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Abstract Rare earth elements are a treasure trove of
new materials in the twenty-first century, however, the
similar radii of the lanthanide metals make it difficult
for the ionic rare earth elements to be selectively
separated. Ion-imprinted technology can help to
selectively separate rare earth elements, nevertheless,
most materials used for ion-imprinted are expensive.
Chitosan has a wide range of sources, low cost, and a
large quantity of amino and hydroxyl groups, which is
advantageous for adsorbing heavy metals. Most
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scholars have made chitosan into a shape such as
microspheres, which does not exert the great value of
chitosan and is difficult to recycle, which greatly
affects the adsorption rate. There are few studies on
increasing the specific surface area of chitosan, so
there is still much room for improvement in the
adsorption capacity of chitosan. In order to improve
the performance of chitosan-based materials, this
research reports the preparation of imprinted nanofiber
chitosan films (INFCF) by ion-imprinted technique
and low-temperature thermal phase separation. These
methods not only make the material have a high BET
surface area, but also enable the material to have
selective adsorption capacity. The BET surface area of
the film is 203.6 m* g~'. The maximum adsorption
capacity of INFCF for Gd(III) was 71.00 mg g~ at
pH 7.0. The adsorption mechanism is summarized as a
single layer of chemical adsorption. The excellent
selectivity and repeatability of INFCF make it a high-
quality material for the selective recovery of rare earth
ions in industrial production.
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Introduction

The rapid development of the economy and society
has led to a sharp increase in demand for various
commodities, and the use of special materials has
become more widespread. Rare earth elements have
the advantages of para-magnetism, low melting point,
good plasticity, and high hardness are widely used in
many fields such as new materials, military, electronic
chips and chemicals (Zheng et al. 2016). Among them,
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gadolinium (Gd) is the element with the largest
number of unpaired electrons. These physical and
chemical properties make Gd a candidate for cutting-
edge technology (Raebiger and Bolskar 2008). An
important property of Gd is that there is one electron in
each orbit in seven orbits, which is the largest number
of unpaired electrons in the rare earth element.
Depending on the magnetic moment of this unpaired
electron, it is expected that this property can be
effectively utilized in many fields such as medical,
industrial and nuclear energy. However, increased
demand for advanced products has led to a rapid
increase in waste, especially Gd-containing wastew-
ater. Incomplete treatment of Gd in water can have an
irreversible negative impact on the environment and
human health. Rare earth elements are difficult to be
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separated due to similar ionic radii (Jha et al. 2016).
Existing separation techniques [stepwise method
(Habashi 2013; Martinez et al. 2013), liquid-liquid
extraction method (El-Nadi 2017), membrane separa-
tion method (Tavlarides et al. 1987) and solid-liquid
extraction method (Sun et al. 2008)] have certain
effects in removing heavy metals from water. How-
ever, it is difficult to selectively separate a single
heavy metal.

Ton-imprinted technique (IIT) is a good method for
separating specific heavy metal ions from water.
Depending on the ionic radius, IIT imprints a specific
ion in a high molecular polymer to form a specific
cavity after elution (Fu et al. 2015). IIT is widely used
in the field of ion separation (Suquila et al. 2018; Wei
et al. 2018b). Ide’s team synthesized a monoamide-
based adsorbent for selective adsorption of lanthanides
(Nd(III)) based on ion imprinting and studied its
adsorption characteristics. Density functional theory
(DFT) calculation of a model system revealed that the
ion-imprint effect and inhibition effect is the cause of
large adsorption amount (Ide et al. 2016). Zhu’s team
made a two-dimensional surface imprinted polymer
using montmorillonite to extract Pb(Il) from slag (Zhu
et al. 2018). Adsorption experiments confirmed the
excellent selective adsorption properties of the mate-
rial. Hao’s team studied the selective adsorption of
U(VID) from seawater, and their imprinted graphite
carbonized composites showed excellent adsorption
capacity and extraction selectivity for U(VI) (Hao
et al. 2018). Although the above studies successfully
solved the problem of selective adsorption, the
adsorption capacity was not greatly improved. The
difficulty in obtaining raw materials and the high cost
are also great problems. The low adsorption capacity
is mainly due to the small number of imprinting sites
available for the material to provide an adsorption
reaction. Therefore, we are committed to finding a low
cost and highly efficient adsorbent.

Biomaterials are believed to have a large number of
reactive functional groups. Among biomaterials, chi-
tosan is one of the most excellent materials for
adsorbing heavy metals because it contains a large
amount of amino and hydroxyl groups (Liu et al.
2012). Chitosan is inexpensive, readily available, and
is a green, non-polluting material. These advantages
have led to the development of chitosan in many fields
such as biochemistry, medicine and environmental
protection (Rinaudo 2006). The combination of

chitosan and IIT will greatly assist in the adsorption
of rare earth elements (Baroni et al. 2008; Ngah et al.
2011; Shafaei et al. 2007). However, chitosan has
some disadvantages, it is only soluble in weak acid,
easy to agglomerate and low in specific surface area.

In order to overcome the problem that chitosan will
dissolve in a weak acid solution; it is a feasible method
to prepare chitosan into a stable form in advance.
Some studies have made chitosan a blocky structure of
hydrogels, but the use of chitosan as a bulk material
reduces the active site of chitosan (Liu and Bai 2006;
Yu et al. 2017). The pure aqueous solution of chitosan
is difficult to have a large specific surface area and
porous structure. The preparation of hollow fiber
membranes by electrospinning and low temperature
induced phase separation seems to be a good solution
(Kim et al. 2016). However, electrospinning nanofiber
production that the inorganic material having a larger
brittleness (Kim et al. 2005).

Low-temperature thermal phase separation is more
likely to produce porous nanofiber membranes than
liquid—solid phase separation. It is a technique in
which a polymer is dissolved in a mixed solvent to
form a homogeneous solution in a film forming
mixture at a temperature lower than the melting point
of the polymer. It is then cooled to achieve phase
separation. As long as the appropriate process condi-
tions are controlled, the system can form a two-phase
structure in which the polymer is the continuous phase
and the solvent is the dispersed phase after the phase
separation. So controlling the freezing point of the
solvent is extremely important. It is well known that
the addition of ethanol to a solvent can lower the
freezing point of the solvent, and the low-temperature
thermal phase separation can be initiated during the
freeze-drying process to form a nanofiber porous
structure. By these methods, chitosan has a high
specific surface area, a nanofiber structure, and a
selective adsorption capacity, so that the material can
have a broader prospect in industrial applications
(Erdeng et al. 2018; Wei et al. 2018a, 2019).

In this work, we prepared a chitosan film with
nanofibers by using ion-imprinted technology and
using ethanol to reduce the freezing point of the
solvent to complete the low-temperature thermal
phase separation technique. The purpose of efficiently
and selectively adsorbing and separating Gd(III) ions
from aqueous solution is achieved. We characterized
the material by scanning electron microscope (SEM),
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Fourier transform infrared (FTIR), N, adsorption—
desorption, X-ray photoelectron spectroscopy (XPS)
and thermogravimetric (TG). The adsorption and
selection properties of Gd(III) on materials were
investigated by a series of experiments on static and
dynamic adsorption and simulation of actual samples.

Experimental
Materials

The reagents used in the experiment were chitosan,
cerium nitrate hexahydrate, glacial acetic acid, abso-
lute ethanol, and glutaraldehyde. The degree of
deacetylation of chitosan is 95-100%. The concentra-
tion of glutaraldehyde is 50%.

Preparation of materials

The imprinted nanofiber chitosan film (INFCF) was
prepared in the following procedure. The chitosan
with a concentration of 2% W/V was dissolved in
acetic acid solution (2% V/V, anhydrous ethanol in the
solvent: water = 3:7), and 0.5 g of gadolinium nitrate
hexahydrate was added, and the mixture was uni-
formly mixed at room temperature. The bubbles in the
solution were removed under ultrasound. The solution
was poured into a Teflon tray and allowed to stand at
253 K for 10 h until the solution became a clear soft
gel. Subsequently, a coagulant (1 M NaOH) was
added and the coagulant was pre-frozen at 273 K. The
soft gel was allowed to stand at 273 K for 6 h to
become a milky white soft gel. Pour 3 M glutaralde-
hyde into the dish to crosslink. Distilled water was
then poured into the petri dish and distilled water was
changed every 8 h until it became neutral. After
freezing at 253 K for 2 h, it was freeze-dried at 223 K
for 24 h. The Gd(III) was eluted using a mixed
solution of glacial acetic acid: DDW = 1:9.

The experimental procedure for the non-imprinted
nanofiber chitosan film (NNFCF) was identical to that
of the INFCF without Gd(III).

Adsorption experiment
We performed pH, kinetic, isotherm, competitive

adsorption, thermodynamics, and repeatability exper-
iments on INFCF and NNFCF. Specific experimental
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steps are placed in the supplementary material. All
experimental results were obtained by ICP detection.

Characterization analysis means

A chain of characterizations was performed on
successfully prepared NFCF. The surface structure
of NFCF was observed to form a nanofiber shape by
photographing SEM. The functional groups present in
the molecule of NFCF was observed by FTIR. The
surface area of NFCF was analyzed by N, adsorption—
desorption method. The Zeta point was used to
analyze the surface charge of NFCF. Thermal stability
was observed by TG. The change in elemental content
of C, N, O, and Gd(IIl) was analyzed by XPS. The
above six characterizations were used to verify that the
NFCF material has a good nanofiber structure and
excellent adsorption properties.

Results and discussion
Analysis of characterization results
SEM

The surface topography of the film can be observed by
SEM (Fig. 1). (a) is the surface topography, and it can
be seen that a large number of pore structures form a
network and are joined together. The (a) picture is
enlarged to obtain (b) picture, and the (b) picture
clearly shows that the inside of the film is also a
nanofiber structure. The (c) picture shows the SEM
image of the cut surface. It can also be seen from the
cut surface that the fiber structure inside the film is
very obvious. This demonstrates that low temperature
thermally induced phase separation techniques have
successfully formed nanofiber structures. The uneven
distribution of the nanofiber structure increases the
specific surface area of the film, and the active
adsorption sites exposed to the chitosan surface also
increase correspondingly, which contributes to the
improvement of the material adsorption capacity.

FTIR

The FTIR spectra of NNFCF and INFCF are shown in
Fig. 2. NNFCF and INFCF have similar peaks in the
range of 4000-500 cm ™", The formation of a polymer
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Fig. 1 SEM image of INFCF
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Fig. 2 The FTIR of NNFCF and INFCF

by an amide group by hydrogen bonding causes a
stretching vibration of N-H to cause a peak at
3432 cm™'. The absorption peak at 2926 cm™' is
caused by asymmetric stretching of CH, and stretch-
ing vibration of C-H. The bending vibration of N-H
caused the amide II band at 1654 cm™'. Due to the
resonance effect, the stretching vibration of C=0
causes an absorption peak at 1375 cm™'. The absorp-
tion peak at 1068 cm ™' is caused by the stretching
vibration of the symmetric C—O-C. The intensity of
the absorption peak of INFCF at 1068 and 3432 cm ™'
was lower than that of NNFCF, indicating that the
imprinted ions occupied part of the -NH, and —OH
groups during the imprinting process.

N; adsorption—desorption (BET test method)
The physical adsorption mechanism of the material

was investigated by N, adsorption—desorption analy-
sis method. The isotherm is shown in Fig. 3 belongs to
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Fig. 3 N, adsorption—desorption isotherm plot of films

the type IV adsorption isotherm. When the relative
pressure is in the low-pressure region between 0.0 and
0.05 P/Py, the curve is convex upward, and single layer
adsorption is first formed, and the multilayer adsorp-
tion is started when the saturated adsorption amount of
the monolayer is reached. The relative pressure of the
multilayer adsorption is between 0.05 and 0.75 P/Py.
As the gas pressure increases, the pores of the gas
agglomerate become larger and larger, causing hys-
teresis, and the desorption isotherm formed a hystere-
sis loop above the adsorption isotherm. The hysteresis
loop belongs to the H3 type, and when the relative
pressure is close to the saturated vapor pressure, the
balance is not reached, and the surface material is a
slit-like hole formed by the polymer sheet-like parti-
cles. The BET surface area of the material is
203.6 m* g~ ', and the large BET surface area is very
helpful for the adsorption reaction. From the specific
surface area data in Fig. 3, it can be seen that the
specific surface area of INFCF is 37.8 m* g~ ' less
than that of NNFCF. There are two main reasons for
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this phenomenon. The first is that the nanofiber
structure constructed by the phase separation tech-
nique achieved by freeze drying is random. Therefore,
the specific surface area of the nanofiber structure
formed in different molds is also slightly different.
Then the addition, cross-linking and elution of metal
ions have a small effect on the structure of the
material, resulting in a slightly smaller specific surface
area of INFCF than NNFCF.

Zeta potential

The zeta test was measured at diverse pH values and
the results are shown in Fig. 4. The zeta potential is a
characteristic of the amount of charge on the surface of
the particle, which is related to the stability of the
particle system. The pH affects the presence of cations
in the solution and the surface charge of the adsorbent.
In order to avoid precipitation of rare earth ionic
hydroxide under alkaline conditions, adsorption prop-
erties in the pH range of 2.0-7.0 were investigated.
The Zeta potential is the potential difference between
the continuous phase and the fluid stabilizing layer
attached to the dispersed particles. It can be measured
directly by electrokinetic phenomena. This is also
related to the protonation of acidic conditions to
protonation of the surface to increase the positive
charge. The isoelectric point occurred at pH 6.0 and
6.5, respectively. Both materials have an electrostatic
negative charge on the surface at pH 7.0, which is the
most favorable condition for adsorbing cationic heavy
metals.

Zeta Potential

—e—INFCF

pH

Fig. 4 Zeta potential of NNFCF and INFCF
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TG analysis

In order to study the thermal stability of the material,
we performed a TG test to analyze the relationship
between mass and temperature change of the material
at programmed temperature. We not only analyzed the
ratio of the weight of the sample at the current
temperature to the initial weight, but also analyzed the
TG calculus curve (DTG). That is, the curve obtained
by differentiating each time coordinate on the TG
curve, it is a means of characterizing the change in the
rate of weight change with temperature. The TG
analysis of NNFCF and INFCF can be clearly seen
from Fig. 5. It is well known that chitosan can
withstand heat at around 100 °C. The weight loss in
the figure at 100 °C is the loss of crystal water in the
film. The extrapolation starting point of the TG curve
of the self-crosslinking chitosan (the starting point of
the weight loss process) was at 250 °C, and the weight
loss process was terminated at around 500 °C. The
weight lost during this time is chitosan. Compared
with ordinary chitosan, the thermal stability of the
material has been improved. The INFCF retained a
total of 35% after a high temperature of 800 °C.

XPS

We use X-rays to irradiate the sample to stimulate the
emission of the inner or valence electrons of the atom
or molecule. The energy of the photoelectrons can be
measured to obtain the composition of the analyte. The
changes in the elements detected by XPS are shown in
Fig. 6. A large number of hydroxyl groups and amino
groups contained in chitosan are not lost by imprint-
ing, and the amount of loss is negligible. Therefore,
the original adsorption capacity of chitosan is retained
simultaneously with imprinting. Due to the metal ions
remaining inside the material, only 0.07% of the metal
ions remained after the elution experiment. The peak
of Cls is red-shifted, indicating the formation of a
sorbent-metal complex and reducing the electron
density of C—O, C=N, and C=0. The collective energy
shift of N1s indicates that after adsorption of Gd(III),
in addition to -COOH, lone pairs of electrons in the —
NH, group also help in —NH, and Gd(IIl). After
various characterization tests, the adsorption experi-
ments were carried out on the materials, and the
separation and recognition rules and adsorption
mechanism of Gd(III) were further discussed.
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Fig. 5 Thermogravimetry of INFCF and NNFCF
Adsorption experiment analysis
pH experiment

The pH has a large effect on the metal ion adsorption
of the material. The film exhibits different surface
properties at different pH conditions, which results in a
difference in adsorption capacity. In this work, six
different pH values were chosen to study. We let
NNFCF and INFCF react under the same conditions.
Since Gd(III) readily precipitates under alkaline
conditions, the pH range of this experiment is

2.0-7.0. The experimental results are shown in
Fig. 7. It is apparent from the figure that the overall
tendency of the number of adsorptions increases as the
pH value increases. Under acidic conditions, H" is
present in a large amount in the solution, and is easily
combined with a lone pair of electrons of —NH,
through a coordination bond to form -NH; . When the
—-NH, of CS is protonated to -NH;™, the chelation
ability with metal ions is reduced. At the same time,
the surface of the adsorbent generally exhibits a
positive charge, which is not conducive to the
adsorption of metal cations (Pan et al. 2016). The
amino group on the surface of chitosan is prone to
protonation under acidic conditions, and the zeta
potential map also shows that when the pH of the
solution is < 6.0, the surface of the film is positively
charged. This phenomenon reflects from the side that
the amino group under acidic conditions is protonated.
Adsorption mainly depends on the binding of metal
ions to the amino group on chitosan, so the protonation
of amino groups under acidic conditions largely
affects the adsorption capacity of the film. In sum-
mary, we chose pH 7.0 as the best condition for
subsequent experiments.

Adsorption kinetics experiment

The adsorption kinetics experiment is a method to
study when the material reaches the adsorption
equilibrium. We set different adsorption times and
tested the remaining concentration of Gd(IIl) in the
solution. The data for adsorption kinetics were fitted
using a pseudo-first-order kinetic model (PFOKM)
and a pseudo-second-order kinetic model (PSOKM).

Figure 8 shows the kinetic curves of NNFCF and
INFCF, both of which show a rapid increase between 0
and 100 min, with the subsequent increase in gradual
tendency. In the entire adsorption kinetics curve, the
adsorption capacity rises rapidly within 30 min,
representing a fast mass transfer efficiency. Adsorp-
tion stops at 300 min to reach equilibrium, but there
was a slow upward trend after 300 min. The reason for
this phenomenon may be that the surface of the film
reaches the saturation of adsorption, and it takes a
certain time for the metal ions to reach the inside of the
film through the gap to achieve a true balance. The
formation of the imprinting site improves the adsorp-
tion performance of the film, resulting in a slightly
larger adsorption amount than the non-imprinted film.
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The 3D imprinting cavity that matches the target ions
helps the material capture target ions quickly and
efficiently. However, active groups on the surface of
chitosan have been shown to have excellent adsorption
capacity, so NNFCF and INFCF are highly adsorbed.
The kinetic parameters of the film and the correspond-
ing correlation coefficient (R?) are shown in Table 1.1t
can be clearly observed from Table 1 that the corre-
lation coefficient of the film PSKOM is closer to 1.
The R* of NNFCF and INFCF are 0.994 and 0.990,
respectively. Meanwhile, the adsorption rate of the
adsorption process is proportional to the flatness of the
quantity of imprinting site in the film, and the
adsorption mechanism is a chemical reaction process.

Adsorption isotherms

The adsorption isotherm can accurately measure the
maximum adsorption capacity of the film for Gd(III).
NNFCF and INFCF were reacted in different concen-
trations of the solution and fit the data obtained.

The fit of adsorption isotherm in Fig. 9, it can be
clearly seen that the fitting result is closer to the
Langmuir isotherm. This also indicates that the
dominant type of adsorption is a single layer of
chemical adsorption and the possibility that the
adsorbate occupies all adsorption sites is the same.
The probability that a Gd(III) is adsorbed at one site is
independent of other factors. The main way for INFCF
to adsorb ions is the selective adsorption of ions by the
imprinted site, while the NNFCF adsorbs ions mainly
relying on the active groups on the chitosan surface.



Cellulose (2020) 27:455-467 463
Table 1 Kinetic constants for the PFOKM and PSOKM
Materials Qe exp PFOKM PSOKM
—1
m;
(me g ) Oec ky R Oec K, x 1072 (g mgil h (mg gil tip R
(mg g7h (min~") (mg g7 h min~") min~") (min)
NNFCF  36.70 31.83 0.08 0.839 43.07 0.63 11.77 3.66 0.994
INFCF 36.87 32.72 0.08 0.870 40.54 0.67 11.05 3.67 0.990
sof Adsorption thermodynamics
nr P S Further, in order to explore the effects of thermal
60 |- . ,@" motion properties on adsorption, we performed a
"o 50 f B thermodynamic analysis of the film. The same
/7
fef wl éj’?jzf O NNFCF adsorption experiments were performed at 298.15,
o O INFCF 308.15, and 318.15 K, respectively.
op # 77 7 Langmuir Fi The results of the thermodynamic data are shown i
s Freundlich Fit e results of the thermodynamic data are shown in
20 3 Fig. 10, and it can be visually seen that the adsorption
10k é capacity increases correspondingly with an increase in
0 . . Ly temperature. The reason for this phenomenon is that

1 "
0 20 40 60 80 100 120 140
C,(mgL")

Fig. 9 Isotherm model fitting of NNFCF and INFCF adsorbing
Gd(I1I)

The saturated adsorption capacities of NNFCF and
INFCF were 69.93 and 71.00 mg g~ '. The adsorption
and separation performance of the imprinted film is
stronger than that of the non-imprinted film, which
indicates that the formation of the imprinting site not
only enables the membrane to have a specific selective
adsorption capacity but also improve the efficiency in
the adsorption process, resulting in excellent adsorp-
tion performance. The R; of NNFCF and INFCF were
found to be 0.17 and 0.14, respectively, from the
adsorption isotherm fitting data (Table 2). The Ry
value of INFCF is less than NNFCF, which shows that
INFCF is a more favorable adsorbent and confirms the
superiority of ion-imprinted technology.

the increase in temperature exacerbates the diffusion
movement between molecules. The thermodynamic
data is shown in Table 3, where AH > 0 indicates that
the adsorption reaction is an endothermic reaction, and
the increase in heat contributes to the expansion of the
adsorption capacity. AG < 0 indicates that the reac-
tion is spontaneous and does not require artificial
addition of a catalyst. The analysis of thermodynamic
properties helps us to further analyze the adsorption
mechanism.

Adsorption selectivity study

The similar physical and chemical properties between
rare earth elements are the main factors limiting the
separation of high purity individual ions. According to
our previous research, the surface sites provided by the
surface imprinted material allow specific adsorption of
target ions. In order to verify the unique adsorption

Table 2 Adsorption equilibrium constants for Langmuir and Freundlich isotherm equations

Sorbents Langmuir isotherm equation Freundlich isotherm equation

R Ki (L mg™) Onm (mg g™ Ry R? Kg (mg g~") Un
NNFCF 0.990 0.07 69.93 0.17 0.888 13.54 0.36
INFCF 0.992 0.09 71.00 0.14 0.899 15.17 0.34
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Fig. 10 Thermodynamic properties of Gd(III) at NNFCF and INFCF at 298.15, 308.15, and 318.15 K

AS (I mol™") T (K) K

AG I mol™))  R?

Table 3 Thermodynamic Materials AH (kJ mol™)

parameters for Gd(III)

adsorption NNFCF 6761.28
INFCF 5417.40

40.24 298.15 9.23 — 551 0.850
308.15 9.93 —5.88
318.15 10.40 — 6.19

36.58 298.15 9.52 - 5.59 0.993
308.15 10.39 — 6.00
318.15 11.17 — 6.38

selectivity of the imprinted film, La(III), Nd(III), and
Sm(III) were selected as interference ions to partici-
pate in the competition experiment. (For details,
please refer to the supplementary materials).

The k' values of Gd(III)/La(IIl), GA(IIT)/Nd(IIT),
and Gd(III)/Sm(IIT) of INFCF are 58.97, 31.03 and
32.06 times of NNFCF, respectively. Obviously, the
K, value of the imprinted composite film is much
higher than the K, value of the non-imprinted film.

@ Springer

The excellent selectivity of INFCF for Gd(III) can be
observed from Fig. 11. The data in Table 4 shows that
the adsorption performance of INFCF for Gd(III) is
50.71, 32.27 and 39.44 times of La(IIl), Nd(III), and
Sm(III), respectively. Excellent selective adsorption
capacity depends on the formation of specific imprint-
ing sites that prevent INFCF from binding to other
metal ions.
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Fig. 11 K, plot of INFCF competition experiment
Regeneration experiment

The reusability of a film is an important indicator of its
industrial value. The regeneration ability of INFCF
was evaluated by 5 cycles of experiments. The
remaining capacity of the adsorption capacity after
the cycle is shown in Fig. 12, it is not difficult to see
that the INFCF still maintains an adsorption capacity
of 84.2% after 5 cycles. These losses are due to
incomplete desorption or reduced active sites during
cyclic elution. But INFCF still maintains excellent
stability and reproducibility.

Compared

Adsorbent evaluation is considered by studying
adsorption capacity, stability, and reusability. Com-
pared with other scholars’ materials (see Table 5), in
the adsorption experiment of rare earth elements,
INFCF has higher adsorption capacity than other
modified bio-sorbents, and the adsorption effect under
neutral conditions is the best. More advantageously,
INFCF has excellent selective adsorption capacity. In
general, INFCF not only has good selective adsorption

120

CREE L

Cycle (Time)

Fig. 12 Regeneration of INFCF

properties, but also has high adsorption capacity, good
stability and easy recycling.

Conclusion

Chitosan films with porous nanofibers were prepared
by ion-imprinting technique and low-temperature
thermal phase separation technique, and Gd(III) were
selectively adsorbed and separated from the simulated
sample. A series of characterization methods have
proved that the film has excellent adsorption perfor-
mance and stability. The adsorption performance of
INFCF on Gd(IIT) was studied by a series of static and
dynamic adsorption tests. The experimental results
show that when pH 7.0, the maximum adsorption
capacity of the membrane at 298.15K is
71.00 mg g~ . The adsorption kinetics and adsorption
isotherms of INFCF conform to the PSOKM and
Langmuir isotherms, respectively, revealing the
adsorption mechanism of INFCF monolayer
chemisorption. The wide range of chitosan sources,
ease of preparation, and has a huge amount of active
sites make our films stand out in the same type of

Table 4 K, k and k' values

Metal ions NNFCF INFCF 14

of La(IIl), Nd(III) and

Sm(III) with respect to Ci(mgL™ KqmLg™) & Cr(mgL™") KqymLg™ &

Gd(III)
Gd(II) 14.34 1.59 10.99 3.55
La(III) 17.54 1.85 0.86 46.75 0.07 50.71 58.97
Nd(IID) 19.75 1.53 1.04 4501 0.11 3227 31.03
Sm(III) 24.83 1.29 123 45.89 0.09 39.44  32.06
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Table 5 ) Compared _With Adsorbents Tons O, (mg g_l) pH References

other chitosan materials
INFCF Gddm)  71.00 7.0  This work
IIBFs NddIII  17.50 4.0 Zheng et al. (2018)
Thiourea functionalized cellulose EudIl) 27.00 - Negrea et al. (2018)
IMCFs Gddmy  25.37 7.0  Zheng et al. (2019b)
Diglycolamide polymer modified silica ~ Eu(IIl)  59.40 - Liu et al. (2019)
DIMFs Rb(I) 6.21 7.0  Zheng et al. (2019a)

adsorbent. The stability and reusability of INFCF also
make it more promising for industrial applications.
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