatedly eluted and 
used to adsorb lanthanum ions. The results show that the 
adsorption capacity reached more than 81% after five cycles. 
Similarly, La-IIP was eluted and adsorbed with H2SO4, 
HNO3, and 0.1 M EDTA. The results showed in Fig. 7 that 
the desorption capacity of EDTA was the weakest, and HCl 
was the strongest. After eluting La-IIP with HCl five times, 
the adsorption remained at its initial value of 81%, indicating 
the stability and reusability of La-IIP [32].

4 � Conclusions

In this paper, surface Lanthanide ion-imprinted polymer La-
IIP and non-ionic surface-imprinted polymers La-NIP were 
prepared with APTES as the functional monomer, reamed 
MCM-41 as the carrier and epichlorohydrin as the crosslink-
ing agent. The results are summarized as follows:

(1)	 The La-IIP has strong adsorption affinity, specific rec-
ognition ability and excellent selectivity, and the maxi-
mum adsorption capacity is 272.2 mg/g.

(2)	 Through the quasi-first-order and quasi-second-order 
kinetic fitting of the experimental data, it is concluded 
that La-IIP is more in line with the quasi-second-order 
kinetic models, indicated that the adsorption process of 
La-IIP is mainly chemical adsorption.

Table 3   Adsorption thermodynamic constants of La-IIP

Adsorption thermodynamic 
parameters

Temperature (K)

298 318 338

La-IIP
 ΔH/kJ/mol 20.71
 ΔS/J/(K mol) 72.54
 ΔG/kJ/mol − 0.91 − 2.36 − 3.81

Table 4   Distribution coefficient and selectivity coefficient of La-IIP 
and La-NIP

Metal ion La-IIP La-NIP

Kd (mL/g) kLa/M Kd (mL/g) kLa/M k'

La(III) 631.58 209.94
Ce(III) 173.91 3.63 197.80 1.16 3.14
Gd(III) 116.40 5.42 116.40 1.44 3.76
Yb(III) 209.94 3.01 197.8 1.10 2.73
Fe(III) 94.24 6.70 285.71 1.00 6.70
Al(III) 51.28 12.32 234.64 1.22 10.11
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(3)	 According to the isothermal adsorption model, the 
Langmuir and Freundlich adsorption models of La-IIP 
were fitted, the results showed that La-IIP was more in 
line with the Langmuir adsorption model.

(4)	 The thermodynamic fitting results of La-IIP showed 
that the adsorption process is an endothermic spontane-
ous reaction.

(5)	 In addition, La-IIP has good stability and high avail-
ability.

Surface ion imprinting technology continues to develop 
and become more and more mature, which provides more 
reference methods for the treatment and adsorption of metal 
ions in waste ore water. Therefore, this work has a certain 
reference value for environment-friendly and industry.
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