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Abstract: Although metal–organic frameworks (MOFs)
own excellent uranium adsorption capacity but are still
difficult to conveniently extract uranium from seawater
due to the discrete powder state. In this study, a new
MOF-based macroporous membrane has been explored,
which can high-efficiently extract uranium through
continuously filtering seawater. Through modifying the
UiO-66 with poly(amidoxime) (PAO), it can disperse well
in a N,N-dimethylformamide solution of graphene oxide
and cotton fibers. Then, the as-prepared super-hydrophilic
MOF-based macroporous membrane can be fabricated
after simple suction filtration. Comparedwith nonmodified

MOFs, this UiO-66@PAO can be dispersed uniformly in the
membrane because it can stabilize well in the solution,
which have largely enhanced uranium adsorbing capacity
owing to the modified PAO. Last but not least, different
from powder MOFs, this UiO-66@PAOmembrane provides
the convenient and continuously uranium adsorbing pro-
cess. As a consequence, the uranium extraction capacity of
this membrane can reach 579mg·g−1 in 32 ppm U-added
simulated seawater for only 24 h. Most importantly, this
UiO-66@PAO membrane (100 mg) can remove 80.6%
uranyl ions from 5 L seawater after 50 filtering cycles.
This study provides a universal method to design and
fabricate a new MOF-based adsorbent for high-efficient
uranium recovery from seawater.

Keywords: uranium recovery from seawater, metal–organic
frameworks, poly(amidoxime), graphene oxide, compo-
site porous membrane

1 Introduction

Owing to the increasing global energy consumption,
nuclear energy in the energy structure is constantly
improving. Uranium has received widespread attention
as the most important element in nuclear industry (1).
The uranium resources deposit in seawater is 1,000 times
than that on land, which can meet the need of mankind
for thousands of years (2). The technology of uranium
extraction from seawater will support the global economic
development, particularly low-carbon nuclear power gen-
eration investment and exploitation. At present, a lot of
strategies have been developed for uranium recovery,
e.g., electrochemical deposition (3,4), ion-exchanging
(5–8), liquid-extracting separation (9,10), bio-separa-
tion (11–14), and adsorption method (15–19). Among
them, the adsorption method with the characteristics
of simple, variable, and low cost is becoming one of
the most promising and practicable methods (20–24).
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However, the development of highly selective ura-
nium adsorbent from seawater is still a significant chal-
lenge, because the concentration of uranium is only about
3.3 ppb, and a large number of coexisting metal ions may
interfere with uranium adsorption in seawater (25). In the
current uranium adsorbents, such as inorganic materials
(26,27), synthetic polymers (28–30), nanoporous materials
(31,32), and biological materials (33,34), metal–organic
framework (MOF)-based adsorbing materials as one of
the nanoporous materials have been widely used, because
of their unique structure and specific functional sites,
which can achieve high selective adsorption of uranium
in marine environment (35–39). For example, Carboni
et al. first reported phosphate functionalized UiO-68 MOFs
could capture uranium with a maximum uranium adsorp-
tion capacity of 217 mg·g−1 from simulated seawater (36).
Based on the affinity of amidoxime group to uranyl ions
(22,40), Chen et al. first presented an amidoxime func-
tionalized UiO-66 in uranium extraction from seawater,
which can eliminate 94.8% of uranyl ion within 120 min
(41). However, the above MOF adsorbents are commonly
used as solid powder state, it seriously limits its recy-
cling and reusing in uranium extraction. MOF composite
materials have been widely used in energy and separa-
tion fields (42) and recently also reported for uranium

extraction (43). Therefore, it is necessary to combine
MOFs with other matrix to prepare composite materials,
which can solve the difficult separation of MOFs powder
in practical use. Graphene oxide (GO) is a two-dimen-
sional nanomaterial with wide application prospect in
many fields such as photoelectric and adsorption separa-
tion (44–46). A large number of hydroxyl, carboxyl, and
other oxygen-containing functional groups are distributed
on the GO-based surface (47–49), which has limited
adsorption performance for heavy metal ions but has
weak selective U-adsorption (50). As an additive, the
hydrophilic functional group of the GO can increase
the hydrophilic properties of the composite, and its
stable two-dimensional lamellar structure can make
the composite have a high osmotic flux.

Herein, we have developed a new MOF–poly(ami-
doxime) (PAO) composite membrane with permeable
macroporous structure, good mechanical property, and
highly efficient for uranium extraction from seawater. PAO
is a kind of high-performance uranium adsorbent derived
from polyacrylonitrile (PAN) oxime reaction (22,51), so
PAO-modified MOF can achieve better uranium extrac-
tion effect. The chemical structure of UiO-66@PAO and
the selective extraction mechanism of uranium by the
MOF@PAO porous membrane are shown in Scheme 1.

Scheme 1: The chemical structure of UiO-66@PAO and the schematic process of selective uranium adsorption by the MOF@PAO macro-
porous membrane.
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A small amount of GOs and cotton fibers were added into
the solution of UiO-66@PAO nanoparticles prepared
by the amidoxime reaction of UiO-66@PAN, and the
UiO-66@PAO macroporous membrane with good dis-
persibility, toughness, and hydrophilicity can be obt-
ained by filtration device. Different from the original
UiO-66 powder, this UiO-66@PAO macroporous compos-
ite membrane not only shows good stability and reusa-
bility in seawater but also has rapid and high-efficient
uranium extraction properties. After 50 cycles of filtering
5 L natural seawater, this membrane (100mg) can adsorb
approximately 80.6% of uranium, which will be a prospec-
tive candidate for the uranium recovery from seawater.

2 Materials and methods

2.1 Materials

Terephthalic acid (TPA, 99%), PAN (averageMw = 150,000),
hydroxylammonium chloride (NH2OH·HCl, 98.5%),
N,N-dimethylformamide (DMF, 99.5%), and methanol
(99.5%) were purchased from Macklin. Zirconium (IV)
chloride (ZrCl4, 99.9%) was purchased from Aladdin.
Acetic acid (CH3COOH, 99.5%) and sodium carbonate anhy-
drous (Na2CO3) were purchased from Xilong Scientific Co.,
Ltd. GO solution (5mg·mL−1) was purchased from XFNano
Co., Ltd. Cotton fibers were purchased from Yinying
Chemical Fiber Co., Ltd. [UO2(NO3)2·6H2O] (99.0%),
VOSO4·xH2O (98.5%), NiCl2·6H2O (98.5%), Mn(NO3)2·4H2O
(98.0%), FeCl3·6H2O (99.5%), CuSO4·5H2O (99.5%),
CoCl2·6H2O, (99.0%), and Ba(NO3)2 (99.5%) were pur-
chased from Chushengwei Chemical Co., Ltd. All of the
chemical reagents were analytical grade and used in
this study without further purification. The seawater was
fetched from the sea near the Hainan Island (Wanning City,
China) and was filtered through a 0.45 μm filter membrane.

2.2 Characterization

Fourier-transform infrared spectroscopy (FT-IR) was per-
formed with a Nicolet 7199 spectrometer. Thermo-gravi-
metric analysis (TGA)measurements were carried out at a
heating rate of 10°C·min−1 through TGA Q50 TA instru-
ment under N2 atmosphere. Nitrogen adsorption iso-
therms were taken at 77 K using an ASAP2460 volumetric
adsorption analyzer; the sample was dried and degassed
in vacuum at 200°C for 12 h before measurements. Specific

surface area of UiO-66 and UiO-66@PAO was detected
through the Brunauer–Emmett–Teller method. Micro-
structures and morphologies of UiO-66, UiO-66@PAO,
and the porous membranewere researched via a transmis-
sion electron microscopy (TEM; JEOL, JEM 2100) and a
scanning electron microscopy (FE-SEM, Hitachi, S-4800).
X-ray diffraction (XRD) tests were performed by using an
X-ray diffractometer (AXIS SUPRA, Kratos) with a Cu-Kɑ
radiation source (λ = 1.5406 Å). X-ray photoelectron
spectroscopy (XPS) measurements were obtained with
a Thermo Scientific Escalab 250Xi spectrometer. pH
values of the U-added simulated seawater were detected
via a pH meter (F2, Mettler Toledo). Ultraviolet-visible
(UV-Vis) absorption spectra were performed with a spe-
ctrophotometer (UV1800PC, AuCy Instrument, China).
The adsorption capacity of the membrane in low-concen-
tration simulated seawater was measured by ICP-OES
(iCAP 7600, Thermo Scientific, USA). The adsorption
capacity of the membrane in natural seawater was mea-
sured by inductively coupled plasma mass spectrometer
(ICP-MS, Agilent ICPMS7800, USA). The hydrophilic
property of the UiO-66@PAO membrane was measured
via a contact angle measuring instrument (Theta Flow,
Biolin, Finland). The mechanical properties of the mem-
brane were detected through a universal material testing
machine (GP-6113A, Germany).

2.3 Preparation of the UiO-66

The UiO-66 was synthesized according to the previous
reports (52). ZrCl4 (0.5825 g), TPA (0.4152 g), and CH3COOH
(4.5 g) were dissolved within 20mL DMF by ultrasonic,
and then the mixture was poured into a 100mL Teflon-
lined autoclave and reacted at 120°C for 24 h. After cooling,
the product of UiO-66 was collected through centrifuga-
tion (7,000 rpm, 20min), and washed with DMF three
times, and finally dried under vacuum (12 h, 60°C).

2.4 Preparation of the UiO-66@PAO

ZrCl4 (0.5825 g), TPA (0.4152 g), CH3COOH (4.5 g), and PAN
(0.4857 g) were dissolved within 20mL DMF by ultra-
sound. Then, the mixture was poured into the 100mL
Teflon-lined autoclave and reacted at 120°C for 24 h. After
cooling at room temperature, the product of UiO-66@PAN
was collected via centrifugation (7,000 rpm, 20 min),
and washed with DMF three times, and finally dried
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under vacuum (12 h, 60°C). For preparing UiO-66@PAO,
UiO-66@PAN (1 g) was added into DMF solution (10 mL)
containing NH2OH·HCl (0.65 g) and Na2CO3, with the pH
reached 6.5–7. Then, the mixture was stirred at 65°C for
12 h. After reaction, the obtained UiO-66@PAO materials
were repeated centrifugation and precipitation from
methanol for three times.

2.5 Preparation of the UiO-66@PAO porous
membrane

The UiO-66@PAO (90mg) was dispersed into 5 mL DMF
solution by ultrasound for 20 min. After 1 mL GO solution
(5 mg·mL−1) was mixed and stirred for 30min, 5mg of
cotton fibers were added and stirred vigorously for 60min.
The length and diameters of cotton fibers were 450 ± 250
and 13 ± 2 μm, respectively (Figure S1 in Supplementary
material). The UiO-66@PAO porous membrane was pre-
pared by high pressure suction filter. A typical experiment
was conducted as follows: 6mLmixture was filtered through
a 0.45 μm filter paper to form a tough UiO-66@PAO
porous membrane. This composite membrane was dried
and kept in the seal at room temperature.

2.6 Test method for pure water flux

Membrane flux experiments were carried out with a fil-
tration apparatus. UiO-66@PAOmembrane samples were
covered on the filter screen. Vacuum pump is used to create
pressure difference. The pure water flux of UiO-66@PAO
membrane was calculated based on the passed water
volume through the membrane per second per square
area using Eq. 1 (53):

=

⋅

J V
A t

(1)

where J is the water flux (L·m−2·h−1), V is the passed water
volume, A is the effective area of the UiO-66@PAO mem-
brane (m2), and t is time (s).

2.7 Test of the uranium adsorption
performance

The UV-Vis absorption spectrum of arsenazo(III) was used
to determine the concentrations of U-added simulated

seawater. The obtained uranium concentration absor-
bance curve in U-added simulated seawater is shown
in Figure S2.

The uranium adsorbing capacity was calculated using
Eq. 2:

= /Q W WMembrane U Membrane (2)

where QMembrane is the uranium adsorbing amounts of
the UiO-66@PAO porous membrane (mg·g−1), WU and
WMembtane are the mass of the uranium (mg) and the
mass of UiO-66@PAO porous membrane (g), respectively.

The uranium adsorption performance can be exam-
ined by the pseudo-first-order and pseudo-second-order
adsorption kinetic in Eqs. 3 and 4:

( )− = −q q q k tln lne t e 1 (3)
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t
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where t is U-adsorbing time (min); k1 (min−1) and k2
(g·mg−1·min−1) are the adsorption rate constants for pseudo-
first-order and pseudo-second-order kinetic models, res-
pectively; qt is the uranium absorption amounts at
exposure time (mg·g−1) of UiO-66@PAO membrane after
a specific time; qe is the uranium absorption amounts
(mg·g−1) of UiO-66@PAOmembrane at the equilibrium state.

2.8 Method of the U-adsorption from low-
concentration U-added pure water and
natural seawater

A continuous filtration separation device with a peristaltic
pump was used to extract uranium from pure water at low
concentrations of uranium. The UiO-66@PAO (100mg)
membrane was placed between two thin sponges, and
the flow rate of 1 L low-concentration uranium pure water
was controlled at 50mL·min−1 using a peristaltic pump.
Then, 2 mL of liquid samples were extracted from the
U-added water every 20min and analyzed by ICP-MS. In
addition, 5 L natural seawater was used for testing, and
the liquid samples were analyzed by ICP-MS.

2.9 Adsorption–desorption cycle test

The uranium-containing samples adsorbed for 10 cycles
in 60 ppb U-added water were placed into 0.1 M HCl
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solution (50mL) at 50°C for 0.5 h. Then, 2 mL liquid sam-
ples were collected and analyzed by ICP-OES. The mem-
brane was washed with deionized water until the wash
solution pH = 7, and the washed membrane was used for
the next uranium adsorption.

3 Results and discussion

3.1 Fabrication and characterization of
the MOFs

To introduce PAO into MOFs, we first prepare functional
UiO-66@PAN nanoparticles via hydrothemal method.
PAN can be changed into PAO by the amidoximation
reaction. Under alkaline conditions, PAN will undergo
amidoximation reaction with hydroxylamine hydrochloride
to convert into PAO. That is to say UiO-66@PAN could
further transfer into UiO-66@PAO nanoparticles (Figure 1a).
The FT-IR spectroscopy was used to characterize
UiO-66@PAN and UiO-66@PAO (Figure 1b). The
UiO-66@PAN has an obvious absorption peak of
nitrile group (–C≡N) at 2,246 cm−1. After amidoxi-
mation reaction, the –C≡N absorption peak vanished
entirely and the characteristic peaks of oxime group with
C]N (1,638 cm−1), C–N (1,381 cm−1), and N–O (933 cm−1)
appeared, which proved the successful transformation. To
prove the existence of the nanoporous structure of UiO-66
and UiO-66@PAO (Figure 1c), N2 adsorption was used
to estimate the permanent porosities of MOFs (52). Both
UiO-66 andUiO-66@PAOwere Type-I curves, which verified
UiO-66@PAO owning good nanoporous structure (Figure 1d).
Compared with UiO-66, the modified UiO-66@PAO has
ultrahigh specific surface area just slightly reduced from
1,170 to 1,079 m2·g−1, which can provide the high-speed
uranium adsorbing process. As illustrated in Figure 1e,
the positions of specific XRD peaks of UiO-66 and
UiO-66@PAO almost remain unchanged, which can
confirm that the UiO-66@PAO keep the original crystal
structure well after being modified by the PAO. Further-
more, the SEM and TEM images of them were also char-
acterized. The results indicated that UiO-66@PAO had
well-constructed octahedron morphologies, which had no
obvious morphology change with UiO-66 (Figure 1e and f).
Moreover, the energy dispersive spectrometer (EDS)
mappings of UiO-66@PAO further verify the chemical

composition including Zr, C, O, and N elements (Figure S3).
The TGA results showed that the UiO-66@PAO has a
clear weight loss of PAO (Figure S4).

3.2 Fabrication and characterization of the
UiO-66@PAO membrane

It is important to combine MOFs with matrix to prepare a
MOF-based composite membrane. The key factor is how to
disperse UiO-66@PAO in the hybrid membrane. The fabri-
cation of the UiO-66@PAO porous membrane by a fast
and simple method via a sand core funnel filter device is
exhibited in Figure 2a, the membrane can easily be rolled,
which shows a good flexibility. The good flexibility was
largely determined by the addition of cotton fibers, and the
effect of different proportion of it on the tensile strength of
the membrane was studied. When the addition amount of
cotton fibers was less than 5%, the strength of the mem-
brane increased gradually with its addition, and reached
the tensile strength of 0.938 ± 0.104MPa when the addi-
tion amount was 5%. However, when the content of cotton
fibers continued to increase, the strength of the membrane
will not change significantly, so 5% was an appropriate
proportion (Figure S5). To prepare the MOF-based mem-
brane, we systematically studied the dispersibility of the
MOFs in fluids and successfully solved the easily precipi-
tation problem. As shown in Figure 2b, the direct disper-
sion of UiO-66@PAO in DMF solution will quickly settle,
which will seriously affect the formation of the membrane
with high strength and uniform porous structure. To solve
this problem, GO was used to disperse UiO-66@PAO.
When the mass ratio of GO to MOF was 1:18, the UiO-
66@PAO can be evenly dispersed in DMF solution, which
could leave alone for 4 weeks without precipitation. This
may attribute to the coordination between metal sites of
MOFs and oxygen-containing functional groups on GO
(54,55). The change of the contact angles between the
UiO-66@PAO nanoparticles and the UiO-66@PAO
macroporous membrane was measured by a contact angle
meter. The results indicated that the hydrophilicity of
UiO-66@PAO composites membrane have been improved
greatly, compared with the original UiO-66@PAO (Figure 2c).
The reasons may be the compositions of super-hydro-
philic GO/cotton fibers and the porous structure in the
membrane. Using a small amount of GOs and cotton
fibers, macroporous membrane structure was formed.
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As shown in Figure S6, the pore size of MOF@PAO com-
posite membrane was about 500 nm to 2 μm and changed
little before and after use, which gave the membrane

excellent pure water flux. As illustrated in Figure 2d, the
flux value can reach 5,000 L·m−2·h−1 at 95 kPa water pres-
sure and the membrane does not break.

Figure 1: (a) Synthesis of UiO-66@PAO and the illustration of change on MOF surface. (b) The FT-IR spectra of UiO-66, UiO-66@PAN, and
UiO-66@PAO. (c) The 3D nanostructure of the UiO-66. (d) The N2 adsorption–desorption isotherms. (e) The XRD, SEM images. (f) The TEM
images of different MOFs, including UiO-66, UiO-66@PAN, and UiO-66@PAO.
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3.3 Uranium adsorption performance
of UiO-66@PAO membrane from
U-added simulated seawater

Then, the uranium adsorption property of the UiO-66@PAO
membrane was investigated in U-added simulated sea-
water. After the immersion of the membrane in 32 ppm
U-added simulated seawater, the UiO-66@PAO mem-
brane transformed to UiO-66@PAO-U membrane, both
of them were characterized by XPS (Figure 3a). Compared
with UiO-66@PAO membrane, the UiO-66@PAO-U mem-
brane exhibited strong U4f5/2 and U4f7/2 bimodality, which
located at the 392.65 and 381.60 bond energies, indicating
that the UiO-66@PAO membrane exhibited uranium
adsorbing property. Moreover, the uranium adsorbing

performance of the UiO-66@PAO macroporous membrane
was demonstrated via EDS mapping. In contrast to the
original membrane, after absorbing uranium in 8 ppm
U-added simulated seawater for 8 h, the U-uptake mem-
brane had a strong and uniform uranium distribution
(Figure 3b). Moreover, the U-uptake membrane in Figure S6
appeared as two specific peaks of the uranium (3.18 and
3.35 keV). pH is a significant factor affecting the ura-
nium adsorption capacity of this UiO-66@PAO mem-
brane. According to Figure 3c, the uranium absorption
performance was the best at pH = 6. It should be noted
that even in alkaline seawater (pH = 8.0), the amount
of uranium extracted can reach 326 ± 17.4mg·g−1, which
confirms that the UiO-66@PAO membrane still has
good adsorption properties in seawater. To explore

Figure 2: (a) The preparation of the UiO-66@PAO porous membrane. (b) The dispersion of UiO-66, UiO-66@PAO, and UiO-66@PAO
containing GO in DMF solution, respectively. (c) The contact angles of UiO-66@PAO powder and UiO-66@PAO membrane. (d) The pure
water flux of UiO-66@PAO porous membrane at different pressures.
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the best effect of uranium extraction, uranium absorp-
tion experiments were performed in U-added simulated
seawater at pH = 6 with different uranium concentrations
(8, 16, 32 ppm). The UiO-66@PAO membrane exhibited
ultra-fast and high uranium extraction performance illu-
strated by adsorption kinetics curves (Figure 3d). After
1 h, UiO-66@PAO membrane could extract uranium up

to 240 ± 11.5, 267 ± 11.2, and 286 ± 12.4 mg·g−1 at U-added
simulated seawater with concentrations ranging from 8
to 32 ppm. After 24 h, they were saturated to 455 ± 18.4,
521 ± 16.8, and 579 ± 19.4 mg·g−1, respectively. Further-
more, the high degree of the fit between the U-adsorbing
curves and the pseudo-second-order kinetics as shown
in Figure 3e confirmed the U-adsorbing behavior of

Figure 3: (a) The XPS spectra. (b) The SEM images and EDS mappings of UiO-66@PAO membrane before and after U-uptake. (c) The
U-adsorption performance of UiO-66@PAO membrane in 32 ppm U-added simulated seawater under different pH values. (d and e)
U-adsorption kinetics of UiO-66@PAO membrane and the pseudo-second-order models in 8, 16, 32 ppm U-added simulated seawater,
respectively. (f) Adsorbing specificity of the UiO-66@PAO membrane for different metal ions in simulated seawater.
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the UiO-66@PAO membrane belong to a kind of che-
mical adsorbing behavior. The excellent linearity of
the function about (t/qt)-t and the correlation coeffi-
cients of Eq. 4 with more than 0.990 in Table S1
(in Supplementary material). A comparative experiment
was designed to investigate the effect of GO nanosheets
in UiO-66@PAO membrane on uranium extraction. In
the comparison sample, the content of MOF was rep-
laced by cotton fiber, and the proportion of GO is the
same as the original UiO-66@PAO membrane. The ura-
nium adsorption performance of UiO-66@PAO mem-
brane and GO@Cotton fiber membrane was tested in
32 ppm U-added simulated seawater (pH = 6). As we
can see from Figure S7, the uranium adsorption capacity
of GO@Cotton fiber is much lower than UiO-66@PAO
membrane, this is due to the fact that the GO added
is very little, the effect of GO on uranium extraction
can be ignored. In this study, above results showed

that the UiO-66@PAO membrane had a very high ura-
nium extraction performance among most of existing
MOF-based uranium adsorbing materials (Table S2).
There are numerous coexisting metal ions in seawater.
Therefore, it is necessary to test ion selectivity of
UiO-66@PAO membrane in simulated seawater with
100 times higher ion concentration than natural sea-
water (Table S3). As shown in Figure 3f, the uranium
adsorption capacity of UiO-66@PAO membrane is higher
than other metal elements including vanadium in sea-
water, indicating that it had a good application for high
selective seawater uranium extraction. For traditional
amidoxime functionalized materials, the competitive
adsorption of vanadium and uranium is almost the
same (28). Interestingly, the UiO-66@PAO membrane
has a higher uranium selective adsorption than vanadium,
which may be because of the unique PAO-modified MOF
structure.

Figure 4: (a) The schematic of seawater uranium extraction device. (b) The U-extraction rate of UiO-66@PAO membrane with 60, 100,
and 200 ppb uranium-spiked ultrapure water. (c) U-adsorbing performance and U-recovery rates in five adsorbing/desorbing cycles.
(d) U-extraction rate of UiO-66@PAO membrane (100mg) in 5 L of nature seawater for 50 cycles.

PAO-modified MOF macroporous membrane for uranium extraction  407



3.4 Uranium adsorption from low-
concentration U-added pure water and
natural seawater

To evaluate the adsorption property of the UiO-66@PAO
membrane exposed in real applications (e.g., ultralow
concentration of uranium-added solutions, the natural
seawater), a continuous filtration separation device with
a peristaltic pump has been designed (Figure 4a). After
10 cycles of filtration with the UiO-66@PAO macro-
porous membrane (100 mg), the results indicated that
it could extract up to 88.33%, 70%, and 50% of uranium
from 60, 100, and 200 ppb concentration U-added pure
water, respectively (Figure 4b). To be noted, for 60 ppb
U-added solution, the uranium had been largely removed
by the membrane in the six cycles, which demonstrated
the highly efficient and rapid uranium adsorbing perfor-
mance of this membrane. The reusability of the adsorbed
materials is a critical factor in practical use. After five
cycles of adsorption/desorption process, the results, as
shown in Figure 4c, showed that the uranium extraction
efficiency of UiO-66@PAO macroporous membrane still
could reach 80% in 60 ppb U-spiked water, and the eluent
rate could reach 88%. At last, untreated real seawater was
added into the filtration separation device to estimate the
performance of UiO-66@PAO membranes for uranium
extraction in real marine environments. As illustrated in
Figure 4d, the UiO-66@PAO porous membrane extracted
approximately 80.6% of uranium from 5 L seawater after
50 cycles of filtration. These results proved that the
UiO-66@PAO porous membrane was an outstanding
adsorbent with high reusability.

4 Conclusions

In conclusion, a simple and rapid approach for manufac-
turing UiO-66@PAO composite porous membrane via
simple suction filtration has been developed, which can
achieve highly efficient and selective uranium adsorption
performance. Compared with nonmodified UiO-66, this
UiO-66@PAO not only can be dispersed uniformly in
the membrane owing to the well stabilization in the GO
solution but also can largely enhance the uranium adsorbing
capacity due to the modified PAO. Furthermore, dif-
ferent from powder state, this UiO-66@PAO macroporous
membrane can provide both convenient and highly effi-
cient uranium adsorption from seawater, because of the
flux macroporous structure without sacrificing high spe-
cific surface area of the MOF in the membrane. As a result,

the uranium adsorption capacity of this membrane can
reach 579mg·g−1 in 32 ppm U-spiked simulated seawater
for only 24 h. Furthermore, in a 60 ppb of ultra-low
U-spiked pure water, this membrane can provide a high
uranium extraction rate reaching 88.4%. Most impor-
tantly, this UiO-66@PAO membrane (100mg) can remove
80.6% uranyl ions from 5 L seawater after 50 filtering
cycles. This study provides a universal method to design
and fabricate a new MOF-based adsorbent for high effi-
ciency uranium extraction from seawater.
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