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ABSTRACT: A novel magnetic imprinting nanotechnology
for selective capture of Gd** from a mixed solution of rare
earth ions was developed by simply adding Gd**-imprinted
chitosan/carbon nanotube nanocomposite (IIP-CS/CNT) and
silica-coated magnetite nanoparticle (SiO,@Fe;0,). The IIP-
CS/CNT was prepared for the first time via a facile “surface
deposition—crosslinking” method, exhibiting a well-defined
coating structure. Interestingly, the neighboring IIP-CS/CNT
monomers were held together as bundles, like a network,
containing abundant interstitial spaces. When IIP-CS/CNT
and SiO,@Fe;0, were dispersed in a mixed solution of rare
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earth ions, the magnetic SiO,@Fe;0, submicrospheres would be trapped in or adhere to the IIP-CS/CNT network, leading to
the magnetization of IIP-CS/CNT; meanwhile, Gd** ions could be selectively captured by the magnetized IIP-CS/CNT.
Saturation adsorption capacity for Gd** was up to 88 mg g~ at 303.15 K, which is significantly higher than the Gd** adsorption
capacities for the reported rare earth ion-imprinted adsorbents over recent years. The selectivity coefficients relative to La** and
Ce*" were 3.50 and 2.23, respectively, which are very similar to those found for other reported CS-based imprinted materials.
Moreover, the imprinted adsorbents could be easily and rapidly retrieved by an external magnetic field without the need of
additional centrifugation or filtration, greatly facilitating the separation process. Test of reusability demonstrated that the
magnetized IIP-CS/CNT could be repeatedly used without any significant loss in binding capacity. Overall, this work not only
provides new insights into the fabrication of magnetic imprinted CS-based composite, but also highlights its application for

selective adsorption toward rare earth ions.
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1. INTRODUCTION

Rare earth elements (REEs) with unique optical, electrical, and
magnetic properties are considered strategically important for
development of key technologies such as wind turbines,
electrical car engines, medical diagnostics, and petroleum
reﬁning.1 In recent years, with ever-increasing demand for
high-purity REEs or their compounds, purification of individual
REEs has received considerable attention.” However, such
purification is particularly troublesome because REEs invariably
co-occur together, and they have similar physical—chemical
properties derived from their identical valence and similar ionic
radii.” Several methods, including liquid—liquid extraction,
chemical precipitation, ion exchange, and adsorption, have been
widely used to separate REEs.”* Among them, adsorption has
been recognized as one of the most promising methods due to
its simplicity, high efficiency, and wide-ranging availability.>*
The use of activated carbon, silica gel, and chelating resin as
adsorbents of REEs has been repeatedly reported over recent
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decades.” However, these conventional adsorbents are usually
limited by a lack of adsorption selectivity, although they might
exhibit high adsorption capacity.®

Subsequently, much attention has recently been focused on
the use of ion imprinted polymers (IIPs) for adsorption of
REEs due to their special abilities to recognize a certain ion in
terms of size.”®” General procedure for IIPs formation mainly
consists of the preparation of a vinylated ligand—metal complex
and its copolymerization with a cross-linker.'” After removal of
the templates (ie., target metal ions), cavities will be formed
inside polymer skeleton, which complement the templates in
size and are capable of rebinding the templates selectively.'’
Although this approach has been widely used, a simpler method
for preparation of IIPs is to directly cross-link the linear

Received: February 26, 2015
Accepted: September 10, 2015
Published: September 10, 2015

DOI: 10.1021/acsami.5b07560
ACS Appl. Mater. Interfaces 2015, 7, 21047—21055


www.acsami.org
http://dx.doi.org/10.1021/acsami.5b07560

ACS Applied Materials & Interfaces

Research Article

Surface
deposition

(

OH OH l)ll OH OH /%
(H /w x(n‘rOSS]lnl\lno /H ﬁn HO '.n....'.nn

o_~ . o
%A(‘& ‘ G(P@

OH uu oH
HO HO Hn HO HO

: Removing
& : IIP-CS/CNT G

aggregate

A3 La¥ or Ce¥* OOO w

Standing
for 30 s

(Si0,@Fe,0,)  (IIP-CS/CNT)

Figure 1. Preparation of magnetically retriveable IIP-CS/CNT and its application for selective adsorption of Gd**.

polymers that carry metal-binding groups. In such case, no
radical polymerization is required, and the cross-linking step
can be readily completed by a simple condensation reaction
between linear polymer and blfunctlonal reagent (e.g,
glutaraldehyde or epichlorohydrin).'” Among various optional
linear polymers, chitosan (CS) is the most popular one due to
its impressive advantages of low cost, nontoxicity, abundant
metal-coordinatable sites (—NH, and —OH), and easiness in
being cross-linked."' However, it should be also noted that
almost all the reported pure CS-based IIPs were processed into
um- or even mm-sized beads to facilitate their separation
processes after adsorption.'” Thus, template ions could hardly
be removed completely. Moreover, poor accessibility to the
recognition sites also made it difficult for target ions to
rebind."'

Immobilizing imprinted CS on the surface of a high-surface-
area nanomaterial seems to be a possible solution to overcome
the previously-mentioned difficulties. This means that
imprinted sites will be located at or close to solid surface,
largely facilitating the diffusion of target ions to binding sites.
Moreover, mechanical strength of imprinted CS can also
markedly be enhanced.'’ Nevertheless, such CS-based
imprinted nanocomposites have rarely been reported to date,
mainly because their preparation is less straightforward and
requires specially adapted protocols, and they have an inherent
drawback of inconvenient separation from adsorption sol-
ution."* Therefore, it is highly desired to explore new
possibilities for facile fabrication of CS-based imprinted
nanocomposite and further to develop a method capable of
isolating such imprinted nanoadsorbent conveniently.

Fortunately, recent research on the formation of non-
imprinted CS-coated nanomaterials may provide a valuable
rational guide for design of CS-based imprinted nano-
composites. Creative work was done by Liu’s group,” in
which they coated CS on carbon nanotube (CNT) via a simple
“surface deposition—crosslinking” method, which takes advant-
age of the completely different solubility of CS in acidic

(soluble) and basic (insoluble) solutions as well as the cross-
linking reaction of surface-deposited CS with glutaraldehyde."”
However, until now, no attempt has been made to combine
imprinted CS with CNT by using a similar procedure, perhaps
because the construction of imprinted CS on CNT is more
complicated and especially because the existence of template
ions probably disturbs the processes of surface deposition and
cross-linking of CS. On the other hand, in our latest work, we
prepared a CS/CNT composite via the “surface deposition—
crosslinking” method and used it as a dye adsorbent for
wastewater purification.'® Interestingly, the CS/CNT could be
magnetized by simply blending it with magnetic nanoparticles
in aqueous solution (“blending” method). The phenomenon
was based on the fact that CS/CNT monomers have a
tendency to hold together as bundles in aqueous solution, and
magnetic nanoparticles can be trapped in or adhere to these
CS/CNT aggregates, leadmg to the formation of magnetic CS/
CNT nanocomposite.'®

Therefore, the objectives of this work are to (1) fabricate a
novel Gd**-imprinted CS-coated CNT (IIP@CNT) nano-
composite by a modified “surface deposition—crosslinking”
strategy; (2) make an attempt to magnetize IP@CNT via the
“blending” method; and (3) examine the performance of the
magnetically retrievable IP@CNT for selective adsorption of
Gd** ion (Figure 1). A primary reason for selecting Gd** as the
target ion is due to the fact that it is a representative of the most
valuable REEs. For example, the permanent magnet prepared
with addition of gadolinium can be used in room temperature
magnetic refrigeration.'” Gadolinium as a metal or salt has
exceptionally high absorption capacity toward neutrons and
therefore is used for shielding in nuclear reactors.'®
Gadolinium-containing contrast agent (addition of gadolinium
complex) can 51gn1ﬁcantly enhance the resolution of magnetic
resonance imaging.'”*° To reveal the adsorption propertles of
magnetically retrievable IIP-CS/CNT toward Gd**, effects of
various operational parameters such as solution pH, contact
time, temperature, and initiall Gd** concentration on the
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adsorption efficiency were studied systematically. Furthermore,
adsorption kinetics, adsorption equilibrium, adsorption selec-
tivity (relative to La** and Ce*), and reusability of magnetically
retrievable IIP@CNT were also investigated and discussed in
detail.

2. MATERIALS AND METHODS
2.1. Synthesis of SiO,@Fe;0,, IIP-CS/CNT, and NIP-CS/CNT.

The information on chemicals used in this work can be seen in Text
SL.

Silica-coated magnetite (SiO,@Fe;0,) nanoparticles were prepared
by a two-step strategy. First, magnetite (Fe;O,) nanoparticles were
prepared via a hydrothermal process. Typically, 5.4 g of FeCl;-6H,0
was dissolved in 160 mL of EG under magnetic stirring. Then, 14.4 g
of NaAc and 4.0 g of PEG were added. After stirring for 0.5 h, the
resultant solution was transferred into a Teflon lined stainless-steel
autoclave with capacity of 200 mL. The autoclave was sealed, heated at
200 °C for 24 h, and then cooled to room temperature. The resultant
solid product (Fe;O,) was collected with the help of a magnet,
followed by washing with a recycle of ethanol and water several times,
and finally dried in vacuum at 60 °C for 8 h. Second, magnetic Fe;O,
coated with silica (SiO,@Fe;O,) was synthesized through a Stober
method with some modification.”’ Briefly, 120 mg of Fe;O, was
homogeneously dispersed in a mixture of ethanol (467 mL), water
(139 mL), and ammonia solution (15 mL). Under continuous
mechanical stirring, 6.0 mL of TEOS was slowly added to this
dispersion. After stirring for 8 h at room temperature, silica layer was
formed on Fe;O, surface through hydrolysis and condensation
processes. Finally, the resultant SiO,@Fe;O, particles were collected
with the help of a magnet, washed with ethanol and water several
times, and then dried in vacuum at 60 °C for 8 h. In our preliminary
experiments, it was confirmed that the SiO, shell of SiO,@Fe;0,
could effectively prevent the Fe;O4 core from leaching and further
oxidation under harsh conditions (e.g, 1 mol L™ HCI solution).

A composite of Gd**-imprinted chitosan and carbon nanotube (IIP-
CS/CNT) was prepared via a modified “surface deposition—
crosslinking” strategy (Figure 1): 1.0 g of Gd(NO;);:6H,0 was first
dissovled in 1000 mL of CS solution (1.0 g of CS was dissolved in
1000 mL of 2% (v/v) HAc solution), and the resultant solution was
stirred vigorously for 2 h to reach an equilibrium of Gd** complex with
CS. Then, 1.0 g of CNT was added. After being ultrasonically treated
for 15 min, the mixture was stirred vigorously for another 1 h to
facilitate dispersion of CNT. Afterward, 0.1 mol L™" NaOH solution
was added drop-wise into the mixture to adjust the pH value up to 7,
with the aim of depositing the Gd**—CS complex onto CNT surface.
Thereafter, the mixture was heated to 60 °C, and 0.5 mL of GA was
introduced for crosslinking of Gd**—CS. The cross-linking principle is
shown in Scheme S1. The Gd**-imprinted CS/CNT was collected by
filtration and washed with diluted HAc (pH 4) to remove the
adsorbed and excessive or uncross-linked CS. Finally, the Gd** ions
imprinted in the adsorbent were removed by eluting with 1 mol L™
HCI three times. The obtained material, that is, IIP-CS/CNT, was
finally dried at 60 °C overnight.

The preparation procedure of nonimprinted CS-coated carbon
nanotube (NIP-CS/CNT) was essentially similar to that of IIP-CS/
CNT, except without the addition of Gd*".

The information about the characterization of materials involved in
this work can be seen in Text S2.

2.2. Magnetization of IIP-CS/CNT and Batch Adsorption
Procedures. Typically, 10 mg of IIP-CS/CNT and 30 mg of SiO,@
Fe;O, were mixed with 20 mL of aqueous solution containing a
precisely known Gd** concentration in a vial. Then, the vial was
shaken in a thermostated shaker with a speed of 240 rpm. Once the
adsorption reached equilibrium, the Gd**-adsorbed mIIP-CS/CNT
was collected by application of an external magnet. Initial and
equilibrium concentrations of Gd** were analyzed spectrophotometri-
cally by taking an aliquot of 10 mL and adjusting the pH to 7.2 + 0.1.

On the basis of a similar procedure described earlier, the effect of
solution pH on adsorption efficiency was investigated with the initial

Gd* concentration of 10 mg L™ over the pH range from 2—7 at
303.15 K. The desired pH of Gd** solution was adjusted using 0.1 mol
L' HCl or 0.1 mol L™' NaOH solution.

Kinetic experiments were carried out at 303.15 K by varying contact
time from 3—480 min at three different initial concentrations (10, S0,
and 100 mg L™"). Equilibrium adsorption isotherm experiments were
conducted at three different temperatures (293.15, 303.15, and 313.1S
K) over a range of initial Gd** concentrations from 2—200 mg L™". In
our preliminary experiment, it was confirmed that no precipitate was
formed when applied a maximum concentration of 200 mg L™" in our
experimental conditions.

The experimental details about selectivity recognition and
reusability of mIIP-CS/CNT can been seen in Texts S3 and S4.

3. RESULTS AND DISCUSSION

3.1. Characterization of Materials. The physical—
chemical characterization of adsorbent is crucial to prove that
it is well developed. Thus, different techniques have been used
to examine and validate the morphologies, compositions, and
textures of the materials involved in this work.

3.1.1. SEM Images. For a morphological characterization of
the samples, a field-emission scanning electron microscope
(SEM) was used. The SEM images of Fe;O,, SiO,@Fe;0,,
CNT, IIP-CS/CNT, and mlIIP-CS/CNT are presented in
Figure 2. Clearly, Fe;O, is made up of monodisperse and

Adding

magnet

Figure 2. SEM images of (a) SiO,@Fe;0,, (b) CNT, (c) IIP-CS/
CNT, and (d) mIIP-CS/CNT (inset shows a TEM image of Fe;0,);
(g) photographs of mIIP-CS/CNT solution before (above) and after
(below) magnetic separation.

sphere-like nanoparticles with mean size of 250—300 nm
(Figure 2a). It can be also found that SiO,@Fe;O, has a
spherical morphology and smooth surface, with size ranging
from S00—780 nm (Figure 2a). These results indicate that
Fe;0, nanoparticles have been expectedly prepared via a facile
hydrothermal process, and coating of Fe;O, with SiO, is also
successfully achieved by the well-known Stsber method.”" SEM
images of CNT and IIP-CS/CNT are shown in Figure 2, panels
b and ¢, respectively. It was observed that the CNT sample
consists of nanotubes with diameters of about 28 nm and
lengths of several micrometers (Figure 2b). Compared with
CNT, IIP-CS/CNT retains a nanotube morphology and shows
an obviously larger diameter (ie., ca. 48 nm), confirming that
CNT has been coated successfully with imprinted CS via the
modified “surface deposition—crosslinking” method (Figure
2c). Moreover, no free CNT or CS particles but only uniform
IIP-CS/CNT nanotubes can be observed, indicating that the
imprinted CS polymers have been entirely deposited on the
surfaces of CNT monomers to form well-defined coating layers.
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Figure 3. (a) TG curves of CNT, CS, and IIP-CS/CNT; (b) FT-IR spectra of CS, CNT, and IIP-CS/CNT; (c) N, adsorption—desorption of CNT
and IIP-CS/CNT; and (d) pore size distribution of CNT and IIP-CS/CNT.

Interestingly, it was also found that the neighboring monomers
of either CNT or IIP-CS/CNT sample form aggregated
bundles, like a network, containing abundant interstitial spaces
(Figure 2b,c). In our previous works,” we found that CNT
bundles could be magnetized by blending them with magnetic
nanoparticles in aqueous solution. Such magnetization of CNT
was similar to a fishing process with a fishing net, where the fish
were the magnetic nanoparticles, and the fishing net was
composited of carbon nanotubes that were self-assembled
together to form a network. When an external magnetic field
was applied, the magnetic nanoparticles were trapped in or
adhered to the CNT network, leading to the magnetization of
CNT. Using the same strategy, we recently also realized the
magnetization of CS/CNT."® Encouraged by these findings, we
make an attempt in this paper to magnetize the IIP-CS@CNT
via the “blending” strategy. As expected, the SiO,@Fe;O, could
indeed be trapped in or adhere to the IIP-CS/CNT aggregate
by introducing SiO,@Fe;0, into the IIP-CS@CNT dispersion
solution followed by adding an external magnetic field (Figure
2d). The method was reliable, that is, all the IIP-CS/CNT
nanoparticles can be magnetically retrieved (Figure 2e).

3.1.2. Thermogravimetric Analysis (TGA). To obtain the
information about the imprinted CS layer on CNT, TGA
measurement was conducted under the inert atmosphere (N,
protection). The TGA curves of CNT, CS, and IIP-CS/CNT
are shown in Figure 3, panel a. The weight of CNT remains
essentially constant when the temperature is increased from 30
to 400 °C, and shows a slight decrease when the temperature
further increases from 400 to 1000 °C. A possible reason
accounting for this phenomenon is as follows: CNT has some
defects on its surface including topological defects, rehybridiza-
tion defects, and incomplete bonding defects.”> These defects
aid oxygen dissociation and result in C—O bond formation.*

21050

Upon heating to high temperatures (i.e., 400 to 1000 °C), these
oxygen-containing groups will gradually vanish.

As for the samples of CS and IIP-CS/CNT, their weight
losses below 200 °C should be due to the desorption of
physically adsorbed water, and those between 280 and 450 °C
should be ascribed to the degradation and deacetylation of
CS.'****> An additional weight loss occurs at higher temper-
atures and should be due to the further condensation of
carbonaceous surface species.'® When heated to 1000 °C, the
amount of solid residue of IIP-CS/CNT left is about 33.8 wt %,
indicating that the content of CS in IIP-CS/CNT is
considerably high.

3.1.3. Fourier Transform Infrared (FT-IR) Spectra. FT-IR
spectroscopy was used to confirm grafting of IIP-CS in to the
surface of CNT. Figure 3, panel b shows the FT-IR spectra of
CS, CNT, and IIP-CS/CNT. The spectrum of CNT does not
exhibit visible peaks in the range of 4000—400 cm™'. By
contrast, CS shows distinctive adsorption peaks at about 3460
cm™' (the stretching vibration of —NH, and —OH), about
2930 and 2868 cm™' (assigned to the stretching vibration of
—CH, —CH,, and —CHj), 1604 cm ™" (the bending vibration of
—NH in —NH,), 1653 cm™" (the stretching vibration of C=0
in N-acetyl groups), and 1083 cm™" (the stretching vibration of
the C—O—C bridge), respectively.'® Obviously, all these
adsorption peaks also appear in the FT-IR spectrum of IIP-
CS/CNT. This observation suggests that the imprinted CS
layer was successfully formed on the surface of CNT, giving rise
to the IIP-CS/CNT nanocomposite.

3.1.4. N, Adsorption—Desorption Isotherms. To analyze
and quantify pore structures and surface areas of CNT and IIP-
CS/CNT samples, N, adsorption—desorption isotherms were
determined, and the results are shown in Figure 3, panel c. Both
CNT and IIP-CS/CNT show a type II isotherm with a big H3
hysteresis loop in the P/P, ranges of 0.4—1.0 and 0.65—1.0,
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respctively.”® The H3 hysteresis loop is usually given by
aggregates of adsorbents containing slit shaped pores.”® Pore
size distributions of the CNT and IIP-CS/CNT samples,
calculated via BJH method based on desorption curves, are
presented in Figure 3, panel d. The peak centered at about 3.5
nm corresponds to the inner cavities of nanotubes,'® while the
distribution extending from 4.5 to 32 nm should be attributed
to the secondary pores resulting from aggregates of nanotubes.
Because of the existence of imprinted CS, the IIP-CS/CNT
shows lower surface area and pore volume (44.8 m* g™'; 0.20
cm® g7') than pure CNT (121.7 m* g5 0.39 cm® g7').

3.2. Adsorption Studies. The wide applications of Gd
increase the demand for developing an advanced process to
recover such REE in high purity.'”~"” However, it is currently
difficult to separate Gd** from aqueous samples containing
other rare earth ions such as La*" and Ce®" because of their
same identical valence (trivalent) and similar hydrated ionic
radii (rggs, = 0.938 A, i3, = 1.061 A, e, = 1.034 A).27?®
Recent studies have demonstrated that imprinted polymers had
great potential for selective adsorption of rare earth ions due to
their special abilities to recognize a certain jon in terms of
size.>®” However, simple but efficient design and fabrication of
Gd**-imprinted materials with highly accessible binding sites
and capability of being easily recovered still remains a challenge.
In the present study, we successfully developed a facile way to
obtain Gd**-imprinted nanoadsorbent (i.e., IIP-CS/CNT),
based on a previous report for the preparation of CS-coated
CNT," and further confirmed that the IIP-CS/CNT could be
magnetically retrieved by blending it with SiO,@Fe;O, in
aqueous solution. Therefore, we speculated that the magneti-
cally retrievable IIP-CS/CNT nanocomposite should have great
potential for being used as a highly efficient adsorbent in
selective adsorption of Gd*". To confirm this, the adsorption
properties of magnetically retrievable IIP-CS/CNT toward
Gd* were systematically investigated including pH effect,
adsorption equilibrium, adsorption kinetics, adsorption selec-
tivity (relative to La®>* and Ce®"), and reusability.

3.2.1. Influence of pH on Adsorption Efficiency. The effect
of the solution pH on the adsorption efficiency was investigated
primarily since pH is one of the most important parameters
that might influence adsorption capacity (Figure 4). In view of
the fact that Gd** would form insoluble precipitate of
Gd(OH); in basic aqueous solutions, the pH values studied
were performed over the range from 2—7. Figure 4 shows the
adsorption capacity of mIIP-CS/CNT as a function of solution
pH. Clearly, the adsorption capacity of mIIP-CS/CNT toward
Gd*" shows an obvious increase with the increase in the pH

(=]
1

oo
1

(=)}
1

~
1

[\S]
N

Adsorption capacity (mg.g")

(=]
I

Figure 4. Effect of pH on the adsorption efficiency of Gd** onto mIIP-
CS/CNT.
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value. Since the Gd*>" adsorption took place via coordination
interactions between Gd** ions and amino groups of CS, under
acidic conditions, the protonation of these amino groups could
reduce their binding abilities involved in chelating with Gd*'.
Hence, pH 7 was chosen as the optimal pH in the following
experiments.

3.2.2. Adsorption Capacity and Rate. To figure out the
adsorption capacity, the isothermal experiments of Gd**
adsorptions onto mlIIP-CS/CNT and mNIP-CS/CNT were
performed, and the results are shown in Figure 5, panels a and
b. For the Gd** adsorption onto mIIP-CS/CNT, it was found
that the increase in adsorption temperature leads to an increase
in adsorption efficiency. The maximum adsorption capacities of
mIIP-CS/CNT toward Gd*" at 293.15, 303.15, and 313.15 K
are 68, 88, and 104 mg g_l, respectively (Figure Sa). Such
positive correlation between adsorption capacity and temper-
ature can be also found in the literature.”” ' To understand
this phenomenon deeply, a thermodynamic analysis was
conducted.”® The values of Gibb’s free energy change
(AG), enthalpy change (AH’), and entropy change (AS°)
were listed in Table 1. The negative values of AG® (—21.6 to
—23.6 kJ] mol™") confirm the feasibility of the process and
spontaneous adsorption of Gd** on mIIP-CS/CNT.”* More-
over, the increase in negative value of AG° with the increase in
temperature indicates that the adsorption process becomes
more favorable at higher temperatures.”> A positive value of
AH® (9.0 kJ mol™') suggests that the interaction of Gd*"
adsorbed by mIIP-CS/CNT is endothermic in nature, which
also explains why the adsorption capacity of mIIP-CS/CNT
toward Gd** ions increases with the increase in temper-
ature.””™>" From Table 1, it can be also found that the AS° has
a value of 104.3 J mol™" K™/, which suggests the randomness at
the solid—solution interface in the adsorption system increases
during the adsorption process. The positive AS° value may be
due to the release of water molecule produced by complexation
between the Gd** ions and the functional groups on the
surfaces of mIIP-CS/CNT.>*

Furthermore, the analysis of isotherm data by fitting them to
different isotherm models was conducted to find the suitable
model that could accurately depict the adsorption processes
(Figure 5).>>*® The predicted isotherms by nonlinear analyses
of Langmuir and Freundlich models for the adsorptions of Gd**
onto mIIP-CS/CNT at three different temperatures (293.15,
303.15, and 313.15 K), and the adsorptions of Gd** onto the
imprinted (i.e., mIIP-CS/CNT) and nonimprinted (i.e., mNIP-
CS/CNT) materials at 303.15 K are shown in Figure S, panels
a and b, respectively. Clearly, in call cases, the Langmuir model
provides best fits to the experimental data. Table 2 summarizes
the fitted parameters (g,,, Ki, Kg, and 1/n) of these isotherm
models and the corresponding correlation coefficients (R).
Through a comparison between R? values of three isotherms,
Langmuir model is also found to be the best one that can
describe the equilibrium data satisfactorily. The results indicate
that the binding sites of mIIP-CS/CNT and mNIP-CS/CNT
are uniformly distributed on their surfaces, and the adsorption
of Gd*" are regarded as monolayer adsorption.

At a given temperature (ie., 303.15 K), it can be also found
that the mIIP-CS/CNT has higher adsorption capacity than the
control mNIP-CS/CNT at all concentration ranges, confirming
the effectiveness of the ion imprinting (Figure S).

To clarify the adsorption rate, kinetic experiments of Gd**
adsorption onto mIIP-CS/CNT and mNIP-CS/CNT were also
conducted, and the results are shown in Figure 6, panels a and
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Figure 5. (a) Adsorption isotherm data of Gd** onto mIIP-CS/CNT at 293.15, 303.15, and 313.15 K, and (b) the isotherm data of Gd** adsorptions

onto mIIP-CS/CNT and mNIP-CS/CNT at 303.15 K.

Table 1. Thermodynamic Parameters for the Adsorption of
Gd** Adsorptions onto mIIP-CS/CNT

T (K) AG® () mol™)*  AH® (i mol™")®  AS® (J mol™' K™)*
293.15 —21.6 9.0 1043
303.15 —-22.5

313.15 —23.6

“AG" was calculated by the following equations: AG® = —RT In K,
and K, = (C,4,./C.), where C,4 is the amount of Gd** adsorbed on the
adsorbent per liter of the solution at equilibrium, and C, is the
equilibrium concentration of Gd** in solution. YAH® and AS® were
calculated by the following equation: AG® = AH® — TAS".

b. In each case, the adsorption capacity significantly increases
during the initial stage and then slowly reaches equilibrium
within 120 min. This phenomenon may be explained as
follows: during the adsorption process, the adsorption on the
exterior surface would first reach saturation, and then Gd** ions
took a relatively longer contact time to diffuse into the pores of
adsorbent to achieve equilibrium.*

Nonlinear fittings of adsorption data with pseudo-first-order
and pseudo-second-order kinetic models for the adsorptions of
Gd* onto mIIP-CS/CNT at three different initial concen-
trations (10, 50, and 100 mg L"), and the adsorption of Gd**
onto mNIP-CS/CNT at 10 mg L7} are shown in Figure 6,
panels a and b, respectively.”” The calculated values of kinetic
parameters (ky, k) qe a1y and qecacn) and the corresponding
correlation coefficients (R*) are presented in Table 3.
Compared with the pseudo-first-order model (0.9503 < R* <
0.9811), the pseudo-second-order model fitted the experimen-

tal data well, with higher correlation coefficients (0.9899 < R* <
0.9993). Moreover, the adsorption capacities predicted by
pseudo-second-order model (g, ,.,) well agree with the results
obtained experimentally (eey), which also suggests the
suitability of pseudo-second-order model. This also means
that the adsorption rate is proportional to the square of the
number of free sites, which corresponds to the term (g, — g,)*
in the pseudo-second-order model.*®

3.2.3. Selectivity Study. La** and Ce** were chosen as
competitive metal ions because the two rare earth ions and
Gd* had identical valences and similar ion radii. Table 4
summarizes the Ky, k, and k' values of La* and Ce*" with
repect to Gd**. When they coexisted in the same medium, a
competition would start for the same binding sites of mIIP-CS/
CNT. The Gd** adsorption capacity of mIIP-CS/CNT was
found to be much higher than those for La** and Ce" ions.
The relative selectivity coefficient (k') is an indicator to express
an adsorption affinity of recognition sites to target ions. From
Table 4, it can be seen that the k" values of mIIP-CS/CNT for
Gd**/La*" and Gd**/Ce’* are 3.50- and 2.23-times greater than
those of mNIP-CS/CNT, respectively. Considering the facts
that the radius of Gd** is pretty close to those of La** and
Ce*” and the selectivity of imprinted adsorbent for the target
ions (ie., Gd®") is simply determined by the ion geometry, it
can be concluded that the Gd** ions can be selectively adsorbed
even in the presence of interferences of some competitive metal
ions.

3.2.4. Comparison with Other Similar Type of Adsorbents.
To further assess the adsorption selectivity of mIIP-CS/CNT, a
comparison between mIIP-CS/CNT and other reported CS-

Table 2. Adsorption Isotherm Constants for Gd*>" Adsorptions onto mIIP-CS/CNT and mNIP-CS/CNT

temperature (K)

293.15 303.15 313.15 303.15
isotherm model model parameter mIIP-CS/CNT mNIP-CS/CNT
Langmuir® G (mg g™") 79.48 109.3 121.51 96.52
K, (L mg™) 0.0440 0.0367 0.0559 0.0214
R 0.9942 0.9919 0.9954 0.9840
Freundlich” Kg (mg' V" LV g71) 9.320 10.72 16.31 5.55
1/n 0.4140 0.4470 0.4004 0.5288
R 0.9248 0.9197 0.9231 0.9229

“Langmuir model is expressed as g, = ((¢,,K.C.)/(1 + K.C,)), where C, is the equilibrium concentration of Gd**, g, and g,, are the amount of Gd**
adsorbed at equilibrium and the maximum adsorption capacity, respectively, and K; is the Langmuir binding constant. bFreundlich model is
expressed as follows: g, = KzC,”", where Ky and 1/n are Freundlich constants, respectively.
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Figure 6. (a) Adsorption kinetic data of Gd** onto mIIP-CS/CNT at initial concetrations of 10, 50, and 100 mg L™, and (b) kinetic data of Gd**

adsorptions onto mIIP-CS/CNT and mNIP-CS/CNT at 10 mg LL

Table 3. Kinetic Parameters for Gd** Adsorptions onto
mIIP-CS/CNT and mNIP-CS/CNT

initial concentration (mg L")

10 N 100 10
mNIP-
kinetic CS/
model®  model parameter mlIP-CS/CNT CNT
pseudo- Geerp (Mg g7™") 9.329 54.72 69.89 4.967
f;;fitér k; (min™") 0.5405 0.370S 0.4073  0.0740
model Gercale (Mg g 8.959 50.26 64.18 4.299
R? 0.9911 0.9553 0.9604 0.9350
pseudo- 0.1467 0.0128 0.0110  0.0210
second- (g mg™ min™")
f;gz‘;l Qo (Mg g™) 9190 5250 66.82 4.690
R 0.9993 0.9899 0.9905  0.9841

“Pseudo-first-order and pseudo-second-order kinetic models are
expressed as q, = q(1 — ¢™) and q, = ((kq’)/(1 + kq.)),
respectively, where g, and ¢, are the adsorption capacities at
equilibrium and at time ¢, respectively; k; and k, are the equilibrium
rate constants of pseudo-first-order and pesudo-second-order models,
respectively.

Table 4. K, k, and k' Values of La** and Ce** with Respect
to Gd**

mlIP-CS/CNT mNIP-CS/CNT

metal ion K (mL g_l) k Ky (mL g_l) k K
Gd* 1813.85 751.53
La** 47233 3.84 685.33 1.097 3.50
Ce* 941.16 1.93 870.69 0.863 223

based imprinted adsorbents was conducted, and the k' values
are presented in Table 5."**°~** It can be found that our values
of k' (Gd*/La™*, 3.50; Gd>*/Ce*, 2.23) are consistent with the
reported results, indicating that the adsorption selectivity of
mlIP-CS/CNT is satisfactory.

Adsorption capacity is another important factor to evaluate
an imprinted adsorbent. As shown in Figure S, panel a, the
maximum adsorption capacity of mIIP-CS/CNT was found to
be 104 mg g~' at 313.15 K. Taking into account the fact that
the adsorption of rare earth ions, in practice, is generally
performed at room temperature, we used the adsorption
capacity value 88 mg g~ at 303.15 K to compare with the Gd**
adsorption capacities for the reported rare earth ion-imprinted
adsorbents over recent years (Table 6).77*7% Nevertheless, it
is obvious that the adsorption capacity of mIIP-CS/CNT (88

21053

Table 5. Comparison of Relative Selectivity Coefficients (k')
between the CS-Based Imprinted Adsorbents

relative
selectivity
CS-based imprinted target  completive coefficient
adsorbent ion ion (k) ref
magnetic Cu(II) ion Cu** Ni** 2.66 14
imprinted composite
mesoporous silica SBA-15- Pb** Hg™* 221 40
supported Pb(II)-
imprinted polymer
magnetic Cu(II) ion Cu** Co** 2.32 41
Imprinted composite
Ce(III)-imprinted polymer Ce** Fe** 32 42
supported by mesoporous
SBA-15 matrix
dithiocarbamate modified Pb** Cu?* 245 43
chitosan beads
imprinted CS hydrogels Ag* Cu** 3.75 44
magnetically retriveable IIP-  Gd** La** 3.50 this
CS/CNT work
magnetically retriveable IIP- ~ Gd** Ce** 223 this
CS/CNT work

Table 6. Comparison of Binding Capacities between the
Rare Earth Ion-Imprinted Adsorbents

binding
imprinted capacit}r
rare earth ion-imprinted adsorbent rare earth ion (mg g™) ref
imprinted styrene—divinylbenzene Dy** 40.15 9
copolymer
ionic imprinted resins based on Gd* 24.53 45
EDTA and DTPA derivatives
IIP-HQP/SiO, pr** 18.32 3
Sc(III) ion-imprinted polymers Sc** 12.8 46
Lu(III) IIP Lu®* 64.2 47
magnetically retriveable IIP-CS/ Gd* 88 this
CNT work

mg g~') is much higher than those of materials prepared by
other imprint techniques. Moreover, compared with other
reported rare earth ion-imprinted absorbents, the mIIP-CS/
CNT has an obvious advantage that it can be easily and rapidly
retrieved by an external magnetic field without the need of
additional centrifugation or filtration, greatly facilitating the
separation process (Figure 2e).

3.2.5. Reusability of Adsorbent. From pracital application of
view, reusability is a crucial factor for an advanced adsorbent.
Thus, we attempted to reuse the exhausted mIIP-CS/CNT
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after its regeneration by eluting with 1 mol L™" HCI solution.
The results of five consecutive adsorption—desorption cycles
are shown in Figure 7. It can be found that the adsorption

=)
S

2
G
1

Adsorption capacity (mg.g")
b 2

=
I

2 3 4
Recycle times

Figure 7. Results of five consecutive adsorption—desorption cycles
with initial Gd** concentration of 200 mg L™".

capacity of the recycled mIIP-CS/CNT keeps relatively
constant (88 to 86 mg g™') in five consecutive cycles. This
result indicates that the mNIP-CS/CNT is reusable.

For a nanoadsorbent-based adsorption system, one of the
most frequently encountered problems is that a certain amount
of adsorbent nanoparticles will be lost during the adsorption or
desorption processes. As a result, the adsorption capacity will
gradually decrease. Thanks to magnetic retrievability, the mIIP-
CS/CNT could be collected from aqueous solution without
any significant weight loss and thus showed nearly invariable
adsorption capacity cycle by cycle. This result indicates that
mlIP-CS/CNT can be used as a cost-efficient adsorbent for
selective adsorption of Gd**.

4. CONCLUSION

A novel ion imprinted nanocomposite IIP-CS/CNT, with a
well-defined coating structure, was successfully prepared via a
facile “surface deposition—crosslinking” process. When IIP-CS/
CNT and SiO,@Fe;0, were dispersed in Gd** solution, the
SiO,@Fe;0, could be trapped in or adhere to the IIP-CS/
CNT aggregates, leading to the magnetization of IIP-CS/CNT;
meanwhile, the Gd** was selectively captured by the
magnetized IIP-CS/CNT. The amount of Gd*" adsorbed was
found to vary with solution pH, contact time, and initial Gd*"
concentration. The best pH value for favorable Gd** adsorption
is 7. The adsorption equilibrium was achieved within 120 min,
and the maximum adsorption capacity obtained was up to 88
mg g~' at 303.15 K. Isotherm modeling revealed that the
Langmuir equation well described the adsorption of Gd** onto
magnetically retrievable IIP-CS/CNT. Fitting of kinetic data
confirmed that the pseudo-second-order model provided the
best correlation with the experimental data. The selectivity
coefficients relative to La** and Ce> were 3.50 and 2.23,
respectively, which are very similar to those found for other
reported CS-based imprinted materials. Compared with other
reported rare earth ion-imprinted absorbents, the magnetically
retrievable IIP-CS/CNT not only had obviously high
adsorption efliciency, but also could be easily manipulated by
an external magnetic field. A test of reusability demonstrated
that the magnetically retrievable IIP-CS/CNT could be
repeatedly used without any significant loss in binding affinity.
These unique features present the magnetically retrievable IIP-
CS/CNT as a novel, promising, and feasible adsorbent
applicable to selective adsorption of Gd**.
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