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Abstract Previously, we investigated imprinted sil-
ica films templated by cellulose nanocrystals for the
selective adsorption of rare earth ions from acidic
systems, but the cost of organosilane limits the
application of silica film adsorbents. Considering the
cost and outstanding properties of cellulose, convert-
ing this renewable biological resource into an adsor-
bent material is a vital step towards sustainable
development. One-step fabrication of imprinted meso-
porous cellulose nanocrystals films (IMCFs) was
implemented via ionic imprinting technology and
they were applied to efficiently and selectively
separate neodymium ions [Nd(II)]. Transmission
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photographs clearly demonstrated there is a highly
ordered mesoporous structure after removal of silicon
source. Nitrogen adsorption measurements showed
two obtained materials possess high specific surface
area, providing a good premise for efficient separation.
When employed as absorbents, the maximum adsorp-
tion capacity of IMCFs is almost three folds than that
of NIMCFs, reaching 18.22 mg g~'. The distribution
coefficient of IMCFs for Nd(II) reached
435.46 mL g~ ', much higher than other interfering
ions. Repeatability tests showed IMCFs retained
81.55% of initial adsorption capacity after five
adsorption cycles. In summary, this work presents a
new avenue to construct imprinted mesoporous cellu-
lose nanocrystals films for separation of rare earth
ions.

Keywords Neodymium - Ionic imprinted polymers -
Cellulose nanocrystals films - Selective separation -
Rare earth

Introduction

Neodymium (Nd), one of the critically rare earth
elements (REEs), is widely employed in neodymium-
iron-boron (NdFeB) magnets, where the Nd content is
as high as 26% (Chen et al. 2015; Sprecher et al. 2014).
The surge in magnet consumption has produced
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amounts of rare earth wastes (such as end-of-life
NdFeB magnets). The long-term unreasonable dis-
posal and utilization of these wastes has created
serious environmental issues and posed serious threats
to human health and ecosystems (Johannesson et al.
2017; Zhao et al. 2017; Du et al. 2018). Hence, with
rapid increase of the demand for Nd in magnets and
consideration of environmental factors, the recycling
of Nd has become a significant issue (Moriwaki et al.
2016; Won et al. 2015).

Conventional methods employed for REEs extrac-
tion in industrial applications include pyrometallurgi-
cal and hydrometallurgical processes (Yoon et al.
2015). Pyrometallurgical methods utilize high tem-
perature heating to peel off nonmetallic materials,
allowing valuable metals to be melted into other metal
melts or molten salts (Frohlich et al. 2017). By
increasing reaction temperature and prolonging reac-
tion time, Bian extracted Nd,O5; from waste NdFeB
permanent magnet scraps with the purity of 95% (Bian
et al. 2015). Although REEs can be separated effec-
tively in this way, but inevitably require abundant of
energy injection. Hydrometallurgy based on different
affinities of REEs is considered to be a flexible, high
selective and environmentally friendly strategy
(Royen and Fortkamp 2016). Extraction of target
metals from leachate via solvent extraction, precipi-
tation, displacement, ion exchange, and electrolytic
extraction (Swain 2017; Tunsu et al. 2016). Among of
them, emerging solid-liquid extraction (SLE) strategy
is a greener alternative, in which does not require large
volumes of organic solvent and provide better sepa-
ration factors (eFlorek et al. 2014; Moloney et al.
2014; Sun et al. 2013). For SLE strategy, the most
critical thing is to study and prepare novel adsorption
materials.

Currently, nanomaterials with special morphology
and well-designed porous structures are the focus and
hotspot, while lacking of specific recognition, high
cost, and difficulty in subsequent separation remain
key issues restricting their large-scale application.
Macroscopical assembly of nanomaterials is the key to
practicability of nanomaterials. Among them, self-
assembly has received extensive attention due to no
need of external intervention and precise assembly
(Service 2005). Rod-like cellulose nanocrystals
(CNGs, typically 3—10 nm in width, 100-500 nm in
length) are obtained by sulfuric acid-catalyzed hydrol-
ysis from bulk cellulose (Yao et al. 2017). CNCs
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feature an attractive combination of excellent mechan-
ical and thermal properties, high Young’s modulus,
high crystal structure, high aspect ratio and large
surface area, making them become ideal polymer
matrices for nanocomposite construction (Li et al.
2018). Abundant hydroxyl groups on the surface of
CNCs show negative charges and they are easily
chemically modified, which enhance their dispersibil-
ity in hydrophobic matrix materials and expand the
range of applications (Dufresne 2017; Voisin et al.
2017). When subjected to solvent evaporation induced
self-assembly (EISA), CNCs have the ability of self-
assembly into a chiral nematic (cholesteric) liquid
crystal films with a helical arrangement (Lagerwall
et al. 2014). Benefited from its intriguing behavior,
many studies reported CNCs were used as a soft
template to construct organic—inorganic hybrid films
by adding small molecular tetraethoxysilane (TEOS),
tetramethoxysilane (TMOS) and tetrabutyl titanate
(TBT) as precursors. After removal of CNCs through
calcination or acid treatment, films with highly
ordered, mesoporous, iridescent color can be obtained.
These films have been proven to have good adsorption
properties for metals and metalloid ions in aqueous
solutions (Gao and Jin 2018; Terpstra et al. 2018; Xue
et al. 2017).

Moreover, adsorption of high purity single rare
earth element from a mixed system is difficult due to
their chemical similarity (Xie et al. 2014). Ionic
imprinting technology (IIT) has attracted widespread
attention because of its recognition of target ions,
predictability of structure, specificity of recognition
and universality of applications (Fu et al. 2015; Wang
et al. 2017; Pan et al. 2018; Wei et al. 2018). Through
specific coordination or electrostatic interactions,
ionic imprinted polymers (IIPs) repolymerized by
template and functional monomers are generally
compatible with aqueous media (Dai et al. 2018).
After eluting metal ions, imprinting sites matching the
spatial configuration of imprinted ions were left. These
stable imprinted sites will help to effectively increase
adsorption capacity of films.

Combining macroscopical assembly of nanomate-
rials and ionic imprinting technology, imprinting sites
may enter the mesoporous wall and surface to a greater
extent, making it more conducive to capturing target
ions. Patra proposed a novel coating adsorbent based
on Gd(IIl)-ordered magnetic mesoporous carbon
(OMMC) and filled in a small sized micropipette tip
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of a micropipette for microsolid phase detection (Patra
et al. 2017). Liu employed mesoporous Fe;0,@PEI-
SBA-15 as template and endowed vinyl groups by
surface modification. Finally, Sr(II)-imprinted poly-
mer was successfully synthesized with the help of
AIBN as initiator (Liu et al. 2015). Our previous study
reported a novel strategy of silica composite films
templated by CNCs prepared via dual-template dock-
ing oriented ionic imprinting (Zheng et al.
2017, 2018). CNCs interacted with Nd(III) to form
dual-template docking configuration. After remove of
CNCs (structural orientation template) and Nd(III)
(imprinting template), imprinting silica films exhibit
high selective adsorption capacity for Nd(III). Never-
theless, there are still several distinct drawbacks: 1)
after removal of templates, remaining silica films are
less flexible and quite brittle; 2) it requires numerous
chemical reagents and high cost of Si source precur-
sors (like TEOS and GLYMO-IDA). This prompted us
to work on the research of greener, low-cost and good
flexibility imprinted mesoporous composite films.
After our research, we found that CNCs can be
directly used to prepare macroscopical assembly of
nanomaterials with excellent properties. Surface
groups of CNCs also provide the possibility for the
formation of imprinted sites.

Our intention is to develop an environmentally
friendly, low-cost imprinted mesoporous material for
efficient and selective recovery Nd(III) from end-of-
life NdFeB magnets. In this study, inspired by CNCs
and IIT, we proposed one-step fabrication of imprinted
mesoporous cellulose nanocrystals films (IMCFs). In
contrast to our previous studies, at this time, CNCs as
the function of membrane unit, tetraethoxysilane
(TEOS) and NdA(IIT) existed as sacrificial templates
and imprinted templates, respectively. CNCs/
organosilica composite films were obtained via EISA
method. Subsequently, silicon source and Nd(III) were
removed by alkali treatment and weak acid elution,
respectively. Corresponding reference NIMCFs, using
the same procedure except adding Nd(III). The whole
adsorption experiments were carried out under acidic
conditions to simulate a real harsh adsorption envi-
ronment, where NdFeB magnets were dissolved by
strong acid. Before adsorption tests, we fully charac-
terized the IMCFs and NIMCFs, such as surface
interface morphology, pore properties, and crystal
structure changes, to ensure the successful preparation
of the materials. To reveal adsorption properties of

IMCFs and NIMCFs on Nd(III), various operating
parameters such as solution pH, contact time, and
initial Nd(IIT) concentration on adsorption efficiency
were systematically investigated. Experimental data
were further studied by multiple mathematic models to
confirm intrinsic adsorption mechanism. In addition,
adsorption selectivity and reusability were also dis-
cussed in detail to predict the prospects and potential
for industrial applications.

Experimental section
Materials

Tetraoxyethyl silane (TEOS) was purchased from
Aladdin Chemicals Co., Ltd. Dextrose, ethanol, nitric
acid (HNOs;), anhydrous hydrochloric acid (HCI,
37%) and rare earth oxides (4 N) were obtained from
Sinopharm Chemical Reagent Co., Ltd. Medical
absorbent cotton was purchased from Shanghai Yin-
jing Medical Sanitary Materials Co., Ltd. Experimen-
tal water is the double distilled water (DDW). All
reagents do not need further purification.

Preparation of CNCs

According to our previous study (Zheng et al.
2018, 2019a, b). 10 g of cotton was hydrolyzed by
sulfuric acid (64 wt%, 15 mL of sulfuric acid/g cotton)
at 45 °C for 2 h. Subsequently, about tenfold of cold
water was added to quench the reaction, and put
overnight. The upper clear liquid was discarded and
lower sediment was centrifuged. The obtained product
was sonicated for 30 min at 600 W with an ultrasonic
cell pulverizer. Finally, the mixture was poured into
dialysis bags (Mw12000-14000 KD) and dialyzed for
a week, until the pH of the suspension reached 2.4.

Preparation of imprinted mesoporous cellulose
nanocrystals films

5 mg of glucose, 200 uL. of TEOS, and 4 mg of
neodymium nitrate were dissolved in 10 mL of above
CNCs suspension. After stirring at 60 °C for 2 h, the
white homogeneous slurry was poured into polyte-
trafluoroethylene disk and dried at room temperature,
slowly evaporated and then got complete films, that is,
CNCs/organosilica composite films. Subsequently,

@ Springer



5574

Cellulose (2019) 26:5571-5582

\
hydrolysis \ Nd()
—_— = ___ 5

A\ Y

Cotton CNCs

o L et

VSN Desorption (Y
N P A
N

NN
NN

- e——
\”’»@5\\( N EANE
:////9/ : .

M
TEOS e

CNCs/organosilica composite films

1.Crosslinking
2.Remove silicon and Nd(IIT)

=

{h

e

\
%
)

\

,\\\

N

A,

e

=N

\
X
X
N
R
N

)
=

/
z
2

77
7

N
Y ,:;%
—r
T
NS
LA
i 3
&
e

N
mEo
T
TN
N
=2
=

),

Imprinted mesoporous cellulose films (IMCFs)

Scheme 1 Schematic diagram of the free-standing imprinted mesoporous cellulose films (IMCFs)

these films were placed in 1.83 M NaOH solution
(1 mL of sodium hydroxide per 10 mg film), repeated
several times to ensure Si materials have been
completely removed. After that, eluate was prepared
by 1:9 (v/v) glacial acetic acid and DDW. Above films
were immersed in the eluent and oscillated in water
bath to remove NA(III). Finally, films were cleaned
2-3 times with DDW, and left to dry under ambient
temperature. At this point, desired materials IMCFs
have been successfully prepared. Non-imprinted
mesoporous cellulose films (NIMCFs) also follow
the above preparation process, expect the addition of
Nd(III). Hence, there is no need to conduct acid
treatment. Scheme 1 describes the synthesis process
of IMCFs.

Results and discussion
Morphology analysis

Morphology of IMCFs were observed by SEM and
TEM. From the macroscopic level, as shown in Fig. 1,

@ Springer

the film can achieve 90° bending, exhibiting good
flexibility and definite mechanical properties. It is
mainly because cellulose and the moisturizing effect
of glucose makes film flexible. Figure 2 displays
pictures of cross-sectional IMCFs and NIMCFs which
were characterized by SEM and TEM. It can be
observed that both IMCFs and NIMCFs exhibit highly
ordered liquid crystal nematic structure (Fig. 2a, b),
which benefits from intrinsic nano-structure of CNCs,
indicating films have been prepared successfully. To
further confirm whether the silicone has been com-
pletely removed, IMCFs and NIMCFs were scanned
by energy dispersive X-ray spectroscopy (EDS). As
shown in Fig. S1, films mainly contain C/O, moreover,
the content of Si is basically negligible, proving that
silicon source has been removed completely during
alkali treatment. TEM further confirms the pore
morphology (Fig. 2c, d). Cellulose could not bear
high temperature. When electrons hit on the surface of
films, a certain degree of melting occurs, making
photos appear slightly blurry. TEM shows IMCFs
display uniformly arranged pore structure. More
importantly, elution process does not result in the
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Fig. 1 Flexibility display of IMCFs

destruction of chiral liquid crystal structure of CNCs.
All this confirm the successful preparation of IMCFs
and NIMCFs.

Specific surface area, pore volume and pore size
distribution of IMCFs and NIMCFs were measured by
nitrogen adsorption and desorption isotherms.

Mag= 500KX  Signal A=SE2

WD = 7.2mm EHT = 5.00kV

-

Figure 3 shows isotherm type corresponds to type IV
with an HI hysteresis loop, associated with meso-
porous nanocellulose. Table 1 lists corresponding
parameters of IMCFs and NIMCFs. IMCFs illustrates
a BET surface area of 56.82 m” g~ ', a BJH adsorption
cumulative pore volume of 0.03071 cm® g, and a
BJH adsorption average pore width of 2.1790 nm,
compared 53.06 m* g ', 0.02825 cm® g,
2.0499 nm of NIMCFs. In the process of alkali
treatment, the BET surface area of films may decrease
to a certain extent. By virtue of flexibility, meso-
porosity and highly ordered structure give potential
applications for separation of REEs.

Surface characterization

Fourier transform infrared (FT-IR) analysis attempted
to characterize the surface groups of IMCFs and
NIMCFs. Fig. S2 shows there is no significant
difference between IMCFs and NIMCFs in terms of

Fig. 2 SEM images of a IMCFs, b NIMCFs and TEM images of ¢ IMCFs, d NIMCFs

@ Springer
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Fig. 3 N, adsorption—desorption isotherms and pore size distributions (insert) for IMCFs (a) and NIMCFs (b)

Table 1 Brunauer—-Emmet-Teller —surface areas (Sggr)
obtained by N, adsorption—desorption measurements for
IMCFs and NIMCFs

Materials  Sgpr (m? gfl) Pore size (nm) Ve (em® gfl)

2.1790
2.0499

0.03071
0.02825

IMCFs
NIMCFs

56.82
53.06

FT-IR spectra. Cellulose characteristic peaks at
3650-3200 cm ™" (the stretching of intra- and inter-
molecular O-H and -CH,OH vibrations), 2902 cm ™!
(asymmetric C—H stretching vibration), 1337 cm™"
(C-0O-H bending) and 1160 cm~ ! (C-0-C stretching
motion) are present in both IMCFs and NIMCFs.
Overall, all this confirmed CNCs structure has been
preserved and further verified the successful prepara-
tion of IMCFs and NIMCFs.

Crystal properties of IMCFs and NIMCFs, and
IMCEFs after five adsorption cycles were evaluated by
X-ray diffraction, as displayed in Fig. S3. Calculated
by jade 6 software, characteristic peaks at 20 = 14.7°,
16.8°,22.7°, and 34.7°, assigning to the (1-10), (110),
(200) and (004) crystal planes, respectively, where
diffraction characteristics are similar to typical
semicrystalline cellulose type I. From the figure, it
can be inferred that CNCs have high crystallinity and
their crystal form can be preserved after five adsorp-
tion cycles. Compared with IMCFs, the crystallinity of
IMCFs after repeatability experiments has a signifi-
cant loss, which may attribute to destruction of the
crystallinity of cellulose by acid elution.

@ Springer

Thermogravimetric analysis (TGA) outline the
thermal stability and composition of IMCFs and
NIMCFs under nitrogen atmosphere. Fig. S4 shows
the variation in total weight with temperature. The
weight loss of two materials are about 74.02%
(IMCFs) and 75.55% (NIMCFs), respectively. Within
the initial temperature range (0-150 °C), IMCFs
decreased significantly by about 10%, mainly due to
the loss of residual water. IMCFs are proved as
hydrophilic materials, which will take advantages of
the recovery of REEs in solid-liquid extraction
separation. It is obvious that the loss of total weight
of IMCEFs is gentler than that of NIMCFs, indicating
better thermal stability. Moreover, the total weight
loss of IMCFs was about 54.58% at 200-300 °C,
corresponding to the thermal decomposition of
nanocellulose.

Effect of pH

pH value plays a decisive role in the adsorption
process, which affects the protonation of the adsorbent
surface and the ionization degree of adsorbates. The
recovery of REEs generally occurs under acidic
condition. When pH > 7.0, REEs will produce
hydroxide precipitation. Hence, pH tests were con-
ducted between 2.0 and 7.0. Adsorption capacities [Q,
(mg g_l)] were obtained by Eq. (1):

V(Cy— C,)
m

0 (1)
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Fig. 4 The effect of pH on the adsorption capacity of IMCFs
and NIMCFs

where Cy and C. (mg Lfl) represent initial and
residual concentration of Nd(III) in solution.
V (10 mL) denotes the volume of stock solutions
while m (10 mg) stands for the mass of adsorbent.
As seen in Fig. 4, as pH value increases, the
adsorption efficiency and capacity of IMCFs and
NIMCFs showed different degrees of increase,
demonstrating higher pH is helpful for the absorption.
At lower pH, O, of IMCEFs is significantly superior to
NIMCFs, attributed to the lack of imprinting sites of
NIMCFs. When pH value was 7.0, Q. of imprinted
films and non-imprinted films reached 49.70 and
49.66 mg g~ (concentration of the stock solution is
50 mg L"), which means acidic solution system does
affect the adsorption properties of two materials
indeed. Zeta potential of pH on IMCFs and NIMCFs
are displayed in Fig. S5. When pH value is 4.0, the
Zeta potential of IMCFs is — 4.944 mV, whereas that
of NIMCFs is — 0.15 mV. It illustrates the pH range
of surface protonation, owing to the imprinting effect,
IMCFs provide highly selective space sites under
acidic condition. Hence, IMCFs exhibited high
adsorption capacity. Generally, rare earth ions can be
dissolved by strong acids, so it makes more sense to
adsorb Nd(III) under acidic condition. The acidic
hydrolysis of CNCs results in the existence of residual
acid groups on its surface, so these films will be more
favorable for separation and recovery of Nd(III) under
acidic condition. The imprinting effect of adsorbents is
measured by imprinting factor (IF), which can be
calculated from the ratio of the adsorption amount of
IMCFs and NIMCFs. pH ranges from 2.0 to 7.0 were

employed to test the impact under extreme conditions.
Although the adsorption capacity is much lower than
that of pH = 7.0, the maximum value of IF is 2.68 at
pH =4.0. At this point, the distinction between
IMCFs and NIMCFs is the most obvious, and the
effect of imprinting sites on adsorption performance is
also the most significant. Therefore, by considering
above factors, the initial stage pH of solution was
determined as 4.0.

Kinetics

The variation of Q, with adsorption time onto IMCFs
and NIMCFs were described in Fig. 5. Before reach-
ing the adsorption equilibrium, both IMCFs and
NIMCFs have undergone a rapid adsorption process
within the first 200 min of contact, then adsorption
rate decreased, which may be caused by the absence of
the imprinted sites immobilized on films. The equi-
librium  adsorption capacity of IMCFs is
18.22 mg g~ ', significantly higher than that of
NIMCFs (6.79 mg g~ '), indicating IMCFs show bet-
ter affinity toward Nd(III). Pseudo-first-order kinetic
model [PFOKM, Eq. (2)] and pseudo-second-order
kinetic model [PSOKM, Eq. (3)] were calculated to
elucidate the adsorption rate and rate-limiting steps.

01 = Qc—Qce™™ (2)
. szgl
Qt - TZQJ (3)

where k; (rninfl) and k& (g mgf1 minfl) are the

adsorption rate constant of PFOKM and PSOKM,
respectively. Further, in pseudo-second-order dynam-
ics equation, 4 (g mg ' min~') represents initial
sorption rate, i.e. initial adsorption rate when ¢
approaches to zero [Eq. (4)]. t;» stands for half-
balanced time [Eq. (5)]:

h=kQ: (4)

1
k2 Qe

Table 2 summaries kinetic parameters and correla-
tion coefficients. PSOKM fits two adsorbents with
higher correlation coefficients (RZ): 0.997 of IMCFs
and 0.998 of NIMCFs, a basic assumption that the
adsorption process belongs to chemical adsorption.
The equilibrium adsorption capacity of IMCFs and

(5)

tiyp =
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Fig. 5 Kinetic data and modeling for the adsorption of Nd(III)
on IMCFs and NIMCFs, Error bar represents the standard
deviation of kinetic data (pH = 4.0, 298 K, 50 mg L_l)

NIMCFs predicted by PSOKM is 22.05 mg g~ ' and
731 mg g~', respectively. Kinetic tests indicate
active sites on IMCFs show a good affinity to Nd(III).

Adsorption isotherms

To investigate adsorption performance of IMCFs and
NIMCFs on Nd(III), adsorption isotherms were mea-
sured by contacting adsorbents with different concen-
trations of Nd(III) stock solution. The adsorption
capacity reached maximum when initial concentration
is 150 mg L™, once all active sites were occupied, the
adsorption reached equilibrium. In order to describe
and understand the adsorption mechanism, two
isotherm models, Langmuir [Eq. (6)] and Freundlich
[Eq. (7)] models (Langmuir 1916), were employed to
fit adsorption data. Two relationships are listed as
below:

Fittings of adsorption isotherms are displayed in
Fig. 6. Isotherm constants and correlation coefficients
obtained by adsorption equilibrium models are sum-
marized in Table 3. Comparing with the Freundlich
equation, results reveal Langmuir equations are fitted
to experimental data for both of adsorbents sufficiently
and show larger correlation coefficients (R2) of 0.997
(IMCFs) and 0.996 (NIMCFs). Langmuir isotherm fits
adsorption of NA(III) better, which suggests it is a
monolayer sorption. The maximum adsorption capac-
ities of IMCFs and NIMCEFs fitted by the equation are
23.03 mg g ' and 9.31 mg g~ (Table 3), which are
close to the experimental data.

Selectivity test

Selectivity adsorption tests could detect whether
IMCFs and NIMCFs have significant selectivity to
Nd(III). Several rare earth cations [Dy(III), Gd(III),
La(IIl), Tb(III)] with Nd(III) were added in coexis-
tence system. The concentration of rare earth ions is
the same (50 mg L™"). Results were calculated by
distribution coefficient K4 (mL g_l), selectivity coef-
ficient k and relative selectivity coefficient k’. Rela-
tionships are listed as follows [Egs. (8), (9), (10)]:

Table 2 Kinetic constants for the Pseudo-first-order and Pseudo-second-order models

Materials Qe exp Pseudo-first-order kinetic
(mg g7') model

Pseudo-second-order kinetic model

Oecc K, R Q.mgg ) K, x 10%(gmg 'min") H(mgg 'min~") 1, R

(mgg™") (min~") (min)
IMCFs 18.22 18.12 0.0038 0.995 22.05 0.0175 0.0849 259.74 0.997
NIMCFs 6.79 6.535 0.0082 0.991 7.31 0.137 0.073 99.90 0.998

@ Springer
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where, Cy and C; are initial and residual concentration
of each cation in batch system, respectively. The
adsorption effect of imprinted films and non-imprinted
films is presented in Fig. 7. Related data are summa-
rized in Table 4.

From the figure, it can be concluded that K, value
(435.46 mL gfl) of IMCFs toward Nd(III) is signif-
icantly higher over other cations, demonstrating
IMCFs have a preferential affinity for Nd(IIT). This
allows imprinted CNCs films to separate and adsorp-
tion of Nd(III) under interference ions. On the basis of
Hard and Soft Acids and Bases (HSAB), residual acid
groups (e.g., —SOzH, —OH) on CNCs belong to hard
base, while Nd(III) is typical hard acid. Hence, these

Fig. 7 Ky values of the IMCFs and NIMCFs for a mixture of
Nd(II), La (III), Gd(III), Dy(I), and Tb(Ill), Error bars
represent the standard derivation (pH = 4.0, 298 K, 50 mg L™
for each ion)

groups react faster and form stronger bonds with
Nd(II). In addition to special sites provided by IIT,
which are only matched with Nd(III) on size. So,
IMCFs show strong selective adsorption and separa-
tion ability during SLE. In order to further evaluate the
performance of IMCFs, similar adsorbents are sum-
marized and compared. From the Table 5, it can see
that our materials have excellent adsorption capacity.
Also, their advantages including safe, efficient, one-
step reaction, and non-toxicity, which may provide an
alternative method for recycling REEs (Dolak et al.
2015; Krishna et al. 2005; Melnyk et al. 2012; Vlachou
et al. 2009; Zheng et al. 2016, 2017).

Reusability tests

Five cycles of binding and elution were used to test the
reusability of IMCFs, which is of great significance for
industrial applications. After each adsorption process,
IMCFs were rinsed by elution and DDW, in order to
remove the loaded Nd(III) completely. Figure 8 shows
the variation of adsorption capacity at each binding-
elution cycle. After five adsorption cycles, the

Table 3 Adsorption equilibrium constants for Langmuir and Freundlich isotherm equations

Sorbents Langmuir isotherm equation Freundlich isotherm equation

Onm (mg g™ Ki (L mg™) Ry R Kp (mg g™ Un R
IMCFs 23.03 0.126 0.038 0.997 6.837 0.245 0.901
NIMCFs 9.31 0.076 0.0617 0.996 2.081 0.293 0.906
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Table 4 K,, k and &k’ values of Nd(III), Dy(III), Gd(III), La (III) and Tb(III)

Cation IMCFs NIMCFs K
Cr (mg L™ Kq (mL g™") K Cr (mg L™ Ky (mL g™ K

Nd(II) 34.832 435.461 46.564 73.789

La(IIl) 45.441 100.325 0.230 46.784 68.732 0.931 0.247

Gd(1I) 45.853 90.441 0.208 46.824 67.835 0.919 0.226

Dy(III) 45.812 91.417 0.210 47.225 58.772 0.796 0.264

Tb(III) 45.652 95.232 0.219 46.921 65.621 0.889 0.246

Table 5 Comparison of REEs adsorption capacity for different Sorbents

Sorbents Cation PH Adsorption capacity Selectivity References

(mg g™
IMCFs NddII) 4.0 22.61 High This study
Dual-template docking oriented ionic imprinted Nd{II) 3.0 34.98 High Zheng et al.
mesoporous films (2017)

Imprinted mesoporous silica materials DydIl) 2.0 2233 High Zheng et al.
(2016)

Yeast cells NddI) 1.5 10-12 - Vlachou et al.
(2009)

Ionic imprinted polymer particles NddI) 7.5 33 High Krishna et al.
(2005)

Phosphonic acid functionalized silica microspheres Nd{dI) 2.8 45 - Melnyk et al.
(2012)

Molecularly imprinted polymers Nd(III) 5.5 14.6 High Dolak et al.
(2015)

20

2 3 4 5
Cycle

Fig. 8 Reusability of IMCFs over 5 cycles

adsorption performance of IMCFs decreased to
81.55% of the initial adsorption capacity. In addition,
there is no significant change between pristine IMCFs

@ Springer

and regenerative IMCFs by XRD in Fig. S3. This can
be attributed to surface ionic imprinting. Strong
mechanical properties of CNCs and surface ionic
imprinting provide stable and selective imprinted
sites, greatly improve stripping and adsorption effi-
ciency. Repeatability tests indicate IMCFs are high
stable and reliable adsorbents in practical applications.

Conclusion

Imprinted mesoporous cellulose films were prepared
via a green, one-step reaction, and employed for
adsorption and separation of Nd(III) from end-of-life
magnets under acidic system. CNCs containing rich
functional groups on the surface were selected as
mesoporous matrix, the coexistence of no need
additional functional monomer, and mesoporous
channel is the advantage of this strategy, compared
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with other imprinting techniques. To better simulate
the harsh adsorption environment and to more clearly
compare the differences between IMCFs and
NIMCFs, we adjusted pH of stock solutions to 4.
The maximum adsorption capacity of IMCFs was
23.03 mg g~ ', more in accordance with the Langmuir
model, proving IMCFs and NIMCFs implements
monolayer adsorption. The distribution coefficient of
Nd(IIT) reached 435.46 mL g_l, which indicates
IMCFs possess high adsorption efficiency and adsorp-
tion selectivity. Reusability tests proved IMCFs are
feasible and stable for industrial application, which
may provide an alternative for recovery of REE:s.
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