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a b s t r a c t

This work reports the architecture of a novel class of membrane-supported 1D MOF hollow super-
structures, by using the bio-inspired polydopamine (PDA) mediated contra-diffusion synthetic strategy,
for facile and efficient separation of uranium in a flow-through mode. PDA chemistry was firstly
employed to modify the inner surfaces of the cylindrical pore channels of polycarbonate track-etched
membrane (PCTM), thereby regulating the heterogeneous nucleation and interfacial growth of ZIF-8
crystals. ZIF-8 hollow superstructures embedded in membrane matrix with well-defined 1D channels
were obtained. These membrane-supported MOF hollow superstructures then, for the first time, served
as integrated chromatographic micro-column arrays for effective entrapment of uranium from aqueous
solutions. It is highlighted that the PCTM supported ZIF-8 superstructures exhibited outstanding ura-
nium entrapment ability in both traditional batch mode (capacity 62.3mg/g) and fast flow-through
mode (removal rate over 90% for 3 level). Moreover, new insights into the interaction between ZIF-8
and uranyl ions were obtained, suggesting that an ion-exchange mechanism involved synergistic ef-
fect was responsible for uranium binding, especially in a long-term exposure. The membrane-supported
1D MOF hollow superstructures developed in this work represent a new category of organic-inorganic
composite membrane. And, it is envisioned that the methodology established in this work would be
versatile for preparing more MOF superstructures with deployable form for separation applications.

In summary, a novel class of membrane-supported ZIF-8 hollow superstructure was fabricated for
effective separation of uranyl ions.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Metal-organic frameworks (MOFs) are a series of crystalline
porous hybrid materials with ordered three-dimensional (3D)
structures consisting of metal ions or cluster as nodes and organic
ligands as spokes via coordination bonds (Furukawa et al., 2014; He
et al., 2014; Li et al., 2016). Because of the controlled porosity, high
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crystallinity and task-specific designability (Zhang and Zaworotko,
2014), MOFs have emerged as one of most attractive materials in
recent decades holding bright prospects for application in many
fields, including gas adsorption and storage (Al-Maythalony et al.,
2017; Cui et al., 2016; Li et al., 2009), environmental remediation
(Chen et al., 2017; Kalmutzki et al., 2018; Zhu et al., 2017), catalysis
(Deria et al., 2016; Li et al., 2015), and drug delivery (Wu and Yang,
2017; Zhe et al., 2018). In particular, MOFs have attracted much
attention in the capture of metal ions from aqueous environment
(Wang et al., 2019) due to their inherent coordinating ability of the
functional groups, such as amines, carboxylates and sulfonates in
the organic ligands (Li et al., 2018). Researchers have devoted
substantial efforts to synthesize new MOFs or to modify existing
MOFs for the entrapment of specific ions (Chen et al., 2017; Feng
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et al., 2013; Maleki et al., 2015; Peng et al., 2016;Wu et al., 2018). As
a kind of solid phase extraction materials (Sun et al., 2018; Wang
et al., 2018), MOFs demonstrate the advantages of low energy
cost and high selectivity (Płotka-Wasylka et al., 2016). Despite of
their advantages, there remains a pressing challenge for the
application of MOFs due to the lack of a conveniently deployable
form (Falcaro et al., 2014). The typical powder crystal morphology
always makes MOFs difficult and tedious to separate from liquid
phase. Therefore, integrating MOFs with other supporting matrix
represents a promising strategy to prepare MOF-based adsorption
materials, which combines the advantages of each component,
endowing the composites with improved synergistic effects (Lu
et al., 2012; Min et al., 2017).

Diverse forms of candidate supporting materials to accommo-
date MOFs for preparing functional composites include particles
(Dargahi et al., 2017; Ehrling et al., 2018), fibers (Jian et al., 2016),
membranes (Meimei et al., 2015), and bulk matrix (Zhuang et al.,
2011). Among these matrix materials, membranes stand out by
the feature of superb handling capacity, small footprint, and rela-
tively low costs (Huang et al., 2009; Koushkbaghi et al., 2018). The
combination of MOFs and membrane technology solves the prob-
lems of solid-liquid separation as well as low capacity of matrix
materials, which is a common strategy to prepare gas separation
membrane (Huang et al., 2015; Liu et al., 2013) and, in theory, can
also be promising as an alternative method for the treatment of
metal ions-containing water (Na et al., 2016). To introduce MOFs to
membrane matrix, surface functionalization and pore channel
modification are the two major strategies. The former usually re-
quires rigid matrix with relatively strong interactions, which is
appropriate for the functionalization of inorganic membranes and
sieving filtration rather than adsorption filtration (Huang et al.,
2014). On the contrary, the latter shows more stable and higher
load amount of MOFs but demands precise interface regulation to
prevent blocking of the pore channels of membranes or the loss of
MOFs (Knebel et al., 2018).

To establish robust interaction between MOFs and matrix ma-
terials, it is critical to regulate the nucleation and growth behavior
of MOFs on the interfaces (Meimei et al., 2015; Norbert and Shyam,
2011). Polycarbonate track-etched membrane (PCTM) is a kind of
ultrafiltration membrane that has standard cylindrical channels
spanning across the structure with random distribution (Apel,
2001; Fleischer and Price, 1964). Due to the unique structure and
Scheme 1. Illustration of PDA-mediated preparation of polycarbonate track-etched membr
compatibility to organic precursor of MOFs, PCTM provides an ideal
porous platform enabling the controllable growth of MOF crystals
inside the pore channels (Chizallet et al., 2010; Yu et al., 2018).
Basically, the nature of the interface notably influences the growth
behavior of the MOF crystals. In this respect, the mussel-inspired
polydopamine (PDA) chemistry (Lee et al., 2007) developed in
recent years offers a favorable tool for pore channel modification of
PCTM, which can regulate the heterogeneous nucleation and
interfacial growth of various MOFs for architecture of one-
dimensional (1D) superstructures. It is envisioned that these
membrane supported MOF superstructures with hierarchical
porosity would find better applications in corresponding areas than
MOFs with the native powder form.

Uranium as the most critical ingredient for the production of
nuclear power is being extensively consumed nowadays (Bone
et al., 2017). Except the limited uranium reserves in traditional
mines, considerable amounts of uranium from aqueous environ-
ment, such as uranium-containingwastewater (Gill et al., 2016) and
oceanwater (Abney et al., 2017; Sugasaka et al., 1981), are gradually
attracting people's attention in recent years (Chu and Majumdar,
2012). With these prospects in mind, it is crucial to develop a
method to separate the uranium from aqueous environment in
cost- and energy-efficient ways.

Herein, we present, for the first time, the robust PCTM sup-
ported 1D MOF hollow superstructures prepared by PDA mediated
contra-diffusion synthesis for facile and effective uranium entrap-
ment (Scheme 1). The bio-inspired PDA chemistry was firstly uti-
lized to modify the inner surfaces of the pore channels, which
provided anchoring sites of MOF crystals and worked as interfacial
‘cement’ to stabilize the MOF superstructures. Due to the well-
defined structure and affinity to uranyl ions, ZIF-8 was then cho-
sen as a prototypical MOF in-situ grown in the uniform pore
channels of PCTM. It is highlighted that the 1D ZIF-8 hollow su-
perstructures could serve as micro-scaled chromatographic column
arrays for separating uranium from aqueous solution quickly and
efficiently. Outstanding adsorption properties of the PCTM sup-
ported ZIF-8 superstructures were demonstrated in both tradi-
tional batch mode (capacity 62.3mg/g) and fast flow-through
mode (removal rate over 90% for 3 level). Moreover, the composite
membrane can be regenerated by 0.1mol/L sodium carbonate so-
lution in flow through mode and reused for over 7 times without
obvious capacity degradation. Besides, an ion-exchange
ane (PCTM) supported 1D ZIF-8 hollow superstructure arrays for uranium separation.
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mechanism involved synergistic effect, rather than traditional co-
ordination (Wu et al., 2014) and hydrogen bonding (Zhang et al.,
2014) mechanism found in short-term adsorption experiments
(Min et al., 2017), was revealed which was responsible for the
entrapment of uranyl ions in the ZIF-8 superstructure arrays.

2. Materials and methods

2.1. Materials

Sodium hydroxide (98%), zinc nitrate hexahydrate (99.5%), so-
dium carbonate (99%), sodium perchlorate (98%), dichloromethane
(99.5%, AR) were bought from Beijing Chemical Works. Dopamine
hydrochloride (DA, 98%), methanol (99.9%, ACS/HPLC certified),
ethanol (99.9%, ACS/HPLC certified), 2-methylimidazole (99%), tar-
taric acid (99%), arsenazo III (95%) were supplied by J&K Scientific
Co., Ltd. Tris(hydroxymethyl)aminomethane (Tris) (>99%) and so-
dium perchlorate (>98%) were purchased from Sigma-Aldrich.
Deionized water was used for the preparation of all aqueous solu-
tions. All reagents were used as received without further purifica-
tion. Polycarbonate (PC) membranes were purchased from Bayer
Company. A standard stock solution of U(VI) (100mg/L) and uranyl
nitrate hexahydrate UO2(NO3)2$6H2O were provided by the China
Institute of Atomic Energy.

2.2. Preparation of PCTMs

The polycarbonate track-etched membranes were prepared ac-
cording to our previously reported method (Yuan et al., 2016). PC
membranes with a thickness of 10 mm were irradiated on a heavy
ion accelerator with Kr84 ions, and stored at room temperature for
more than one month. After that, the irradiated PCmembranewere
exposured to ultraviolet (UV) light for 1 h on each side, and then
fixed on a mould and immersed in 6.25mol/L NaOH solution,
etching at 50 �C under stirring condition for 10min. The obtained
PCTMs were rinsed three times with deionized water under
ultrasonication and then dried at room temperature.

2.3. PDA modification of the pore channels of PCTM

A piece of the as-prepared PCTM was fixed on a mould and
rinsed with deionized water, followed by immersion into 10mM
Tris-HCl (pH¼ 8.5) buffer. Vacuum treatment was implemented to
expel the air present in the pores, until no bubbles appeared on
membrane. Dopamine hydrochloride solution was added dropwise
into the buffer with sufficient stirring (200 rpm) on both sides of
the PCTM, until the concentration of dopamine in buffer reached
1 g/L. The modification process lasted for 8 h at room temperature,
and then the obtained PDA modified PCTMwas rinsed in deionized
water with ultrasonication, dried in a vacuum oven at 50 �C.

2.4. Synthesis of ZIF-8 crystal

Zinc nitrate hexahydrate (297mg, 1mmol) and 2-
methylimidazole (328mg, 4mmol) were dissolved in 20mL
methanol, respectively. The two solutions were mixed together at
room temperature under magnetic stirring for 12 h to obtain white
colloidal suspension. After repeated centrifugation of reaction
mixture and washed by methanol for 3 times, the ZIF-8 were dried
under vacuum at 50 �C.

2.5. Contra-diffusion synthesis of ZIF-8 within PCTM pore channels

ZIF-8 was in-situ grown within the pore channels of the PDA
modified PCTMs via a contra-diffusion method (He et al., 2013; Yao
et al., 2011). 1mmol Zn(NO3)2$6H2O and 4mmol 2-
methylimidazole were dissolved in 20mL methanol, respectively.
A piece of PDAmodified PCTMwas then immersed in the Zn(NO3)2/
methanol solution for 30min following by slight dipping in
methanol, pre-coordinating the PDA coating with Zn2þ. Next, the
PCTM was placed between the two chambers of a contra-diffusion
cell, while Zn(NO3)2 and 2-methylimidazole solution were syn-
chronously added into different chambers. After 1 h contra-
diffusion synthesis, the functionalized PCTM was dipped in meth-
anol several times to wash off the loose crystals on the surface and
dried under vacuum at 50 �C. The self-supporting 1D ZIF-8 hollow
superstructures array was obtained by dissolving the matrix
membrane in dichloromethane, followed by repeated centrifuging
and washing in methanol and finally dried under vacuum at 50 �C.

2.6. Uranium separation

Adsorption of uranium by native ZIF-8 and PCTM supported ZIF-
8 superstructures were firstly implemented by batch operation in
Erlenmeyer flask. Typically, a certain amount of adsorbent were
mixed with uranium solution, followed by magnetic stirring at
room temperature. The initial pH value of the uranium solutions
was adjusted by adding HNO3 and/or NaOH aqueous solutions
(negligible volume). The ionic strength of the solutions was main-
tained using 0.01mol/L NaClO4. When adsorption equilibrium was
reached, the adsorbent were filtrated through a 0.22 mmmembrane
filter (for native ZIF-8) or removed directly (for membrane), and the
concentration of residual U (VI) in aqueous phase was measured by
ICP-AES.

Uranium separation by PCTM supported ZIF-8 superstructures
was also comparatively performed by filtration in a flow-through
mode. A piece of membrane was placed on a porous glass sup-
port fixed by a clamp and a certain amount of uranium solutionwas
introduced. The concentration of residual uranium after filtration
was measured by ICP-AES.

Adsorption capacity q (mg/g) and removal rate R (%) are defined
as follows:

q¼C0 � Ce
m

� V (1)

Rð%Þ¼C0 � Ce
Ce

� 100 (2)

where C0 (mg/L) and Ce (mg/L) are the initial and residual U(VI)
concentration in the aqueous solutions, respectively. V is the vol-
ume of the initial solution and m is the weight of the adsorbent.

2.7. Characterizations

Scanning electron microscope (SEM) was conducted by using
ZEISS MERLIN and FEI QUANTA 200 scanning electron microscope.
The sample was disposed with metal or carbon spraying before
observation. It was observed at an accelerating voltage of 30 kV in
vacuum condition after metal spraying. Transmission electron mi-
croscopy (TEM) images were recorded by using a model H-7700
microscope with an accelerating voltage of 120 kV. Fourier trans-
form infrared (FT-IR) spectra were recorded on Nicolet iN10
Infrared Microscope. Powder X-ray diffraction (XRD) patterns were
obtained on a diffractometer with Cu Ka radiation, with a scan step
of 0.2� and the scan range between 3� and 50�. Nitrogen
adsorption-desorption isotherms were measured by a NOVA 3200e
Surface Area & Pore Size Analyzer. Samples were dried at 80 �C (for
PCTMs) under vacuum for at least 3 h before the nitrogen adsorp-
tion experiments. Specific surface areas were calculated based
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upon the Brunauer-Emmett-Teller (BET) method. The surface
chemistry and composition analysis of the samples were examined
with a model 250XI X-ray photoelectron spectroscopy (XPS) spec-
trometer equipped with a mono Al Ka X-ray source (1361 eV).
Elemental analysis of C, H, N and Owas performed on an Elementar
Vario EL III instrument. Thermogravimetric analysis (TGA) was
conducted on a TA Instruments SDT Q600 instrument at a heating
rate of 10 �C/min from 50 to 1000 �C. Samples weighing ~5mgwere
heated in a N2 flow (100mL/min). The concentration of uranium
and other metal ions was measured by inductively coupled plasma-
atomic emission spectrometry (ICP-AES, SPECTRO ARCOS SOP).
3. Results and discussion

This work aims to develop a new approach to prepare mem-
brane supported MOF hollow superstructures by utilizing a PDA
mediated contra-diffusion synthetic strategy for uranium separa-
tion. The preparation route of PCTM supported ZIF-8 array is
illustrated in Scheme 1. First, a piece of PCTM with well-defined
cylindrical pores is treated by PDA deposition via the oxidant-
controlled polymerization of dopamine, generating active modi-
fied layer on the inner surfaces of the pore channels of PCTM. Then,
regulated by the PDA active layer as well as the polycarbonate
matrix, in-situ nucleation and growth of ZIF-8 occurs along the
pore walls with uniform thickness, forming 1D ZIF-8 hollow su-
perstructure array arranged in the pores of PCTM. With ZIF-8 array
immobilized in the pore channels of PCTM, the obtained composite
is expected to be capable for facile removal of uranium from
aqueous solution in a flow-through mode.

Deposition of PDA into the inner surfaces of pore channels of
PCTM is to create anchoring sites of the ZIF-8 crystals while regu-
lating their growth behavior. Meanwhile, the robust PDA interface
between the polycarbonate matrix and MOFs helps to improve the
structural stability of the obtained composite membranes. Fig. S1
shows the surface and section view SEM images of PCTM before
and after PDA treatment. No obvious changes or decrease of pore
Fig. 1. Surface (a) and section view (b, c) SEM images of ZIF-8 composited PCTM; SEM (d, e)
matrix membrane dissolution; SEM image and corresponding EDX elemental mapping of Z
size was observed for the well-preserved pore channels. Only some
small-sized PDA aggregates were found deposited on the surface of
PCTM without blocking the pore openings. Dissolving the PCTM in
dichloromethane, conformal PDA nanotubes replicating the
dimension of pore channels with a thickness of ca. 14 nm were
observed under TEM (Fig. S2), indicating the generation of uniform
PDA layers in the pore channels.

Then, the PDA modified layer on the pore walls of PCTM served
as an active platform for contra-diffusion synthesis of ZIF-8 to
fabricate membrane supported MOF superstructure array. Previous
studies have proved that the existence of abundant functional
groups such as catechol and amine in PDA makes it capable to co-
ordinate the metal ions that consists of MOFs (Zhao et al., 2014;
Zhou et al., 2015). Here, by pre-coordination with Zn2þ, a uniform
nucleation layer of ZIF-8 was generated on PDA in the pore chan-
nels. Associated with the polycarbonate catalyzed trans-
esterification mechanism during contra-diffusion synthesis, 2-
methylimiazole anions, the key species to promote the nucleation
and growth of ZIF-8, were generated continuously near the pore
walls and coordinated to the Zn2þ on PDA layer, forming ordered
array of ZIF-8 hollow superstructures spanning across the PCTM.
The surface SEM view of ZIF-8 grown PCTM (Fig. 1a) shows a
decrease in pore size and the section view (Fig. 1b) displays the
well-developed ZIF-8 arrays with homogeneous distribution in the
pore channels. The ZIF-8 hollow nanotubes generated within the
membrane matrix can be clearly observed in the high-
magnification SEM image (Fig. 1c). After dissolving the PCTM,
self-supported 1D ZIF-8 hollow nanotube arrays with identical
length (ca. 20 mm) equivalent to the thickness of the PCTM and an
aspect ratio up to 40 were obtained (Fig. 1d). Fig. 1e and f show the
open cavities and hollow structures of the ZIF-8 array, confirming
that the pore channels of PCTM were not blocked during contra-
diffusion synthesis of ZIF-8. The energy dispersive X-ray (EDX)
spectroscopic mapping of corresponding elements on section of
composite membrane also confirms the successful in-situ growth
of ZIF-8 in the pore channels.
and TEM (f) images of the self-supporting 1D ZIF-8 hollow superstructures array after
IF-8 composited PCTM (g).



Table 1
BET specific surface areas and pore volume of composite membranes and native ZIF-
8 crystals.

Samples Specific surface area (m2/g) Pore volume (cm3/g)

PCTM 13 0.03
PCTM@PDA 20 0.04
PCTM@PDA@ZIF-8 128 0.09
ZIF-8 1379 0.69
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Further evidence is provided in Fig. 2 to prove the successful
fabrication of the PCTM supported ZIF-8 superstructures. Fig. 2a
shows the XRD spectra of ZIF-8 crystals and the composite mem-
branes in different stages of the fabrication process. No obvious
difference was observed on spectra of PCTM and PCTM@PDA
samples while the obvious diffraction peaks of ZIF-8 appeared after
contra-diffusion synthesis on membrane. In the FT-IR spectra
(Fig. 2b), the PCTM@PDA sample shows characteristic peak at
1601 cm�1 corresponding to the bending vibration of aromatic
rings while the broad peak over 3000 cm�1 is attributed to the OeH
and NeH stretching vibrations, which belongs to PDA structure.
After the contra-diffusion synthesis, the resulting composite
membrane, labelled as PCTM@PDA@ZIF-8, exhibits characteristic
bands in the spectral region of 1411 cm�1 and 1307 cm�1 assigned
to the plane stretching and bending of imidazole ring, respectively.
The absorbance at 3136 cm�1 and 2931 cm�1 was attributed to the
aromatic and aliphatic CeH stretching vibrations of the 2-
methylimidazole ligands (Hachuła et al., 2010). XPS was used to
examine the surface chemistry of compositemembranes and native
ZIF-8. According to the wide scan XPS spectrum in Fig. 2c, the
pristine PCTM shows C 1s and O 1s signals. After PDA chemistry
treatment, evident N 1s peak shows up, which is associated with
the amine species in PDA structure. With the in-situ synthesis of
ZIF-8 in membrane a strong Zn 2p signal can be observed in the
spectrum of the PCTM@PDA@ZIF-8. The corresponding atom% is
listed in Table S1, where the surface chemical composition of
PCTM@PDA@ZIF-8 is close to the native ZIF-8 crystals, suggesting
the coverage of ZIF-8 on the surface of composite membranes. All of
the evidence indicates the successful PDA deposition and subse-
quent in-situ synthesis of ZIF-8 in the pore channels of membranes.

N2 sorption-desorption experiment (Fig. 2d and Table 1.) shows
a slight increase of BET specific surface area, from 13m2/g to 20m2/
g, of PCTM after PDA deposition and a significant (128m2/g) in-
crease after ZIF-8 growth. Compared to the BET specific surface area
of native ZIF-8 (1379m2/g), it can be roughly estimated that about
Fig. 2. Structural characterizations of ZIF-8 and membranes. XRD spectra (a), FT-IR spectra (b
plots (e) of pristine PCTM (black), PCTM@PDA (red), PCTM@PDA@ZIF-8 composites (blue),
pristine PCTM, PCTM@PDA and PCTM@PDA@ZIF-8 (f). (For interpretation of the references t
8.0wt% of ZIF-8 was grown in the pore channels of the membrane.
Considering the fact that the decrease of crystal size and the ag-
gregation of nanocrystals have negative effect on crystalline,
resulting in the decrease of porosity, this loading amount may be
lower than the real value. TGA was used to study the thermal sta-
bility of the PCTM supported ZIF-8 composites and examine their
composition (Fig. 2e). The pristine PCTM exhibits a typical thermal
degradation behavior of polycarbonate with a decomposition
temperature (Td) of ~478 �C. Increased weight loss is observed for
the PDA modified intermediate, which shows a ~3 �C shift of Td to
relatively lower temperature because of the earlier decomposition
of PDA than PCTM. With the in-situ synthesis of ZIF-8, the com-
posite membrane shows less weight loss compared to the PDA
modified intermediate. The in-situ synthesis of ZIF-8 catalyzed by
transesterification mechanism results in a limited degradation of
PCTM matrix, which decreases the mechanical strength of matrix
and shifts Td to a relatively lower temperature (~429 �C). Because
the weight loss of ZIF-8 begins at ~600 �C and never achieves a
balance (Fig. S3), 580 �C is chosen to calculate the loading amount.
The loading of ZIF-8 is estimated to be 9.2wt% that is slightly higher
than the value calculated from the data of porosity.

Elemental analysis C, H, N, and O was performed to quantify the
loading amount of ZIF-8 to the composite membrane. The data
summarized in Table 2 show that the PCTM@PDA sample contains
0.15wt% nitrogen and 20.21wt% oxygen. With the introduction of
), wide scan XPS spectra (c), N2 sorption-desorption isotherms (d), TGA curves and DTG
and native ZIF-8 crystals (olive), respectively; water contact angle measurements on
o colour in this figure legend, the reader is referred to the Web version of this article.)



Table 2
Elemental analysis of the composite membranes and native ZIF-8 crystals.

Samples Elemental analysis (wt. %)

C H N O

PCTM 74.73 5.31 0.02 19.94
PCTM@PDA 74.13 5.51 0.15 20.21
PCTM@PDA@ZIF-8 71.48 5.42 2.49 18.10
ZIF-8 42.42 4.44 22.16 0.22
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ZIF-8, composite membranes shows increase of nitrogen to 2.49wt
% and decrease of oxygen to 18.10wt %, respectively. Based upon the
element composition of native ZIF-8, it can be estimated that
approximately 10.63wt % (calculated by N) or 10.44wt % (calcu-
lated by O) of ZIF-8 was grown in the pore channels of the
membranes.

The hydrophilicity of the composite membranes is examined by
water contact angle (WCA) measurements (Fig. 2f). Pristine PCTM
shows a hydrophobic surface with a WCA of 97.9�. After PDA
deposition, the abundant catechol hydroxyl and amine groups in
PDA improved the hydrophilicity of the modified membrane with a
WCA of 67.1�. Though theWCA slightly increased to 74.1� after ZIF-8
deposition, it was still more hydrophilic than pristine PCTM. The
enhancement of hydrophilicity would promote the mass transport
and anti-clogging ability, resulting in better performance of the
composite membranes for separation applications in aqueous
environment.

Before evaluating the performance of the PCTM supported ZIF-8
hollow superstructure array for uranium entrapment, the adsorp-
tion behaviors of native ZIF-8 powder crystals toward uranyl ions
were studied for probing the underline adsorption mechanism.
First, the effect of pH, ranging from 2 to 6, on the uranium
adsorption of ZIF-8 was investigated. As shown in Fig. S4, the peak
value of capacity appears at pH¼ 4. Therefore, the following ex-
periments of uranium adsorption behavior were implemented
under this condition unless otherwise noted. The adsorption ca-
pacity of uranium by ZIF-8 as a function of equilibrium concen-
tration (Ce) in solution was obtained to study the adsorption
isotherm (Fig. 3a), where the initial concentrations of uranium
were varied from 10mg/L to 200mg/L. The adsorption capacity
increases rapidly at low Ce without approaching to an equilibrium
within ranges of Ce. The Langmuir and Freundlich adsorption
isotherm models were employed to fit the experimental data, and
the calculated parameters are listed in Table S2. Apparently, the
Freundlich model gives a better fitting result with a higher corre-
lation coefficient R2 of 0.984 and a 1/n of 0.37, suggesting multiple
binding sites with the highest strength sites binding the sorbate
Fig. 3. Investigation on uranium adsorption behaviors of native ZIF-8. (a) Uranium adsorp
V]¼ 0.1 g/L; (b) uranium adsorption kinetics curve fitted by the pseudo-first-order and ps
longing contact time of kinetics curve and the concentration curve of Zn2þ in solution.
first and a relatively complicated adsorption mechanism
(Kilincarslan and Akyil, 2005).

In order to investigate the adsorption rate of uranium on the ZIF-
8 crystals, the adsorption experiments at different contact times
were carried out at the initial concentration of uranium of 20 ppm.
The curve in Fig. 3b shows a fast adsorption kinetics of ZIF-8,
reaching greater than 90% of equilibrium capacity within 30min.
The adsorption procedure can be well fitted with the pseudo-
second-order kinetic model with a calculated equilibrium capac-
ity of 266.9mg/g, as listed in Table S3, indicating the adsorption
kinetics might be dependent on a surface chemisorption reaction
(Yi-Nan et al., 2013). The selectivity of the ZIF-8 to uranium against
interfering metal ions was also evaluated. As shown in Fig. S5 and
Table S4, ZIF-8 presents selective binding ability to uranium in the
presence of 8 different interfering ions with a satisfactory capacity
of 183.0mg/g, which is a promising adsorbent for the efficient re-
covery of uranium from aqueous environment.

However, it should be pointed out that, with the prolonging of
contact time over 2 h, the capacity of uranium presents a contin-
uous fluctuation and increase in kinetics experiment. To explain the
phenomena, the concentration of zinc ions in solution was moni-
tored during the adsorption procedure. As shown in Fig. 3c, com-
panied by the fluctuation of uranium concentration, a dramatic
increase in zinc ions concentration was found. This implies that the
adsorption of uranyl ions to ZIF-8 might be dominated by an ion-
exchange mechanism (Weiting et al., 2013) in a long-term pro-
cedure, rather than the traditional coordination or hydrogen
binding mechanism (Min et al., 2017).

In order to verify the hypothesis and explain the interaction
between uranium and ZIF-8, the native ZIF-8 crystal and the
counterparts exposed to uranium solution for different time were
examined by detailed analysis of the XPS spectra. To eliminate
interference of weak interactions, the samples were washed with
deionized water and dried under vacuum before the test. According
to thewide scan XPS spectra in Fig. 4a, native ZIF-8 shows obvious C
1s, N 1s, O1s and Zn 2p signals. After uranium adsorption, evident U
4f peaks show up at around 392 eV and 380 eV. The intensity of
peaks is increased with the prolonging of time while the peaks
intensity of other element remains unchanged, indicating the
accumulation of uranium on ZIF-8. High-resolution N 1s and O 1s
with deconvolution analysis are presented in Fig. 4bed. The N 1s
region was fitted with two main components assigned to oyxni-
tride (NeZneO, 398.3 eV) and aromatic amine (¼N-, 398.9 eV)
species, and two minor components assigned to primary amine
(-NH2, 401.0 eV) and secondary amine (-NH-, 400.0 eV). The minor
components can be attributed to negligible protonated nitrogen on
imidazole rings. In the case of native ZIF-8, the dominant aromatic
tion isotherm fitted by the Langmuir and Freundlich models, contact time¼ 2 h, [m/
eudo-second-order model, initial concentration¼ 20 ppm, [m/V]¼ 0.025 g/L; (c) pro-



Fig. 4. Wide scan XPS spectra of native ZIF-8 and ZIF-8 exposed to uranium-containing solution for short-term (0.5 h) and long-term (4 h) (a); high-resolution XPS spectra of N 1s
and O 1s regions for native ZIF-8 (b) and ZIF-8 exposed to uranium-containing solution for 0.5 h (c) and 4 h (d).
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amine belongs to the nitrogen in imidazole ring, while the NeZneO
species are associated with the H2O-involved coordination of ni-
trogen and zinc ions (Li et al., 2014). After uranium adsorption for
0.5 h, the NeZneO became the dominant species, which was
associated with the process that H2O molecules were replaced by
uranyl ions coordinating with nitrogen on surface of ZIF-8. The
deconvolution results showno obvious differencewhen the contact
time was prolonged to 4 h, suggesting the coordination mechanism
throughout the adsorption process. The O 1s region was fit with
four peaks corresponding to H2O (532.9 eV), ZneO (531.5 eV), U]O
(530.3 eV), and UeO (530.9 eV) species. Due to the native ZIF-8
containing no oxygen, the signal is corresponding to the H2O
Fig. 5. Investigation on uranium separation performance of PCTM supported ZIF-8 hollow su
by the pseudo-first-order and pseudo-second-order model; uranium sample: 20 ppm, [m/V]
adsorption, [U(VI)]¼ 10 ppm. (c) Effect of flow velocity on the multi-stage filtration, [U(VI)
desorption filtration cycles; [U(VI)]¼ 10 ppm, 10mL; eluent: 0.1mol/L Na2CO3 solution, 10
array before and after uranium adsorption on filtration experiment.
capture by crystal lattice and the oxidation of zinc ions on the
surface of ZIF-8, respectively (Tian et al., 2015). After exposure to
uranium for 0.5 h, evident uranyl ions peak (U]O) shows up
because of the coordination of uranyl ions on ZIF-8. But when the
time was prolonged to 4 h, the U]O species shifted to relatively
lower binding energy region and, in some ways, translated into
UeO species (Schindler et al., 2009), which can be interpreted as
some uranyl ions enter into the crystal lattice of ZIF-8 and exchange
with the zinc ions. Such theory explains the release of zinc ions on
long-term adsorption process, implying the combined actions of
coordination and ion-exchange mechanism of uranium adsorption
on ZIF-8. In addition, the C 1s region was fit with three peaks
perstructure array. (a) Uranium adsorption kinetics curve of in batch experiment fitted
¼ 0.075 g/L. (b) Effect of flow velocity on the breakthrough curve for uranium filtration
]¼ 10 ppm, 10mL. (d) Uranium removal rate and elution amount in eight adsorption-
mL. FT-IR (e) and XRD (f) spectra of the PCTM supported ZIF-8 hollow superstructure
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assigned to CeO, C]O and CeC/C]C, as shown in Fig. S6. The
spectra of C 1s present few changes after exposed to uranium,
suggesting no interaction between C and uranyl ions.

The performance of PCTM supported ZIF-8 hollow superstruc-
ture array for uranium separation was mainly evaluated in a flow-
through mode. Prior to that, traditional batch adsorption experi-
ment, as a comparative study, was carried out. The effective area of
membrane is presented in Fig. S7, which is a circle area with a
diameter of 1.2 cm. Fig. 5a shows the adsorption kinetics curves in
batch experiments of the ZIF-8 composite membrane and its parent
intermediate PCTM@PDA. It is clearly that without ZIF-8 functional
layer, the membrane shows almost no affinity to uranium. The ki-
netics curve of ZIF-8 composite membrane was fitted well by both
pseudo-first-order and pseudo-second-order model, showing a
correlation coefficient R2 of 0.994 and 0.995 (Table S5), respectively.
Compared with the kinetics of native ZIF-8, it can be explained by
the diffusion of uranyl ions was limited by the structure of mem-
brane, reducing the concentration of uranium in pore channels,
which, in some degree, turns surface chemisorption controlled
mechanism into diffusion controlled mechanism (Wu et al., 2017).

The breakthrough curves of ZIF-8 composite membrane in flow-
throughmode are presented in Fig. 5b. At flow velocity of 1mL/min,
the composite membrane can treat 30mL uranium-containing
water without an obvious decrease of removal rate, showing a
handling capacity of 265 L/m2 for single level. It is worth
mentioning that the removal rate is greatly dependent on flow
velocity. When the flow velocity increase to 2mL/min, a relatively
fast decrease in removal rate is observed, which can be attributed to
the decrease of contact time and the collapse of ZIF-8 functional
layer. The effect of flow velocity on uranium separation perfor-
mance of the composite membrane is also shown in multi-stage
filtration experiment (Fig. 5c). The removal rate rises to over 90%
after four levels filtration at the flow velocity of 1mL/min. However,
only 60% removal rate is achieved after four levels at the flow ve-
locity of 2mL/min, which is nearly equal to the performance of one
level filtration at 1mL/min. For the recovery of uranium and the
regeneration of the composite membrane, 0.1mol/L sodium car-
bonate solution was selected as eluent. As Fig. 5d shown, the ura-
nium can be rapidly released out after an easy flow-through
elution, and the elution amount keeps slightly lower than adsorbed
amount. With the eluent of Na2CO3 solution, the composite mem-
brane can be reuse for seven timeswithout an obvious performance
degradation. The removal rate shows a tendency of increase first
and then decrease, which is speculated to be attributed to the ion-
exchange mechanism. In the first three cycles, the residual uranium
after elution occupy the adsorption site on ZIF-8 surface, resulting
the decrease of removal rate. With the increase of contact time, the
residual uranium enter into crystal lattice and release the adsorp-
tion site for more uranium. What's more, because of the ZIF-8
functional layer assembled by nanocrystal, the intercrystalline
adsorption sites requiremore time to be reach by uranyl ions. These
factors result in the increase of removal rate from forth to seventh
cycles. After seven cycle of adsorption-desorption, both removal
and elution rates show a sharp decrease, suggesting the perfor-
mance degradation of the composite membrane. FT-IR and XRD
were used to characterize the structure of composite membrane
after uranium adsorption. The FT-IR result (Fig. 5e) shows an
intense peak appeared at 918 cm�1 with the other peaks keep un-
changed, confirming the presence of uranium species and the sta-
bility of composite membrane after adsorption. The same XRD
patterns (Fig. 5f) of composite membrane before and after uranium
adsorption also proves the structural stability. Meanwhile, the SEM
and TEM images (Fig. S8) of ZIF-8 composite membrane and self-
supporting 1D ZIF-8 hollow superstructures after uranium
adsorption show no obvious changes onmorphologies compared to
those in Fig.1, further confirming the structural stability of the ZIF-8
composite membranes.

4. Conclusions

In this work, by taking advantage of the PDA chemistry medi-
ated contra-diffusion synthetic strategy, robust membrane sup-
ported 1D ZIF-8 hollow superstructures were developed for facile
separation of uranium in a filtrationmode. The PDA functional layer
deposited on the inner surfaces of the pore channels regulated the
heterogeneous nucleation and interfacial growth of the ZIF-8
crystals, enabling the architecture of 1D ZIF-8 hollow superstruc-
tures integrated with the PCTM matrix. These membrane sup-
ported 1D MOF hollow superstructures represents a novel class of
organic-inorganic composite membrane, which then served as
micro-scaled chromatographic column arrays for effective entrap-
ment of uranium from aqueous solutions. The outstanding perfor-
mance for uranium separation was demonstrated in both batch
mode and fast flow-thought mode. New insights into the interac-
tion between ZIF-8 and uranyl ions were obtained, suggesting that
an ion-exchange mechanism, combined with coordination inter-
action, was responsible for the adsorption of uranium, especially in
a long-term exposure. Besides, the ZIF-8 composite membranes
could be regenerated by sodium carbonate solution in flow-
through mode and showed great reusability on uranium filtration
adsorption. This makes the composite membranes promising for
the separation of uranium from aqueous environment. Considering
the adaptable coordination of PDA to various metal ions, we believe
that the methodology developed in this study is versatile for pre-
paring more MOF superstructures with deployable form for
broadened applications.
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