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Abstract

Uranium separation from seawater represents a promising approach for overcoming
uranium resource shortage. In this study, we fabricated an MIP-201 membrane with
exceptional long-term stability in uranium-containing environments for high-efficiency
uranium separation from seawater. Benefiting from 10.5 A-sized pores, the UO»**
rejection rate reached 98.5%, which was significantly higher than smaller-sized metal
ions (e.g. 2-7% for K, Na*, Ca** and Mg**); moreover, our membrane exhibited ideal

Fe**/UO2** selectivity of 57.2, which represented the highest value in comparison with



the literature. Of particular note, owing to intrinsic framework robustness, our
membrane maintained a steady UO2*" ion rejection rate of ~98% upon immersion in
UO>**-containing aqueous solution for over 30 days and ~97% in seawater for over 21

days, showing great potential in practical uranium separation from seawater.

Keywords: Metal-organic framework; Membrane; MIP-201; Nanofiltration; Uranium
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1. Introduction

With increasing concerns on global warming, nuclear power has been considered as
a sustainable and clean source of energy instead of fossil fuels [1, 2]. However, limited
amount of land-based uranium resources is incapable of meeting the growing demand
of nuclear industry. Fortunately, uranium resource reserved in oceans is ~1,000 times
more than in land-based ores [3, 4], potentially addressing the issue of uranium scarcity.
Nonetheless, the complex composition of seawater poses a grand challenge for high-
efficiency uranium purification [5-8]. On the one hand, a large number of interfering
metal ions co-exist in seawater, such as Fe**, Ca*", Mg*", K* and Na*, rendering high-

efficiency separation of UO2?" ions very challenging; on the other hand, the salinity of



seawater (3.2-4.0 wt.%) is ~10°¢ times higher than UO2** ions [9-11], significantly
hindering high-efficiency enrichment of trace amount of uranium (~3.3 mg/t) from

seawater [12, 13].

Diverse protocols, including adsorption [7, 14-17], photocatalysis [18-25], ion
exchange [26-28], solvent extraction [29-31], and electrochemical precipitation [32-34],
have been employed for uranium separation from seawater [35, 36]. Among them,
membrane separation has received increasing attention due to easy operation,
environmental friendliness, high efficiency, and low energy requirement [37-39].
Aiming to achieve high-efficiency uranium separation from seawater, however,
accurate discrimination of UO2?" ions from co-existing interfering ions is indispensable.
Fortunately, the kinetic diameter of hydrated UO2** ions is 11.6 A, which is much larger
than other co-existing hydrated metal ions with kinetic diameters commonly falling
below 9.1 A [40-42]. Therefore, it is necessary to pursue molecular sieves with pore

size 0f9.1-11.6 A.

Metal-organic framework (MOF), which is composed of regularly arranged organic
ligands and metal ions/metal-oxo clusters [43-47], has been deemed as ideal candidate
for precise molecular sieving because of its tuneable pore size, rich functional groups
and high surface areas [37, 48-51]. Because of the higher Zr-O bonding energy (776
kJ-mol") and coordination number (6-connected), Zr-MOF materials (e.g., UiO-66,
MIP-200 and MIP-201) are anticipated to exhibit superior water and chemical stability,
facilitating long-term operation under seawater environments [52, 53]. Among them,

Ui0O-66 exhibits a pore size of ~6.0 A [54], which is smaller than the hydrated ionic



diameters of major metal ions (e.g., K*, Na*, Ca*", Mg?") in seawater, while MIP-200
possesses a larger pore size of ~13 A, which exceeds the hydrated ionic diameter of
UO>*" ions, making them impossible to achieve accurate uranium separation from
seawater[55, 56]. In contrast, MIP-201, consisting of Zrs-oxo cluster secondary
building units (SBUs) and tetra-carboxylate linkers (5,5'-methylenediisophthalic acid,
Hamdip), possesses an accessible pore size of 10.5 A (Fig. Sla-d and S2b) which just
falls between hydrated kinetic diameters of UO2?* ions and other co-existing metal ions
in natural seawater, making it a promising membrane candidate for high-efficiency

uranium separation from seawater.

In this study, we pioneered epitaxial growth of MIP-201 membrane on tubular porous
a-Al20s substrate (illustrated in Fig. 1). First, MIP-201 seeds were synthesized by using
ZrCls as metal source. Second, MIP-201 seeds were deposited on porous a-Al203 tube
at room temperature. Third, epitaxial growth was conducted to seal the open space in
the seed layer. Benefiting from the 10.5 A-sized pores, our membrane exhibited UO2**
ion rejection rate of 98.5%; in contrast, rejection rates of mono- and di-valent metal
ions were below 7%. Of particular note, ideal selectivity of the Fe**/UO2*" ion pair
reached 57.2, which represented the highest value reported in the literature (Table S1).
Long-term operation stability test indicated that our membrane could maintain uranium
rejection rate of ~98% in aqueous solution for over 30 days and ~97% in seawater for
over 21 days, showing great potential in practical uranium separation from seawater.

Furthermore, our MIP-201 membrane still maintained the UO2** ion rejection rate of



~97% under high HNO3 concentration conditions, demonstrating excellent and stable

separation performance.
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Fig. 1. Schematic illustration of synthesis of MIP-201 membrane towards separation

uranium from nature seawater.

2. Methods
2.1 Preparation of MIP-201 seeds

5,5'-Methylenediisophthalic acid (Hsmdip, 125 mg, 0.36 mmol, Shanghai Tensus
Bio-tech Co. Ltd.) was added into a binary solvent comprising acetic anhydride (3.75
mL) and formic acid (FA, 2.5 mL), followed by sonication at 5 °C for 10 min.
Subsequently, ZrCls (203 mg, 0.87 mmol) was added dropwise to the above solution.
After sonication for 10 min at 5 °C, the above solution was transferred to a 30 mL

Teflon-lined autoclave and solvothermally treated at 120 °C under static conditions for



48 h. Finally, MIP-201 seeds were washed with ethanol and dried at 60 °C overnight.

2.2 Preparation of MIP-201 seed layer

Dip-coating was employed to deposit MIP-201 seeds. MIP-201 seed suspension (6
mg/mL) was prepared by adding 180 mg of MIP-201 seeds in 30 mL methanol (MeOH),
followed by addition of 30 puL of 10 mM polyvinylpyrrolidone (PVP) solution (N,N-
dimethylformamide (DMF) solvent) in the suspension. Subsequently, porous a-Al203
tube was immersed in above MIP-201 seed-containing suspension for 20 s and slowly
lifted out. The above process was repeated twice. Finally, as-prepared MIP-201 seed

layer was dried at 60 °C overnight.

2.3 Preparation of MIP-201 membrane

100 mg Hamdip was added into binary solvent comprising 10 mL Formic acid and
15 mL Acetic anhydride, followed by sonication for 10 min at 5 °C. Subsequently, 203
mg of ZrCls was added into above suspension. The suspension was poured into a 60
mL Teflon-lined autoclave where the MIP-201 seed layer was vertically placed. In the
next step, Teflon-lined autoclave was treated at 120 °C under static conditions for 48 h.
Finally, the MIP-201 membrane was washed with de-ionized water to remove residual

formic acid and acetic anhydride in the membrane.

3. Result and discussion
3.1 Preparation of MIP-201 seeds
The first step referred to the preparation of MIP-201 seeds, which could be obtained

through mixing ligand (Hsmdip), metal source (ZrCls), and modulator (formic acid and



acetic anhydride), followed by solvothermal growth. Nonetheless, undesired MIP-200
impure phase, featuring 3D Kagometype framework with 13A-sized separated
hexagonal pores and 6.8 A-sized triangular channels pores along the c-axis, may be
simultaneously generated [55, 56]. Fortunately, our results revealed that MIP-200
nucleation could be effectively suppressed through precisely controlling the
concentration of acetic anhydride and FA in the precursor solution. To be specific,
increasing the concentration of acetic anhydride and FA favored the formation of MIP-
200 phase and vice versa (Fig. S3a-f). Owing to higher concentration of deprotonating
reagents, the concentration of intermediates will be lower through coordinative
interaction between Zr (IV) cations and monocarboxylic acid modulators, resulting in
effective suppression of MIP-201 nucleation and growth, and therefore, formation of
MIP-200 impure phase [57-60]. Under optimized reaction conditions, cubic-shaped
pure-phase MIP-201 crystals with size distribution in the range of 0.7 and 1.1 um could
be obtained (Fig. 2a-b and S4-5). N2 adsorption/desorption isotherms indicated that
their micropore volume and BET surface areas reached 0.30 cm®-g™! and 575 m?-g’!
(Fig. S2a), which was consistent with reported literature [61]. Based on the BET results,
the pore size of obtained MIP-201 reached 10.5 A (Fig. S2a), which was coincident

with the simulation results (Fig. S2b).

Considering high salinity, complex composition, and varying temperature of
seawater, framework robustness of MIP-201 seeds was further evaluated through
immersion them in aqueous solution with varying pH values (1~4 and 10) and

temperatures. As show in Fig. S6, surface morphology of MIP-201 crystals did not



change under above harsh conditions. XRD patterns and FT-IR spectra further
demonstrated that not only their framework structure remained intact but also functional
groups were unchanged (Fig. S7 and S8). In addition, TGA data indicated that there
was no significant weight loss up to 400 °C, which proved that MIP-201 seeds had
excellent thermal stability (Fig. S9). Exceptional chemical and thermal stability of MIP-
201 crystals made it ideal membrane candidate to survive in harsh operation conditions

of uranium separation from seawater.

3.2 Preparation of MIP-201 seeds layer and membrane.

Subsequently, we attempted to deposit MIP-201 seeds on porous a-Al2O3 tube
through dip-coating. Our results indicated that the addition of PVP in precursor solution
represented the key factor to maintain uniformity of MIP-201 seed layer, owing to
weakened interactions among MIP-201 seeds and enhanced dispersion in suspension
[62, 63]. As shown in Fig. S10, MIP-201 seeds could be uniformly deposited on the
substrate upon keeping seed concentration in the range of 4 ~ 8 mg/mL; while further
increasing seed concentration led to their severe aggregation on the substrate surface.
SEM images and XRD pattern revealed that the MIP-201 seed layer prepared was 3.8
um-thick with no preferred orientation under optimized deposition conditions (Fig. 2c-

d and 3).

Finally, epitaxial growth was employed to close the open space in seed layers.
Experimental data showed that the concentration Hamdip ligands exerted significant

influence on membrane continuity. For instance, maintaining Hsmdip concentration of



4 mg/mL resulted in the growth of well-intergrown MIP-201 membrane with a
thickness of 4.9 um (Fig. 2e and 2f), while XRD pattern showed that as-prepared
membrane belonged to pure MIP-201 phase (Fig. 3). Further increasing the
concentration of Hamdip to 5 mg/mL led to simultaneous generation of MIP-200 impure
crystallites in the membrane (Fig. S11 and S12a); in contrast, reducing the Hamdip
concentration to 3 mg/mL resulted in the formation of substantial grain boundary
defects in the membrane, owing to insufficient nutrient supply during epitaxial growth
(Fig. S12a-c). As shown in Fig. S12d-f, the surface of as-prepared membrane is
hydrophilic, facilitating enhanced water permeance. It should be noted that even after
immersion in aqueous solutions with varying pH values for 24 h (1~4 and 10), room-
temperature water for 720 h, and boiling water for 24 h (Fig. S13), diffraction peaks
derived from MIP-201 membranes remained prominent, implying that undesired lattice
distortion or degradation did not occur [64, 65], which was advantageous for long-term

operation of membranes under harsh environments.
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Fig. 2. SEM images of (a,b) MIP-201 seeds, (¢c,d) MIP-201 seed layer, and (e,f) MIP-
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Fig. 3. XRD patterns of MIP-201 seeds, MIP-201 seed layer, and MIP-201 membrane,

respectively.

3.3 Ion rejection tests of MIP-201 membrane.



Prior to the ion rejection test, the permeation behavior of DI water through MIP-201
membrane was studied. Owing to a pore size of 10.5 A, its water permeance reached
7.1 L-m>-h’!-bar!, which was higher than most water-stable MOF membranes [66].
Hydrated kinetic diameters of metal ions were found to follow the order: K* (6.6 A) <
Na® (7.2 A) < Ca*" (8.2 A) <Mg** (8.6 A) <Fe* (9.1 A) <UO»*" (11.6 A) [40-42, 54,
67]. Since the pore size of MIP-201 just fell between hydrated diameters of UO2?" ions
and other metal ions, accurate screening of UO2?" ions from seawater was anticipated
to be achieved (Fig. 4). As shown in Fig. 5a, the rejection rate of UO2*" ions of our
membrane reached 98.5%, which was much higher those of K™ (2.4 %), Na* (2.9 %),
Ca?" (5.5 %), Mg?* (7.0 %) and Fe*" ions (28.0 %), implying that size-based exclusion
represented the dominant mechanism for hydrated metal ion rejection; correspondingly,
ideal selectivity of K*/UO2?*, Na*/UO**, Ca**/U0O»*", Mg?*/UO2** and Fe**/UO2** ion
pairs reached 77.6, 77.3, 75.9, 75.3 and 57.2, respectively (Fig. 5b), demonstrating that
our membrane enabled effective separation of UO2*" ions from other co-existing metal
ions. Of particular note, our membrane exhibited higher Fe’*/UO:*" selectivity in
comparison with previous literatures (Fig. S14 and Table S1), which could be attributed
to its appropriate pore size; simultaneously, water permeances were found to be
negatively correlated with hydrated kinetic diameters of metal ions as follows: K™ (6.98
L-m?*h'-bar')>Na" (6.42 L-m?-h!-bar") > Ca** (6.28 L-m™-h"!-bar!) > Mg?* (6.25

L-m2h"-bar!) > UO2* (6.15 L-m2-h"-bar!) > Fe* (5.94 L-m2-h"!-bar) (Fig. 5a).
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Fig. 4. Metal ion transmittance rate of MIP-201 membrane as a function of hydrated

kinetic diameters of various metal ions.

We further evaluated the performance of binary metal ion rejection of the membrane.
As shown in Fig. 5c, compared with single metal ions, there was considerable increase
of rejection rates of hydrated metal ions under the conditions of the coexistence of
interfering metal ions (e.g., K*: 18.5%; Na': 20.7%; Ca*": 21.0%; Mg*": 23.1%; Fe*':
51.8%). This may be due to strong coupling effects (e.g., coulombic electrostatic
potential and hard-core interaction) between them and their competitive diffusion in
nanochannels, leading to higher free energy barriers for ion permeation (Fig. S15 and
Table S2) [68, 69]. To be specific, the selectivity of K*/UO2**, Na'/UO2?*, Ca*"/UO2?*,
Mg?*/UO2** and Fe**/UO»*" ion pairs reached 58.82, 44.78, 37.08, 32.18 and 29.05,
respectively (Fig. 5d) with water permeance remaining largely unchanged (6.34, 6.33,
6.20, 5.97 and 5.25 L-m>-h"!-bar!) (Fig. Se). In comparison with previous literature
(Fig. 5f), our membrane displayed efficient UO.** interception and high screening

precision towards versatile metal ions (M""/ UO2*", n = 1, 2, 3) with negligible decay



in water permeance, which was advantageous for maintaining superior performance in

harsh environments like seawater (Table S3 and S4).
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Aiming at practical applications, we further investigated uranium rejection capacity



of MIP-201 membrane with seawater at the feed side. Prior to metal ion rejection test,
the stability of our MIP-201 membrane in natural seawater was evaluated. As shown in
Fig. S16, surface morphology of MIP-201 membrane did not change after immersion
in natural seawater over 10 days; simultaneously, XRD patterns demonstrated that its
framework structure remained intact, confirming its excellent stability in natural
seawater. According to the literature, uranium in seawater primarily existed in form of
UO2*" ions [70, 71]. The contents of major metal ions collected from the seawater were
as follow (Fig. 6a): Na* (~9336 ppm) > Mg?* (~873 ppm) > K" (~357 ppm) ~ Ca?"
(~357 ppm) > Fe*" (~0.0041 ppm) > UO2** (~0.003 ppm) [40]. Metal ion rejection test
results indicated that the rejection rate of UO>*" ions reached 98.0%, which remained
comparable with that of single UO2** ions; simultaneously, rejection rates of other co-
existing metal ions only slightly increased (e.g., K*: 20.3%; Na*: 20.4%; Ca>": 21.0%;
Mg?*: 23.2%; Fe**: 53.7%) (Fig. 6b). As a result, our membrane still exhibited decent
selectivity towards K"UO:** (34.51), Na'/UO2>* (32.99), Ca*/U0O** (31.88),
Mg?*/UO2** (31.40) and Fe**/UO»** (18.35) ion pairs (Fig. 6¢), demonstrating that high
salinity environment did not compromise the separation performance of MIP-201
membrane. In addition, considering the possible impact of vanadium anions (hydrated
kinetic diameter ~ 0.9 nm [48, 72-75]) on uranium separation from seawater, vanadium
rejection test was conducted. As shown in Fig. S17, a VO3/UO2*" separation factor
(SFvu) of 13.32 was achieved under natural seawater conditions, indicating that the
presence of vanadium anions did not pose significant interference to high-efficiency

uranium extraction from seawater. It should be noted that in spite of the presence of



organisms such as algae in seawater, water permeance of MIP-201 membrane still
reached 4.78 L-m?-h!-bar! (Fig. 6d), showing great potential in high-efficiency
separation uranium from nature seawater.

Natural seawater also contains abundant anions (e.g., Cl"). Therefore, we further
investigated the uranium separation performance in the presence of anions. Due to its
smaller hydrated dynamic diameter (6.6 A) compared with the pore size of MIP-201
(10.5 A) [40-42], our membrane exhibited a low CI” anions rejection rate of only 2.44%
(Fig. S18a). Subsequently, the uranium rejection test was conducted with the co-
existence of Cl” anions. As shown in Fig. S18c, its UO2?" ion rejection rate remained
essentially identical with single UO2*" ion solution, demonstrating that anions in
seawater had negligible impact on the uranium separation performance of MIP-201
membrane. It should be noted that since the hydrated kinetic diameters of CI” anions
and K" ions are identical, the rejection rate and separation factor (SF) are also
essentially the same, which is in good agreement with the proposed size-sieving
mechanism (Fig. S18b and S18c). We further investigated the effect of the presence of
larger anions (e.g., SO4>” with hydrated dynamic diameter of 7.6 A [41, 42] ) on uranium
separation performance. The membrane exhibited a low SO4* rejection rate of 4.03%
in the absence of SO4* anions. As shown in Fig. S19, the UO2*" ion rejection rate
remained largely unchanged (98.95%) in the presence of 8.03 mM UO2*" ions,
indicating that the presence of larger-sized SO4>" anions had negligible influence on the

uranium separation performance of obtained MIP-201 membrane”.
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3.4 Operation Stability of MIP-201 Membrane.

Finally, we evaluated cycling and long-term operation stability of MIP-201
membrane. As shown in Fig. 7a, in terms of single uranium aqueous solution, the
UO>*"rejection rate could be maintained at ~97% with water permeance of ~6 L-m™-h-
Ibar! even after 10 test cycles; simultaneously, the rejection rate of UO2?" ions was
~98% with no noticeable decline during continuous operation for over 30 days (Fig.
7b), revealing excellent long-term operational stability. Moreover, relevant stability test
was conducted by using aqueous HNO3 solution containing uranium at the feed side.

As shown in Fig. S20a, the MIP-201 membrane maintained UO2** ion rejection rate



~97% for 12 days even on the co-existence of 50 mM HNOs. Furthermore, the UO2**
ion rejection rate of MIP-201 membrane was not significantly affected after 24 hours
of immersion in water at 40 °C (Fig. S20b). The above results convincingly
demonstrated superior pH and temperature stability of our membrane. Adaptability of
MIP-201 membrane to non-treated secawater was verified further [76, 77]. As shown in
Fig. 7c, during continuous operation for 7 days, our membrane maintained steady
rejection rate of ~97% for UO2?" ions with rejection rates for mono- and di-valent metal
ions falling below 35%; in contrast, its water permeance gradually declined over time,
reaching a steady value of ~1.8 L-m-h"!-bar! after two days (Fig. S21). This could be
reasonably interpreted by concentration polarization and membrane fouling [78-81].
Fortunately, water permeance could be recovered to 86% of the initial value after the
first washing and 83% of the initial value after the second washing (Fig. S22a);
simultaneously, our membrane maintained a rejection rate of ~97% for UO>*" ions with
rejection rates of mono- and di-valent metal ions falling below 40%, which was almost
identical with that of freshly prepared membrane (Fig. S22b). Excellent and stable
performance of MIP-201 membrane made it advantageous for practical applications in

uranium separation from seawater (Fig. 7d).
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Fig. 7. (a) Dependence of UO2*" rejection rate and water permeance of MIP-201
membrane on cycle number in terms of single uranium aqueous solution. Operation
stability of MIP-201 membrane in (b) single uranium aqueous solution and (c) seawater.
(d) Operation stability of MIP-201 membrane in comparison with the previous

literature (Table S5).

4. Conclusion

In this study, MIP-201 tubular membrane with excellent water and chemical stability
was first prepared. Relying on 10.5 A-sized nano-channels, our membrane exhibited
98.5% rejection rate for UO2*" ions while keeping rejection rates for smaller-sized
metal ions in the range of 2-7%. Of particular note, its ideal Fe**/UO2*" selectivity
reached 57.2, representing the highest value reported in the literature. Even under harsh
seawater conditions, the rejection rate of UO2*" ions remained over 98% with water

permeance largely unchanged. Furthermore, our membrane showed excellent cycling



stability and long-term operation stability in uranium-containing aqueous solution,

showing great promise for practical uranium separation from seawater.
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Highlights

o  Well-intergrown MIP-201 membrane was first prepared through epitaxial growth.

e Both MIP-201 powders and membranes exhibited excellent water and chemical
stability.

e The UO>*" rejection rate (98.5%) of MIP-201 membrane was much higher than other
smaller-sized metal ions (2-7%).

e The ideal Fe**/UO2** selectivity of MIP-201 membrane was the highest in comparison

with the literature.
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