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Graphical abstract

MIL-53(A1)-NH, membranes fabricated via a secondary growth strategy exhibit high ion selectivity and desalination performance.

Public summary
m The MIL-53(Al)-NH, membranes were successfully prepared within a short time by a secondary growth strategy.

m The fabricated membranes containing angstrom-scale (~7 A) channels provide transport pathways for small monovalent
ions and water molecules but hinder divalent cations.

m The MIL-53(Al)-NH, membranes exhibit excellent ion separation performance (a selectivity of 121.42 for Na*/Ca** and
93.81 for Li'/Mg*") and desalination performance (a water/salt selectivity of up to 5196).
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Abstract: The efficient extraction of sodium (Na*) and lithium (Li") from seawater and salt lakes is increasingly demand-
ing due to their great application value in chemical industries. However, coexisting cations such as divalent calcium (Ca*)
and magnesium (Mg?") ions are at the subnanometer scale in diameter, similar to target monovalent ions, making ion separ-
ation a great challenge. Here, we propose a simple and fast secondary growth method for the preparation of MIL-53(Al)-
NH, membranes on the surface of anodic aluminum oxide. Such membranes contain angstrom-scale (~7 A) channels for
the entrance of small monovalent ions and water molecules, endowing the selectivities for monovalent cations over
divalent cations and water over salt molecules. The resulting high-connectivity MIL-53(Al)-NH, membranes exhibit excel-
lent ion separation performance (a selectivity of 121.42 for Na'/Ca* and 93.81 for Li"/Mg*) and desalination performance
(a water/salt selectivity of up to 5196). This work highlights metal-organic framework membranes as potential candidates
for realizing ion separation and desalination in liquid treatment.

Keywords: metal-organic framework; MIL-53(Al)-NH,; membrane; ion selectivity; desalination
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1 Introduction

The extraction and separation of valuable metal ions in
nature, for example, sodium/calcium (Na/Ca*) separation
from seawater and lithium/magnesium (Li’/Mg*) separation
from salt lakes, is essential because of the increasing demand
in daily production’ . However, the similar physicochemical
properties and diameters of coexisting cations make the separ-
ation process a great challenge™ . In addition, the content of
Li" in salt lakes is much lower than that of Mg*, which in-
creases the difficulty of separation”'". Thus, separation tech-
nologies require novel and effective designs to meet the
growing demand for valuable metal ions.

For the past few years, membrane separation processes
have been widely used for the extraction of Na® and Li*
by size-sieving effect!” ', electrostatic repulsion"*'", and
affinity difference” '* "l The size-sieving effect is dominant
among these separation mechanisms, which means that spe-
cies smaller than the pores can permeate through the mem-
brane, while larger species are screened out'>***l. However,
the pores of traditional membranes fabricated via chemical
crosslinking and acid-base reactions have a broad distribu-
tion, which is not conducive to separation and results in low
selectivity™*!. For the precise construction of membrane
pores, advanced polycrystalline microporous frameworks
such as metal-organic frameworks (MOFs) are employed to
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fabricate separation membranes due to their regular pore
structure and uniform pore size distribution'****, With their
proper pores, MOFs have been employed in membrane fab-
rication and have shown decent potential for ion-selective
transport, such as F/Cl-, Br/NO;~, H/CI, and Li"/Mg*'"**-
. Li et al.P" successfully constructed PET-UiO-66-X (X = H,
NH,, and N*(CHj;);) channels, which showed ultrahigh F~
conductivity and F7/CI" selectivity. However, the PET sub-
strate is complicated to handle and only has a single channel;
thus, it is difficult to prepare continuous and dense mem-
branes by this membrane fabrication strategy. Currently, sev-
eral MOF membranes have been fabricated with excellent ion
separation performance but still require a long growth time
and the use of many organic solvents during the MOF layer
growth process”"*>*. For instance, our group reported leaf-
like UiO-66-NH, membranes”* with excellent cation separa-
tion performance (Na”/Mg* > 200 and Li/Mg* > 60), which
required a long membrane formation time of 24 h/48 h, and
N,N-dimethylformamide was used as the reaction solvent.
Herein, we report a high-connectivity MIL-53(Al)-NH,
membrane without cracks fabricated by a simple and fast sec-
ondary growth method (Fig. 1). 2-Aminoterephthalic acid (2-
NH,-BDC) was used to pretreat the AAO substrate for the
presynthesis of MIL-53(Al)-NH,, followed by a secondary
growth process with a short growth time. The crack-free
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Fig. 1. Scheme of the fabrication of MIL-53(Al)-NH, membranes via the secondary growth method.

MOF layer grew firmly on the AAO substrate, which was
confirmed by the SEM image. MIL- 53(Al) NH, with angstrom

ions with small diameters and water molecules (~2.80 A)®"
and hinders ions with large diameters. Therefore, the result-
ant MIL-53(Al)-NH, membranes show outstanding cation
separation and desalination performance. For ion separation,
the Na’/Ca® and Li*/Mg* selectivities are 121.42 and 93.81,
respectively, which are much greater than the ion selectivity
of the AAO substrate. In addition, the water/salt selectivity
reached 5196, which is 230 times greater than that of the
AAO substrate.

2 Results and discussion

2.1 Fabrication of the MIL-53(Al)-NH, membranes and
powders

MIL-53(Al)-NH, membranes were fabricated on AAO sub-
strates via a fast secondary growth method, which was car-
ried out in a self-designed Teflon holder. The AAO disks with
a pore size of 90 nm+10 nm and diameter of 25 mm were
used as the substrate to support the MOF layer. In addition,
the AAO substrate was also employed as the metal source for
AP’* to form the initial MIL-53(Al)-NH, seeding. Briefly, the
AAO substrate was first preprocessed to presynthesize MIL-
53(Al)-NH, seeds (MIL-53-NH,-M-S). 2-Aminoterephthalic
acid (2-NH,-BDC) was used to pretreat the AAO substrate at
130 °C for 30 min (Fig. l1-step 1) to form MIL-53-NH,-S.
After the temperature cooled to room temperature, MIL-53-
NH,-M-S was reacted with AI(NO;);-9H,0 and 2-NH,-BDC
(Fig. 1-step 2) to prepare the MIL-53(Al)-NH, membrane.
During the secondary growth process, crystallization oc-
curred, and a continuous and defect-free membrane rapidly
formed after 30 min and 60 min at 80 °C for MIL-53-NH,-M-
1 and MIL-53-NH,-M-2, respectively. The synthesized MIL-
53(Al)-NH, crystals had pore diameters of ~7 A (Fig. 1).
Scanning electron microscopy (SEM) images show that the
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MOF membrane morphology evolves with different growth
times (Fig. 2). SEM images of the surface and cross-sections
of MIL-53-NH,-M-S, MIL-53-NH,-M-1, and MIL-53-NH,-
M-2 confirmed that a continuous MOF layer was success-
fully formed on the surface of the AAO substrate even though
the process experienced a short reaction time. The thickness
of the MOF membranes increases with increasing growth
time from 0.74 pm to 0.97 pm. From the Fourier transform
infrared (FTIR) spectra (Fig. 3), the vibrational bands at 1654
cm™ and 1579 cm™ represent —-C=0 and —CO-NH, respect-
ively, confirming that MIL-53(Al)-NH, was generated on the
AAO substrate™*”. X-ray diffraction (XRD) patterns of the
MIL-53(Al)-NH, membranes and powders were measured to
verify the crystallinity of the fabricated MOF materials. For
MIL-53-NH,-M-2, the X-ray diffraction (XRD) patterns (Fig.
3b) are basically consistent with the simulated pattern,
demonstrating the high crystallinity of the fabricated MOF
membranes'’. However, the crystallinity of MIL-53-NH,-M-
S and MIL-53-NH,-M-1 is not good, which may be caused by
the short membrane growth time. Thus, the XRD patterns of
the MIL-53(Al)-NH, powders were obtained to determine
their crystallinity (Fig. 3¢c). Both of the XRD patterns for MIL-
53-NH,-P-1 and MIL-53-NH,-P-2 are consistent with the
simulated MIL-53(Al)-NH, pattern.

2.2 lIon transport properties of MIL-53(Al)-NH, mem-
branes

The ion transport properties of the MIL-53(Al)-NH, mem-
branes were measured under concentration-driven diffusion.
The membranes were mounted on a homemade U-cell device,
and the feed chamber and permeate chamber were separated
(Fig. 4a). For the AAO substrate, the cation permeation rates
of the single-ion system follow the order of K' (5.75
mol'm~-h™) > Na* (3.78 mol'm™>-h™") > Li" (3.27 mol'-m™-h™)
> Mg* (2.97 mol'm™-h™), as shown in Fig. 4b, depending on
the sequence of hydrated ion diameters”™. The AAO sub-
strates exhibit high permeation rates due to their much larger
channel diameter (90 nm=10 nm) than the hydrated diameter
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(b), MIL-53-NH,-M-1 (c), and MIL-53-NH,-M-2 (d) at low magnification. High-magnification SEM images of the surfaces of the AAO substrate (e),
MIL-53-NH,-M-S (f), MIL-53-NH,-M-1 (g), and MIL-53-NH,-M-2 (h). SEM cross-sectional images of the AAO substrate (i), MIL-53-NH,-M-S (j),

MIL-53-NH,-M-1 (k), and MIL-53-NH,-M-2 (1).

a b c
MIL-53-NH,-M-2
/ MIL-53-NH,-M-2
:\: C=0 | . _
o -CO-NH =5 MIL-53-NH.M-A 5 MIL-53-NH,-P-2
8 MIL-53-NH,-M- s -53-NH,-M- a
£ 2 =y
€ ] MIL-53-NH,-M-S @
» |MIL-53-NH,-M-S o @ MIL-53-NH,-P-1
c - =
E £ AAO substrate £
'—
AAO substrat
I , Simulated MIL-53(Al)-NH, A l Simulated MIL-53(Al)-NH,
L A A M

2400 2100 1800 1500 1200 900 5 10 15
Wavenumber (cm*')

2 Theta (°)

25 30 35 40 5 10 15 20 25 30 35 40
2 Theta (°)

Fig. 3. FTIR spectra and XRD patterns of AAO and MIL-53(Al)-NH,. (a) Fourier transform infrared (FTIR) spectra of the AAO and MIL-53(Al)-NH,
membranes. (b) XRD patterns of the AAO substrate and MIL-53(Al)-NH, membranes. (¢) XRD patterns of MIL-53(Al)-NH, powders.

of the cations. The calculated ideal Na*/Ca* and Li'/Mg** se-
lectivities of the AAO substrate are 1.76 and 1.27, respect-
ively (Fig. 4b). The limited ion selectivity of the AAO sub-
strate indicates that the substrate has a negligible impact on
the ion transport behavior.

After the growth of the MIL-53(Al)-NH, seedings on the
AAO substrate, the permeation rates of cations in the MIL-53-
NH,-M-S membranes decreased substantially compared with
those in the bare AAO substrate. For instance, the per-
meation rate of Na*, which has the smallest hydrated diamet-
er among the studied ions, decreased from 5.74 mol'm>-h'
for the bare AAO substrate to 0.22 mol-m>-h™' for the MIL-
53-NH,-M-S membrane. Other ion permeation rates are also
reduced by orders of magnitude. The decreased cation
permeation rates of the MIL-53(Al)-NH, membranes can be
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attributed to the decrease in the transport channel size from 90
nm=10 nm for the AAO substrate to 7 A for the MIL-53(Al)-
NH, membranes. Compared with those of the AAO substrate,
the Na"/Ca** and Li"/Mg*" selectivities of the MIL-53-NH,-M-
S membranes increased to 5.71 and 3.66, respectively. For the
MIL-53-NH,-M-1 and MIL-53-NH,-M-2 membranes, as the
growth time of the MOF layer increased, the ion flux contin-
ued to decrease. This is because the MOF layer becomes
tighter. Specifically, the MIL-53-NH,-M-2 membranes show
low permeation rates of monovalent cations of 0.012 and
0.006 mol'm™>-h" for Na" and Li’, respectively. The per-
meation rates of Ca* and Mg* for the MIL-53-NH,-M-2
membranes decreased to 1.01x10* and 6.31x10° mol'-m>-h™",
respectively. The permeation rates of divalent cations
decrease substantially compared to those of monovalent
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Fig. 4. Ion separation performance of MIL-53(Al)-NH, membranes. (a) The homemade U-cell device for the tests of ion separation performance. (b) The
ion permeation rate and selectivity of the AAO substrate. (¢) The ion permeation rates of MIL-53(Al)-NH, membranes. (d) The selectivities for Na'/Ca*

and Li'/Mg* of MIL-53(Al)-NH, membranes.

cations, resulting in increased selectivity for monovalent
cations over divalent cations (i.e., Na"/Ca* selectivity and
Li*/Mg* selectivity). The Na”/Ca** selectivity and Li"/Mg* se-
lectivity of MIL-53-NH,-M-2 were 121.42 and 93.81, re-
spectively. In particular, the selectivity of the MIL-53-NH,-M-
2 membrane is more than twenty times that of the MIL-53-
NH,-M-S membrane.

2.3 Water desalination performance

Considering the extremely low cation permeation rates of the
fabricated MIL-53(Al)-NH, membranes, we further selected a
simple water desalination experiment to investigate the per-
meation rates of salt (i.e., 1 mol-L"' NaCl) and water for the
membranes (Fig. 5a). For the AAO substrate, the pore size
(90 nm*10 nm) is much larger than the size of the molecules,
leading to the optional transport of water and salt molecules
through the substrate. As a result, the concentration differ-
ence between the feed side and the draw side decreases, and
the water migration slows, resulting in a low water/salt
selectivity of 22.24. For MIL-53(Al)-NH, membranes, al-
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though the growth time of the MIL-53(Al)-NH, layer is quite
short, the resulting MOF membranes composed of high-
connectivity MOF crystals show excellent desalination per-
formance. As the diameter of a water molecule (2.80 A) is
much smaller than that of a hydrated ion, water molecules can
pass through breezily, whereas salt molecules are rejected by
MOF channels with an aperture size of 7 A"***). The water
and salt molecule fluxes for the studied membranes gradually
increased with increasing growth time. Therefore, the MIL-53-
NH,-M-2 membrane exhibited an ultrahigh water/salt se-
lectivity of up to 5196. This water/NaCl separation perform-
ance also exceeds those of most reported membranes
(Flg SC)[]Z,Z(!A]ﬂH].

3 Materials and methods

3.1

Aluminum (III) nitrate nonahydrate (AI(NO;);'9H,0) was
purchased from Shanghai Energy Chemical Co., Ltd. (Shang-
hai, China). 2-Aminoterephtalic acid (2-NH,-BDC) was ob-

Materials
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Fig. 5. Desalination performance of MIL-53(Al)-NH, membranes. (a) The homemade U-cell device for the tests of desalination performance. (b) The
flux and selectivity of the AAO substrate and MIL-53(Al)-NH, membranes. (¢) Comparison of MIL-53-NH,-M-2 membranes with state-of-the-art mem-
branes reported for water/NaCl separation in terms of permeance versus selectivity.

tained from TCI Development Co., Ltd. (Shanghai, China).
N,N-dimethylformamide (DMF, 99.5%), acetic acid
(CH;COOH, 99.5%), ethanol (C,HsOH, 99.7%), NaCl, LiCl,
CaCl,, and MgCl, were of analytical grade and obtained from
China National Pharmaceutical Group Industry Co. Ltd.
(Beijing, China). All reagents and solvents were commer-
cially available and used as received. Deionized (DI) water
was used throughout the experiments.

Anodic alumina oxide (AAO, Hefei Pu-Yuan Nano Tech-
nology Ltd.) disks were used as substrates to support the MIL-
53(Al)-NH, membranes.

3.2 Fabrication of the MIL-53(Al)-NH, membrane

3.2.1 The seeding preparation

An AAO substrate with a pore size of 90 nm+10 nm and a
diameter of 25 mm was pretreated with 2-NH,-BDC to grow
a seed layer. First, 0.3 g of 2-NH,-BDC, 80 mL of water, and
0.5 mL of CH;COOH were added to a vial and stirred vigor-
ously. Then, the solution was transferred into a Teflon vial
containing an AAO substrate that was fixed on a self-
designed Teflon holder vertically. The entire Teflon device
was immersed in the reaction solution. The vial was sealed
for pretreatment at 130 °C for 30 min and then cooled to
room temperature. The obtained membrane was named MIL-
53-NH,-M-S.

3.2.2 The second growth for the fabrication of the MIL-
53(Al)-NH, membrane

The Teflon device with the AAO substrate was removed from
the pretreatment solution in step 1. AI(NO;);-9H,0 (1.0 g)
and 2-NH,-BDC (0.3 g) were added to 80 mL of water. The
solution was stirred and poured into another Teflon vial. The
Teflon device with the AAO substrate was immersed in the
solution. After 30 min/60 min at 80 °C, the membrane was re-
moved after the solution cooled to room temperature. The
MIL-53(Al)-NH, membrane was washed with ethanol 3 times
and then stored in ethanol before use. Here, MIL-53(Al)-NH,
membranes grown for 30 min and 60 min were named MIL-
53-NH,-M-1 and MIL-53-NH,-M-2, respectively.

3.3 Fabrication of MIL-53(Al)-NH, powders

AI(NO;);-9H,0 (1.0 g), 2-NH,-BDC (0.3 g), and water (80
mL) were added to a Teflon vial. Then, the mixture was
heated at 80 °C for 30 min/60 min in an oven. The MIL-
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53(Al)-NH, powders were collected via centrifugation and al-
ternately washed with DMF and ethanol six times. The ob-
tained powders were dried at 80 °C for 12 h. Here, the MIL-
53(Al)-NH, powders synthesized for 30 min and 60 min were
named MIL-53-NH,-P-1 and MIL-53-NH,-P-2, respectively.

3.4 MIL-53(Al)-NH, membrane characterization

3.4.1 Membrane structure characterization

Surface and cross-sectional images of the MIL-53(Al)-NH,
membranes were obtained using field-emission scanning elec-
tron microscopy (SEM, Gemini500, Germany). The chemical
structure of the MIL-53(Al)-NH, membranes was studied us-
ing a Fourier transform infrared spectrometer in attenuated
total reflectance mode (FTIR-ATR, Thermo Nicolet FTIR
spectrometer, USA).

3.4.2 Measurement of Na*/Ca* and Li*/Mg* separation
performance under a concentration gradient

The ion separation performances of the AAO substrates MIL-
53-NH,-M-S, MIL-53-NH,-M-1, and MIL-53-NH,-M-2 were
measured using a U-cell device (Fig. 4a) under a concentra-
tion gradient. The test membrane was mounted on the middle
of the device, which separated the feed chamber and per-
meate chamber. Notably, the MOF layer side faced the feed
chamber. In the feed chamber, the electrolyte solution (1
mol-L* NaCl, LiCl, CaCl,, or MgCl,) was used as the initial
solution. Then, DI water was added to the permeate chamber.
For MIL-53-NH,-M-S and MIL-53-NH,-M-1, the tests lasted
for 30 min. For MIL-53-NH,-M-2, the tests were extended to
1 h-3 h because of its extremely low ion permeation rates.
After each test, the samples were drawn from the permeate
chamber for inductively coupled plasma—optical emission
spectrometry (ICP—-OES, iCAP 7400) analysis to determine
the ion concentration. Then, the device was thoroughly
washed with DI water 3 times for 10 min each. The effective
membrane area (4,,) was 1.13 cm®. For each test, the samples
were tested at least 3 times to obtain the average value.

The ion permeation rate (Jy.-, mol'm™+h™") was measured
by the ion concentration change in the permeation chamber
and was calculated as follows:

(C,—Cy-V

e = —— 1
Jo = EET M

m
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where C, and C, represent the molar concentrations (mol-L™)
of the ion (V") in the permeate chamber at the beginning (¢ =
0 h) and the end (¢ = 1 h), respectively. V is the volume of
solution in the permeate chamber (15 mL).

The ideal ion selectivity of the membrane was calculated
by the following equation:

S
b
-

S e jpee = 2)
where Jy- is the permeation rate of monovalent cations (Na*
or Li*) and Jj» is the permeation rate of divalent cations (Ca*
or Mg*¥).

3.4.3 Measurement of desalination performance under a
concentration gradient

The desalination performances of the AAO substrates MIL-53-
NH,-M-S, MIL-53-NH,-M-1, and MIL-53-NH,-M-2 were
measured using the same device used for the ion separation
measurements. The test membrane was installed to separate
the feed side and draw side (Fig. 5a). Notably, the MOF layer
faced the draw side. Fifteen milliliters of DI water was used
as the feed solution on the feed side, and the electrolyte solu-
tion (i.e., 15 mL of 1 mol-L' NaCl) was used as the initial
draw solution. The experiment was carried out for 5 h for
each membrane. After each test, all the liquid in the feed solu-
tion was drawn from the feed side for weighing, and part of
the liquid was collected for inductively coupled plasma—
optical emission spectrometry (ICP-OES, iCAP 7400) ana-
lysis. Then, the device was thoroughly washed with DI water
3 times for 10 min each. The effective membrane area (4,,)
was 1.13 cm’.

The water (J,, mol'm~+h™) and salt permeation rates (J;,
mol-m™+h™") were calculated as follows:

p-AV
Jy= ——, 3
TS 3)
C1V1_COV0
J=— 4
) A, -t )

where p(g-L™) is the density of water, AV (mL) is the volume
change on the feed side, and C, (mol-L™") and C, (mol-L™") are
the initial and final salt concentrations on the feed side at the
beginning (¢ = 0 h) and the end (¢t = 5 h), respectively. V
(mL) and ¥, (mL) are the initial and final volumes of DI wa-
ter, respectively. M,, (g-mol™) is the molecular weight of wa-
ter.

4 Conclusions

In summary, MIL-53(Al)-NH, membranes with angstrom-
scale (~7 A) channels for ion selective transport were fabric-
ated by a simple and fast secondary growth method. Such
membranes containing intrinsic angstrom-scale channels al-
low the entry of smaller monovalent ions and molecules, des-
pite the dense growth of MIL-53(Al)-NH, on the support. For
example, Na“ and Li* can pass through the MOF layer 2
orders of magnitude faster than other slightly larger ions (i.e.,
Ca* and Mg”¥), playing a regulatory role in cation selectivity.
Therefore, the resultant MIL-53(Al)-NH, membranes show
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high selectivities of 121.42 and 93.81 for Na'/Mg* and
Li*/Mg¥, respectively. Additional desalination experiments
showed excellent water/salt selectivity up to 5196. This work
confirms that MOFs facilitate further implementation of these
ion and molecular separation processes and may stimulate the
research and development of MOF-based membranes.
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