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Abstract We successfully prepared three-dimen-
sionally interconnected macroporous imprinted chi-
tosan films (3DIM-IFs) by template-assisted assembly.
Imprinted chitosan films exhibiting an interconnected
macroporous structure are used as adsorbents for
efficient and selective adsorption of gadolinium ions
(Gd(II)). Saturation adsorption capacity of 3DIM-IFs
for GA(III) is up to 51.36 mg g~ ' at 298 K, which is
significantly higher than adsorption capacities for most
reported Gd(IIT) imprinted adsorbents during recent
years. Because of highly selective imprinted sites,
imprinted films possess significant selectivity of
Gd(III) than other rare earth ions. Moreover, 3DIM-
IFs can be easily and rapidly retrieved without the need
of additional centrifugation or filtration, greatly facil-
itating the separation process. Reusability tests demon-
strated that the materials can be repeatedly used
without significant loss in adsorption capacity, enhanc-
ing their potential application for recovery of Gd(III).
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Introduction

Rare earth elements (REEs) have a wide range of
applications such as wind turbines, electric vehicles,
NiMH batteries, hard disk drives, and fluorescent
lamps because of their unique optical, electrical, and
magnetic properties (Alonso et al. 2012; Binnemans
et al. 2013; Kulaksiz and Bau 2013). Especially,
gadolinium (Gd) was considered one of most critical
metals with the highest supply risk by the European
Commission due to its unique characteristics in
magnetism and optics (Moss et al. 2013). With ever-
increasing demand for high-purity Gd or its com-
pounds, separation and purification of Gd have
received considerable attention. However, separation
of individual REEs is one of the most difficult tasks
because of similar physical-chemical properties
derived from their similar ionic radii (Uda et al. 2000).

Liquid-liquid extraction (LLE) is widely used for
industrial separation of Gd, which can provide
acceptable enrichment needed by multi-step extrac-
tion. However, the LLE technique produces significant
amounts of undesired effluent. Liquid—solid extraction
(LSE) is a greener separation method compared with
LLE. Because of its simplicity and high efficiency,
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LSE has been considered one of the most promising
methods for separation and purification (Sun et al.
2013). Our research group has also successfully
synthesized MAH modified mesoporous silica mate-
rials with respect to gadolinium adsorption (Zheng
et al. 2015). However, adsorbents are usually limited
by a lack of adsorption selectivity or adsorption
capacity. Thus, extensive efforts have been devoted to
the development of the adsorption selectivity and
adsorption capacity of REE separation.

Recently, particular attention has been focused on
ionic imprinted polymers (IIPs) for adsorption of
REEs (Alizadeh and Amjadi 2013; Gao et al. 2014; Li
et al. 2015). IIPs are regarded as cost-effective
adsorbents with specific ionic recognition sites, which
are complementary to target ions (templates). I[IPs can
be directly cross-linked by linear polymers and
functional groups (e.g., glutaraldehyde or epichloro-
hydrin), which makes the imprinted processes simpler
(Branger et al. 2013). Among various functional
polymers, chitosan (CS) is one of most popular
materials due to its advantages of low cost, abundant
functional groups (-NH, and -OH), and ease of cross-
linking (Yang et al. 2011). As far as we know, almost
all the reported CS-based IIPs are processed into
powder-like submicron beads (Fu et al. 2015; He et al.
2014; Kyzas et al. 2015). It is difficult to remove
completely the templates from the imprinted CS
materials because they are embedded. Limited acces-
sibility to imprinted sites significantly impacts adsorp-
tion rate and selectivity. Moreover, it is hard to
separate submicron beads from solution, which limits
its application in industry. Gao’s group reported
magnetic imprinted chitosan/carbon  nanotube
nanocomposite (CS/CNT) via surface deposition-
cross-linking, and imprinted CS/CNT nanocomposite
can be retrieved by magnetism (Li et al. 2015). It
provides a valuable rational guide for design of CS-
based nanocomposites. However, magnetic submicro-
spheres were trapped in or adhered to the imprinted
CS/CNT network, which inevitably resulted in loss in
magnetic spheres during the adsorption procedure.

Immobilizing imprinted CS on surface of structure-
directing agent to form porous materials seems to be a
possible solution to overcome the previously-men-
tioned difficulties. Imprinted CS porous materials can
facilitate the diffusion of template ions to imprinted
sites. Among different porous materials, macroporous
material with a  three-dimensionally  (3D)
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interconnected pore structure exhibits high surface
area, high volume and shows excellent adsorption
performance (Fan et al. 2004; Yao etal. 2011; Yuetal.
2011b). In addition, a good film-forming property of
CS makes it favorable to prepare 3D interconnected
macroporous CS films because the polymer layer can
stick tightly on the surface of the sacrificing spheres
(Santos et al. 2008). Therefore, design and synthesis of
CS-based imprinted 3D interconnected macroporous
films with strong combining capacity of Gd(III) and
convenient separation from solution seems to be very
meaningful.

In this work, we prepared 3D interconnected
macroporous imprinted CS films (3DIM-IFs) for
adsorption of Gd(III) from solution. 3D interconnected
macroporous structure of 3DIM-IFs were character-
ized by SEM. Adsorption properties of 3DIM-IFs in
aqueous solutions were investigated and compared
with 3D interconnected macroporous non-imprinted
CS films (3DIM-NIFs) and bulk imprinted CS films
(bulk imprinting). Effects of pH and temperature on the
adsorption were also studied systematically. In addi-
tion, the reusability of 3DIM-IFs renders our imprinted
CS films possess recycle stability and economically
viable for separation of Gd(III).

Experimental
Preparation of materials

Tetraethoxysilane (TEOS, >99.9 %), CS (Deacetyia-
tion > 90 %), ammonia, and glutaraldehyde solution
were obtained from Aladdin-Reagent (Shang Hai,
China, www.aladdin-reagent.com). HAc, ethanol, and
Gd(NOs)3-6H,0 were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shang Hai, China, www.
sinoreagent.com). Double distilled water (DDW) was
used for preparing all aqueous solutions and cleaning
processes.

Synthesis of monodisperse silica particles

Monodispersed silica spheres were prepared using a
modified Stober method (Stober et al. 1968). Briefly,
25 mL of DDW, 62 mL of ethanol, and 9 mL of
ammonia were added into 250-mL of flask under
stirring at room temperature for 1 h. Then 4.5 mL of
TEOS was added quickly. The mixture was kept for
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4 h under stirring. The silica particles were separated
by centrifuge, washed repeatedly with ethanol and
water, and dried overnight under vacuum.

Synthesis of 3DIM-IFs, 3DIM-NIFs, and bulk
imprinting

First, 0.5 g of Gd(NO3)3-6H,O was dissolved in
500 mL of CS solution [0.5 g of CS was dissolved
in 500 mL of 2 % (v/v) HAc solution], and the solution
was stirred vigorously for 2 h to reach an equilibrium
of GA(IIT) with CS. 3DIM-IFs were assembled via a
centrifugation method (Zhang et al. 2009). Monodis-
persed silica spheres were added to aforementioned
CS solution. The complex was ultrasonicated to form
emulsion and centrifuged. After the silica spheres
were fully precipitated, the redundant CS solution was
carefully removed. Then, CS/silica composites were
immersed in 5 % (v/v) glutaraldehyde solution for
crosslinking of Gd(III)-CS. Cross-linked composite
films were eluted with 10 % (v/v) HAc solution to
remove of Gd(III) templates, then films were washed
with water. Subsequently, silica spheres were removed
by 1 M NaOH solution. 3DIM-IFs were obtained by
drying in a vacuum chamber. 3DIM-NIFs were
synthesized same with 3DIM-IFs except that no
Gd(IIT) templates were added. To prepare bulk
imprinting for comparison: 0.5 g of Gd(NO3);-6H,O
was first dissolved in 500 mL of CS solution [0.5 g of
CS was dissolved in 500 mL of 2 % (v/v) HAc
solution], and the solution was stirred vigorously for
2 h to reach an equilibrium of Gd(IIT) with CS. Thirty
milliliters of the mixture was left to dry at room
temperature on a polystyrene Petri dish (d = 8 cm).
Almost three days slow evaporation, bulk imprinted
composites were obtained. Composites were
immersed in 5 % (v/v) glutaraldehyde solution for
crosslinking of Gd(III)-CS. Cross-linked composite
films were eluted with 10 % (v/v) HAc solution to
remove of Gd(III). Scheme 1 illustrates the detailed
fabrication process of 3DIM-IFs.

Batch adsorption experiments

The effect of solution pH on adsorption was investi-
gated first. 3DIM-IFs, 3DIM-NIFs, and bulk imprint-
ing (10 mg) were immersed into different pH of
Gd(IIT) stock solution (10 mL, 50 mg L™, 298 K) for

adsorption. When adsorption equilibrium was
reached, final concentrations of Gd(III) were deter-
mined by ICP-OES (ICP spectrometer, VARIAN
America). The adsorption capacity (Q,) was deter-
mined by the Eq. (1):

0= —V(COW_ Ce) (1)

where Cy (mg L YandC,. (mg L") are the initial and
equilibrium Gd(III) concentrations in solution,
respectively.

Kinetic experiments were conducted at 298 K by
varying contact time 5-720 min. 3DIM-IFs, 3DIM-
NIFs, and bulk imprinting (10 mg) were immersed to
the Gd(III) stock solution (10 mL, 50 mg L™, pH 7).
Equilibrium isotherm experiments were carried out at
three different temperatures (298, 308, and 318 K).
3DIM-IFs, 3DIM-NIFs, and bulk imprinting (10 mg)
were immersed into a range of initial concentrations of
the Gd(III) stock solutions (10 mL, pH 7.0,) to reach
equilibrium.

Selectivity recognition properties of 3DIM-IFs for
Gd(IIT) were evaluated by mixed competitive system.
Mixed solutions of Gd(III), Dy(III), Tb(II), Pr(III),
and Nd(III) were prepared from the standards solu-
tions (pH 7.0, 50 mg L~ for each cations, 298 K).
Ten milligrams of 3DIM-IFs and 3DIM-NIFs were
added into 10 mL of mixed solutions. Residual cation
concentrations of each ion were analyzed by ICP-
OES.

Reusability experiments

After the adsorption tests, 3DIM-IFs and 3DIM-NIFs
were fetched out of the solution. The films were rinsed
with 100 mL of double distilled water. Then materials
were regenerated using 10 % (v/v) HAc, then recon-
ditioned 3DIM-IFs and 3DIM-NIFs were used in
reusability experiments.

Result and discussion
Characterization of films
The physical-chemical characterization of adsorbent

is crucial to prove that it is well developed. Thus,
different characterizations have been used to examine

@ Springer



980

Cellulose (2017) 24:977-988

Silica sphere

Crystal template

Chitosan , Gd(lll)

Imprinted chitosan coated silica sphere

Crosslinking

%&%mﬂwmw «%@%@%&4&%

Remval of silica sphcre

Gd(lll)

3D interconnected macroporous imprinted chitosan films

Qilica/ohi

ﬁl&w&l of Gd(lll)

Silica/chitosan imprinted composite

imprinted posi

Scheme 1 Schematic of the 3DIM-IFs and adsorption mechanism of Gd(III)

and validate the morphologies and compositions of
our imprinted CS film materials.

Structural and surface characterization

The morphological characterization of the three
samples (3DIM-IFs, 3DIM-NIFs, and bulk imprinting)
were confirmed by scanning electron microscopy
(SEM, JEOL, JSM-7001F). Figure la reveals the
morphology of 3DIM-NIFs that displays a 3D inter-
connected structure with spherical voids. It is also
observed the similar structure in 3DIM-IFs (Fig. 1b).
Quasi-spherical cavities of 3DIM-IFs and 3DIM-NIFs
is around 200 nm in diameter, which is consistent with
the diameter of silica sphere (see Fig. Sla in the
Supporting Information). The surface morphology of

the bulk imprinted films appears very smooth com-
pared with 3DIM-IFs and 3DIM-NIFs (Fig. S1b). In
the SEM images, interconnected macroporous of
3DIM-IFs and 3DIM-NIFs are not ordered. This may
be due to polymer shrinkage and deformation after
removal of silica sphere.

Nitrogen adsorption studies were employed to
characterize 3DIM-IFs, 3DIM-NIFs, and bulk
imprinting by a Micromeritics TriStar II 3020 analyzer
(Micromeritics Instrument Corporation, USA). All
materials were outgassed for 12 h at 80 °C prior to N,
adsorption analysis, which were carried out at
—196 °C. The N, adsorption—desorption isotherms
for 3DIM-IFs and 3DIM-NIFs are presented in Fig. 2.
The N, adsorption—desorption isotherm of bulk
imprinted films is very low, so we didn’t add it in

Fig. 1 Representative SEM images of 3DIM-NIFs (a) and 3DIM-IFs (b) under different magnifications
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Fig. 2 N, adsorption—desorption isotherms for 3DIM-IFs and
3DIM-NIFs

the Fig. 3 DIM-IFs and 3DIM-NIFs exhibit typical
type IV isotherms with a distinctive H1 hysteresis
loop. Table 1 summarizes the corresponding value of
the Brunauer—Emmet-Teller surface areas (Sggt) of
3DIM-IFs and 3DIM-NIFs samples; from the table,
3DIM-IFs and 3DIM-NIFs possess the BET surface
area of about 14.08 and 19.71 m* g™, respectively.
Pore size distributions were only detected between 0.8
and 150 nm, so we did not add the pore size
distributions cures in the figure.

The FT-IR spectra (Nicolet NEXUS-470 FT-IR
apparatus, USA) of 3DIM-IFs, 3DIM-NIFs, and bulk
imprinting were shown in Fig. S2. From the FT-IR
results, there are no significant differences with
spectra of three materials. By contrast, all the samples

35

30 f —2—3DIM-IFs
—o— 3DIM-NIFs
25F —o—Bulk impringting

Adsorption capacity (mg g”)
a

'
w0

Fig. 3 The effect of pH on the adsorption capacity of 3DIM-
IFs, 3DIM-NIFs, and bulk imprinted films (50 mg L1298 K)

Table 1 Brunauer-Emmet-Teller surface areas (Sggr)
obtained by N, adsorption—desorption measurements for
3DIM-IFs and 3DIM-NIFs

Materials Sger (m* g™ ")
3DIM-IFs 14.08
3DIM-NIFs 19.71

show distinctive adsorption peaks of chitosan. The
broad bands at about 3460 cm™' correspond to the
stretching vibration of -NH, and -OH. The adsorption
bands at about 2930 and 2868 cm ' are assigned to the
stretching vibration of -CH, -CH,, and -CHj. The
adsorption bands at 1604 and 1653 cm ™" are assigned
to the bending vibration of -NH in -NH, and the
stretching vibration of C=0O in N-acetyl groups,
respectively. The bands at 1083 cm ™' correspond to
the stretching vibration of the C—-O-C bridge (Wang
et al. 2013). The amounts of carbon, hydrogen and
nitrogen for all adsorbents were obtained by CHN
elemental analysis (Table 2). For all the 3DIM-IFs,
3DIM-NIFs, and bulk imprinting, the contents in these
elements are similar.

Adsorption studies
The effect of pH on the adsorption

The solution pH has a significant influence on the
adsorption of Gd(III) because it may affect the
chemistry of metal ions and the surface properties of
the films, which, in turn, influence the affinity of
imprinted films for GA(IIT). Thus, the effect of pH on
3DIM-IFs, 3DIM-NIFs, and bulk imprinting was
investigated by the same experimental procedure.
Gd(IIT) may form insoluble precipitate of GA(OH); in
basic solutions. Thus, pH values studied in this work
were performed over the range from 1.0 to 7.0.
According to the results shown in Fig. 3, it is obvious
that the adsorption capacity of Gd(III) progressively

Table 2 Elemental composition of the materials from ele-
mental analysis

Materials N (%) C (%) H (%)
3DIM-TFs 4.032 47.927 7.366
Bulk imprinting 3701 48.748 7442
3DIM-NIFs 4.151 45.555 7.013
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increases with increasing pH. When the pH increases,
the protonation of the CS amino groups decreases, so
the adsorption capacity of Gd(III) is enhanced. The
adsorption capacity of 3DIM-IFs is significantly
higher than 3DIM-NIFs and bulk imprinting. Since
the Gd(III) adsorption took place via coordination
interactions between Gd(III) ions and amino groups of
CS. 3DIM-IFs provided large numbers of adsorption
imprinted sites compared with 3DIM-NIFs and bulk
imprinting. Fig. S3 reports pH variation with Gd(III)
adsorption. Within the pH range of 1.0—4.0, the value
of equilibrium pH is close to the initial pH, while in the
range of initial pH 4.0-7.0, the final pH tends to
decrease by 1 or 2 pH units. This may be attributed to
the effect of amine functions from chitosan: with a pK
close to 6.3-6.7, amine groups of chitosan bind
Gd(II). Since the adsorption of Gd(III) took place
on imprinted sites between Gd(III) and amino groups
of CS. Under acidic condition, the protonation of
amino groups could reduce their binding abilities of
chelating with Gd(III). Hence, pH 7.0 is chosen as the
initial pH value of solution for the follow-up
experiments.

Adsorption kinetics

The kinetic cures of 3DIM-IFs, 3DIM-NIFs, and bulk
imprinting shown in Fig. 4 were fitted by pseudo-first-
order kinetic model (PFOKM) and pseudo-second-
order kinetic model (PSOKM). The corresponding

-— .
o 2018 o FLo.oooofoosooooonoon
E" i /§7 1 i A 3DIM-IFs
= 15 -}i’ o 3DIM-NIFs
o i o Bulk imprinting
108 - - -PKOKM
: .-+ PSOKM
5 o E!_.-.--{---—---..-.--{..-...q-_--_-a-_- PSR R
0 .‘{ 1 1 L 1 1 il 1
0 100 200 300 400 500 600 700 800

Time (min)

Fig. 4 Kinetic data and modelling for the adsorption of Gd(III)
on 3DIM-IFs, 3DIM-NIFs, and bulk imprinted films. Error bar
represents the standard deviation of the kinetic data
(50 mg L™'; 298 K; pH 7)

@ Springer

parameters of three films are compiled in Table 3. The
adsorption amount of Gd(III) at time 7 was calculated
by the Eq. 2:

where Q, (mg g~ ) stands for the adsorption amount of
Gd(II) absorbed, Cy (mgL™") and C, (mgL™"
represent the initial and terminate concentrations of
Nd(III) after time #, respectively. V and W are the
solution volume (L) and mass (g) of adsorbent used in
the adsorption experiments, respectively. PFOKM and
PSOKM were employed to examine the kinetics data
of 3DIM-IFs, 3DIM-NIFs, and bulk imprinting.
PFOKM and PSOKM are reported in Egs. (3) and
(4), respectively:

Qt:

0= Qe — Qee_klt (3)
. szgl‘
Qt - WZQJ (4)

where Q, (mg gfl) and Q. (mg gfl) are the adsorption
amounts at time ¢ (min), and at equilibrium, respec-
tively. k; (L minfl) and k, (g mg7l minfl) are the
rate constants of the PFOKM and PSOKM, respec-
tively. The initial adsorption rate 4 (mg g~ ' min™")
and half equilibrium time #,,, (min) of the PSOKM
also were calculated by the Eqs. 5 and 6 (also see
Table 3):21

h = kQ? (5)
1
t1/2 - k2Qe (6)

Figure 4 shows the kinetic curves of films increase
rapidly in the first 50 min, then the curves increase
gently and finally reaching equilibrium within 2-3 h.
This phenomenon may because the adsorption on the
exterior surface fast reaches saturation, and then
Gd(IIT) ions take a relatively longer time to diffuse
into the pores of films to achieve equilibrium.
Nonlinear fittings of adsorption kinetics data with
PFOKM and PSOKM for adsorptions are also shown
in Fig. 4. The calculated kinetic parameters and the
corresponding correlation coefficients (R*) are com-
piled in Table 3. It reveals that PSOKM fits the
adsorption kinetics well for all the film materials, with
correlation coefficients of 0.998, 0.996, and 0.994,
respectively. The adsorption capacity of 3DIM-IFs
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Table 3 Kinetic constants for the pseudo-first-order and pseudo-second-order models

Materials Oerexp Pseudo-first-order kinetic model Pseudo-second-order kinetic model
(mg g™
Occ ki (L R O ky x 1072 h(ng g”'min™) np, R
(mgg™") min~) (mgg™) (gmg 'min""h (min)
3DIM-IFs 29.10 27.45 0.0445 0.957 29.84 0.212 1.891 15.78 0.998
Bulk imprinting  19.89 18.97 0.0464 0975 20.57 0.323 1.368 15.04 0.996
3DIM-NIFs 5.61 5.44 0.0433 0976  5.90 1.056 0.367 16.05 0.994

calculated by PSOKM agrees well with the results
obtained experimentally. This means the adsorption
rate is proportional to the square of the number of
imprinted sites, which corresponds to the term
(ge — q,)* in PSOKM.(Addo Ntim and Mitra 2011)
All the results indicate the chemical process is likely to
be the rate-limiting step of the adsorption mechanism.
Moreover, the & value for 3DIM-IFs, 3DIM-NIFs, and
bulk imprinting were found to followed the order
3DIM-IFs > 3DIM-NIFs > bulk imprinting, indicat-
ing that lots of imprinted sites improve the kinetic
properties of the films.

Adsorption isotherms

Adsorption isotherm data were conducted by Lang-
muir and Freundlich isotherm models to find the
suitable model for accurately depicting the adsorption
processes (Fig. 5). Adsorption isotherms for 3DIM-

ass
L 3
: P 3
i £ 2 3pMaFs
o~ 4or 1 o 3DIM-NTFs
‘s 35} o Bulk imprinting
2 30}
E 3 g & % =2
> 25k -
< »} e
2
15} i
3
(1] 3 o o - o = u
L o
5 J Il Il [l 2 Il 4 1 Il 2
20 40 60 80 100 120 140 160 180 200
-1
Co(mgL))

IFs, 3DIM-NIFs, and bulk imprinting at three different
temperatures (298, 308, and 318 K) are shown in
Fig. S4. The equations of the Langmuir and Freundlich
isotherm are expressed as follows (Mou et al. 2012;
Yang et al. 2014):

KLQmCe
= 7
Qe 1+K,.C. )
0, = KpCl/" (8)

where Q,, (mg g~ ") represents the maximum adsorp-
tion capacity of materials. K, (L g~') is Langmuir
affinity constant, while K (mg g ') is the Freundlich
adsorption capacity direction constant, and 1/n is the
heterogeneity factor.

Figure 5 shows that the adsorption capacity of
3DIM-IFs is higher than that of 3DIM-NIFs and bulk
imprinting under the same condition, which suggests a
preference adsorption of 3DIM-IFs for GA(III). This

b 55 L.
- =B
St 2. A 3DIMAFs
4a5Fr an o 3DIM-NIFs
-~ 40F ’.° ° © Bulk imprinting
Tbl) /A. = = Langmuir fit
o0 Sr /- ’ - - « Freundlich fit
e P
o 25F T
(@] wl 7 =<
4 ‘(
15 7.7
10} ¢ - -~ —a==a
PR
3 -
5 2 I d ' 2 1 2 N 1 2 1 2
0 20 40 60 80 100 120 140 160 180 200
-1
Ce(mgL?)

Fig. 5 Equilibrium data (a) and modelling (b) for the adsorption of Gd(III) on 3DIM-IFs, 3DIM-NIFs, and bulk imprinted films. Error
bar represents the standard deviation of the kinetic data (298 K; pH 7.0)
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may contribute to 3DIM-IFs providing specific
imprinted sites for Gd(IIT) adsorption. The imprinted
matrix offers an excellent spatial structure for the
coordination of Gd(IIT) with the two hydroxyl oxygen
atoms and two ammonia nitrogens of the chitosan, thus
favoring the chelation of Gd(III) ions, resulted in size
selectivity towards Gd(III) of a certain radius in acidic
solution. Imprinted sites not only can improve the
selectivity but also can enhance the mass transfer rate
and adsorption capacity for template ions. On the
contrary, due to no imprinted sites on the 3DIM-NIFs,
the selectivity and adsorption capacity of 3DIM-NIFs
are lower than 3DIM-IFs, obviously. The Langmuir
isotherm model gives a better fit to the experimental
adsorption data with correlation coefficient
(R* > 0.94, Table 4). The Langmuir model is based
on the assumption that adsorption sites are identical
and energetically equivalent and that adsorption
process occurs as a monolayer coverage resulting in
finite ionic adsorption. From the experimental data of
three films, the adsorption capacities increase until
saturation with an increase in Gd(III) content. The
experimental saturation adsorption capacities of
3DIM-IFs, 3DIM-NIFs, and bulk imprinting are
51.36, 10.94, and 29.66 mg gfl, which are compara-
ble with the calculated equilibrium capacities (Q,,) by
the Langmuir model. The “favorability’’ of the
adsorption can be evaluated by the separation factor
R;, which is calculated by Eq. (9), where C,, is the
maximum initial Gd(IIT) concentration.

1

Rp=—
1L+ CnKy

©)

The calculated value of R; indicates that the
material is a favorable medium for the adsorption.
R; values of 3DIM-IFs, 3DIM-NIFs, and bulk
imprinting were calculated to be 0.0949, 0.2781, and
0.1268, respectively. R, values of 3DIM-IFs is smaller
than that of 3DIM-NIFs, and bulk imprinting, which
suggests our designed imprinted film is a more
favorable adsorbent for Gd(III).

The effect of temperature on the adsorption

To investigate the thermodynamic parameters, the
effect of temperature on the adsorption was carried out
at three different temperatures (298, 308, and 318 K)
with 100 mg L™" initial concentration of Gd(III). The
maximum adsorption capacities of three materials are
found to increase slightly with increase in temperature.
The adsorption change with temperature is due to the
increase in diffusion and decrease in viscosity of
solution (Yu et al. 2011a). Thermodynamic equilib-
rium constant K° was calculated by plotting In(Cy/C.)
as a function of C; (see Fig. S5). C; is the amount of
Gd(IIT) adsorbed per gram of adsorbents (mmol/g) and
C. is the equilibrium concentration of Gd(IIl) ions
(mmol mL™"). The value of Gibb® s free energy
change can be calculated by equation.

AG°= — RTIn K° (10)

where R is the universal gas constant (8.3145 J mol "
Kil) and T is the temperature of the solution (K).
Table 5 summarizes the calculated values of Gibb’s
free energy at different temperatures. Standard
enthalpy AH® and AS° can be calculated by the van’t
Hoff equation:

Ink° =— 22 (11)

where T is the absolute temperature (K) of solution.
The values of enthalpy change (AH®) and entropy
change (AS°) are calculated by the slope and the
intercept of the plot of In K° versus 1/T (Fig. 6), the
constants are also compiled in Table 5. Figure 6
shows the effect of increasing temperature on
Gd(III) adsorption using 3DIM-IFs, 3DIM-NIFs,
and bulk imprinting. Both the positive values of
enthalpy change (AH®) and the decrease in Gibbs
free energy change with the increase of the temper-
ature reveal that the adsorption reaction is
endothermic.

Table 4 Adsorption Sorbents

Langmuir isotherm equation

Freundlich isotherm equation

equilibrium constants for

Langmuir and Freundlich R? K, (Lmg™") On(mgg™ R, R? Kr(mgg™" 1n
isotherm equations
3DIM-IFs 0.994 0.0477 59.06 0.0949 0.934 11.136 0.3182
Bulk imprinting  0.995 0.0344 35.50 0.1268 0.926 5.8561 0.3290
3DIM-NIFs 0.997 0.0130 15.65 02781 0.971 0.9277 0.4808
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Table 5 Thermodynamic

AH® (K mol™!)  AS° (kI mol™)) T (K) K°

AG® (kK mol™!) R?

214.52 298 849 530 0.996
308 9.01 -5.63
318 9.58 =597

234.24 298 750 —4.99 0.999
308 820 -—5.39
318 8.80 —5.75

182.83 298 549 —4.22 0.995
308 6.07 —4.62
318 6.53 —4.96

Materials
parameters for Gd(II)
adsorption 3DIM-IFs 42.92
Bulk imprinting  51.22
3DIM-NIFs 40.83
a 60

A 3DIM-TFs
O 3DIM-NTFs

50 O Bulk imprinting

b,
A 3DIM-TFs
1nr O 3DIM-NTFs
i O Bulk imprinting

T (K)

~ 40}

fup I

g 3ot Q__”,__;»/,Q

A

o I

O 20

111 R —a
0 I 1 i ] " 1 A 1 n
295 300 305 310 315 320

S
0.00310 0.00315 0.00320 0.00325 0.00330 0.00335 0.00340
T (X

Fig. 6 Thermodynamic properties of Gd(IIT) on 3DIM-IFs, 3DIM-NIFs, and bulk imprinted films at 298, 308, and 318 K: variation of
Q. with temperature (a) and van’t Hoff plots of In K° against 1/7 (100 mg L™ L pH 7.0) (b)

Selective adsorption test

In order to investigate selectivity of the adsorbent,
selective tests were performed in a competitive system
with Gd(III) and four coexisting anions, including
Dy(III), Nd(IIT), Pr(IIT), and Tb(III). The adsorption
selectivity of 3DIM-IFs with respect to selected ions
was evaluated by the distribution coefficients (Kj,
mL g_l), selectivity coefficient k, and relative selec-
tivity coefficient X’ which were calculated according to
Egs. 12, 13, and 14:

Co—C; V

k; = — 12

d Cr X " (12)
kat

k=" 13
T (13)

kirs
k= 14
kNFs (14)

where Cy, and C; stand for the initial and final
concentration of each ions, respectively.

Table 6 summarizes the Cy, Ky, k, and k' values of
Dy(III), Nd(III), Pr(IIT), and Tb(III) with respect to
Gd(II). In competitive system, Gd(III) adsorption
capacity of 3DIM-IFs is found to be much higher than
that for other ions. The relative selectivity coefficient
(k) is an indicator to reveal an adsorption affinity of
selective sites to template ions the &’ values of 3DIM-
IFs for Gd(I1I)/Dy(11I), GA(IIT)/Nd(I1I), Gd(IIT)/Pr(IIT)
and Gd(III)/Tb(III) are 2.60-, 4.80-, 3.92-, and 3.37-
times greater than those of 3DIM-NIFs, respectively.
The great kK’ value may attribute to specific size of the
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Table 6 K, k. and ¥ Metal ions ~ 3DIM-IFs 3DIM-NIFs K
values of La(Ill) and Ce(III)
with respect to Gd(III) Ci(mgL™ KsmLg™) & Ci(mgL™ KymLg™) &
(Co=50mgL™"; pH7)
Gd(II1) 28.80 736.38 45.06 109.68
Dy(III) 42.40 179.20 4.11  46.75 69.56 1.58  2.60
Nd(III) 44.90 113.60 6.48 46.23 81.46 1.35 4.80
Pr(I1) 44.19 131.37 5.61 4645 76.54 143 392
Tb(III) 41.77 197.01 374 4552 98.44 1.11 337
Table 7 Comparison of rare earth elements adsorption performance for different sorbents
Sorbent Metals pH Adsorption Selectivity References
capacity (mg g~ ")
Mesoporous silica hybrid materials Gdd1I) 4 76.89 Low Zheng et al. (2015)
ITonic imprinted resins based on EDTA Gdd1I) - 24.53 High Vigneau et al. (2001)
and DTPA derivatives
Ion imprinted chitosan/carbon nanotube Gd(IIT) 7 88 High Li et al. (2015)
composite
Ion imprinted mesoporous silica Dy(III) 17.45 High Zheng et al. (2016)
3DIM-IFs Gd(III) 7 51.36 High This work
imprinted sites for Gd(III) which is not appropriate for 35

other ions.

The adsorption capacity and selectivity are impor-
tant benchmarks for the application of adsorbents.
Thus, adsorption capacities and selectivity of different
adsorbent materials for different REEs, including our
previous studies are compared with 3DIM-IFs in
Table 7. From the Table, some materials have signif-
icantly higher adsorption properties, such as ionic
imprinted chitosan/carbon nanotube composite. How-
ever, in most cases our 3DIM-IFs have comparable
adsorption properties for GAd(III) in pH 7.0. The main
advantages of the present materials as excellent
adsorbents are the fast kinetics, easy preparation, high
adsorption capacity and high selectivity of adsorption
and the easy recovery of spent materials at the end of
the adsorption process because of membrane proper-
ties (Li et al. 2015; Vigneau et al. 2001; Zheng et al.
2016).

Reusability tests

The reusability is a crucial factor of evaluating the
value of adsorbents. Thus, five cycling tests were
studied to evaluate the regeneration ability of 3DIM-
IFs in Fig. 7 (cycling tests of 3DIM-NIFs shown in

@ Springer

Adsorption capacities (mg g'l)

Cycle

Fig. 7 Regeneration of 3DIM-IFs over five cycles. Error bars
represent the standard error of the mean for measurements
carried out in triplicate (50 mg L™"; 298 K; pH 7.0)

Fig. S6). From Fig. 7, the adsorption efficiency
progressively decreases, but at the fifth cycle the
adsorption capacity variation of recycled 3DIM-IFs
does not exceed 20 %. The decrease may attribute to
the reduction in binding active sites following regen-
eration and/or an incomplete desorption of the
adsorbed Gd(III). The result indicates our prepared
film has an excellent stability and can be used as a
highly efficient Gd(IIT) adsorbent.
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Conclusions

3DIM-IFs were prepared successfully by a template-
assisted assembly. The imprinted films were able to
adsorb Gd(III) selectively. Compared with traditional
bulk imprinted CS films, 3DIM-IFs increased the
adsorption amount of Gd(III) due to 3D interconnected
macroporous structure. In particular, under optimal
pH, 3DIM-IFs exhibit the highest adsorption capacity
of 51.36 mg g~ at 298 K. The adsorption kinetics of
3DIM-IFs was found to follow pseudo-second-order
type sorption kinetics. The adsorption isotherms of
3DIM-IFs were modelled by the Langmuir isotherm
better, which revealed a monolayer adsorption.
Because of imprinted sites on 3DIM-IFs, adsorption
selectivity of 3DIM-IFs improve significantly. Ky of
3DIM-IFs for Gd(III) is 736.38 mL g~'. Comparing
with other adsorbents, cheap sources of chitosan, easy
preparation, high adsorption selectivity and adsorption
capacity, and rapidly retrieved make our film a good
candidate for adsorption of Gd(III) in solution. In
addition, reusability tests indicate that our adsorbent
has a great potential application for industrial adsorp-
tion of Gd(III).
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