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Abstract

Monovalent cation permselective membranes (MCPMSs) are highly desirable for the extraction of LiT and Nat ions from earth-
abundant sources, such as salt lakes and seawater. Metal-organic frameworks (MOF's) are promising functional nanomaterials
with excellent potential for ion separation technologies owing to their regular structure and tunable pore sizes. However, the
successful use of MOF's in ion separation membranes is still challenging owing to the numerous difficulties in preparing ultrathin
and defect-free MOF membranes. Here, we proposed a facile post-synthetic method for the preparation of UiO-66(Zr/Ti)-
NH> and subsequently immobilized UiO-66(Zr/Ti)-NHs in an ultrathin polyamide layer (7100 nm). The resulting thin-film
nanocomposite membranes presented high monovalent cation permeation and excellent selectivity for mono-/di-valent cations.
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1. Introduction

The efficient extraction and permselective separation of valuable metal cations, such as Lit and Nat, from
salt lakes and seawater are critical aspects in membrane research and should be promptly addressed.! 2
Recently, monovalent cation permselective membranes (MCPMs) have been widely investigated for cation



separation owing to their facile scalability and low energy consumption. Changing the electrostatic repulsive
forces via the surface modification of the cation exchange membranes is the most common approach used
to fabricate efficient MCPMs. *However, the complex surface modification methods and poor long-term
stability of the deposited surface layers are drawbacks of MCPMs. In addition, the ion separation perfor-
mance of MCPMs is hindered by the tradeoff between ion permeation and permselectivity. Another feasible
approach for achieving high permeation and permselectivity is the incorporation of nanopores in membrane
matrices to facilitate ion sieving.>» ® However, the pores generated using traditional chemical reactions, such
as chemical crosslinking”and acid-base reactions®, or crystallinity adjustments® are typically not uniform,
and thus, inhibit the improvements in ion permeation and permselectivity. The shortcomings of the current
MCPMs have dictated the need for more facile methods for the fabrication of high-performance permselec-
tive membranes. Such methods should facilitate both the size-sieving and ion-charge separation mechanisms,
which are governed by the pore geometry and electrostatic forces, respectively, for fast ion permeation and
high membrane permselectivity.'%-12

Metal-organic frameworks (MOFs), a class of porous crystalline materials that consist of metal ions or
clusters connected with organic ligands, present great potential for ion separation owing to their well-ordered
and subnanometer-sized pores.'?1> However, the applications of MOFs for membranes, and in particular for
ion separation, are limited owing to several challenges, including the preparation of ultrathin and defect-free
MOF membranes.'®: 17 Nevertheless, several researchers have described the deposition of phase-pure MOFs
on inorganic substrates or porous polymer supports and have reported fabricating membranes with good
ion separation performance.'82? However, the complexity of the fabrication process of phase-pure MOF
membranes and quick propagation of cracks owing to their brittleness limit their large-scale applications.??
Moreover, the poor compatibility between MOFs and their polymer supports further induced unavoidable
intrinsic instability in MOF-containing membranes.?4-27

Given all the drawbacks of MCPMs and concerns associated with the use of MOF's for membranes, we hereby
proposed a facile method for the fabrication of efficient and durable MCPMs using UiO-66(Zr)-NHy and a
polyamide (PA) layer. We selected UiO-66(Zr)-NHy owing to its high water stability and tunable angstrom-
scale pore size, which matches the diameters of the hydrated Li* (0.76 nm), Na* (0.72 nm), and Mg?* (0.86
nm) ions well.2®Hydrolyzed polyacrylonitrile (HPAN) was used as the substrate owing to its negligible ion
transport resistance.?? In this study, UiO-66(Zr)-NH, nanoparticles were prepared by reacting zirconium (IV)
chloride (ZrCly) with 2-aminoterephthalic acid (2-NH,-BDC). Subsequently, a fraction of the Zr**t ions in
UiO-66(Zr)-NH, was replaced with Ti**ions, which neutralized some of the positive charge and introduced
a negative charge in the porous framework of UiO-66(Zr)-NHs. The obtained product will hereafter be
denoted as UiO-66(Zr/Ti)-NH;. The facile post-synthetic method could promote the fast transportation of
ions through the pores of UiO-66(Zr/Ti)-NH,. Following interfacial polymerization (IP), the acyl chloride
groups of trimesoyl chloride (TMC) reacted with UiO-66(Zr/Ti)-NHy and diethylenetriamine (DETA), as
illustrated in Scheme la (where we used UiO-66(Zr)-NHy as an example), and produced a uniform polyamide
layer that contained embedded MOF nanoparticles (Scheme 1b). Briefly, the prepared ultra-thin (7100 nm)
MOF surface layers that contained ion transfer channels could simultaneously increase cation permeation and
selectivity, and thus, circumvented the tradeoff between ion permeation and permselectivity. The proposed
metal ion replacement strategy could further guide the membrane design and facilitate charge regulation for
the subnanometer-sized pores of many MOFs that could be used for MOF-containing membranes for ion
separation purposes. The method proposed for the fabrication of thin-film nanocomposite (TFN) membranes
is described below. Moreover, the electrochemical properties and separation performance of the membranes
were analyzed in detail, and were further compared with those of the commercial CSO membrane.
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Scheme 1. (a) Reaction sequence for the synthesis of UiO-66(Zr)-NH, and trimesoyl chloride
(TMCQC)-functionalized UiO-66(Zr)-NH, nanoparticles. (b) Schematic diagram for the fabrica-
tion ofthin-film nanocomposite (TFN) membranes via the covalent bonding between metal—
organic frameworks (MOFs) and TMC (UiO-66(Zr)-NH, was used as an example of MOF).
Here 2-NH,;-BDC, DMF, PAN, HPAN, DETA, and IP denote 2-aminoterephthalic acid, N,N-
dimethylformamide, polyacrylonitrile, hydrolyzed polyacrylonitrile, diethylenetriamine, and
interfacial polymerization, respectively.

2. Experiments and Methods
2.1. Materials

ZrCly (98%) and 2-NHo-BDC (98%) were purchased from Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China). TMC (98%) was purchased from Shanghai Energy Chemical Co., Ltd. (Shanghai,
China). N,N-Dimethylformamide (DMF, 99.5%), hydrochloric acid (HCI, 36.0%), ethanol (CoH50H, 99.7%),
trichloromethane (CHCls, 99.0%), titanium (III) chloride (TiCls), DETA (CP), anhydrousn -hexane (97%),
and analytical grade NaCl, LiCl, and MgCl, were obtained from China National Pharmaceutical Group
Industry Co., Ltd. (Beijing, China). All reagents and solvents were used as received, without further
purification. Deionized (DI) water was used throughout the experiments.

A Neosepta AMX (Tokuyama Co., Japan) anion exchange membrane and a Selemion CSO (AGC Engineering
Co., Japan) MCPM were used for electrodialysis (ED) experiments. Porous polyacrylonitrile (PAN), which
was used as membrane substrate, was obtained from Guo Chu Technology Co., Ltd. (China).

2.2. Preparation of MOF nanoparticles
2.2.1. Preparation of UiO-66(Zr)-NH-

ZrCly (0.5 g) and 2-NH2-BDC (0.536 g) were dissolved in DMF (60 mL), and then, concentrated HCI (percent
assay of "36.0%) (4 mL) was added to the solution. The mixture was sonicated for 20 min to fully dissolve
all reagents and was subsequently heated at 80 °C for 24 h in an oven. The UiO-66(Zr)-NHs powder was
collected via centrifugation and was alternately washed with DMF and CHCls three times. The obtained
nanoparticles were dried at 80 °C for 12 h.

2.2.2. Preparation of UiO-66(Zr/Ti)-NH

The as-prepared UiO-66(Zr)-NHz nanoparticles (0.09 g) were dispersed in DMF (60 mL) in an Al-wrapped
vessel. Afterward, TiCls (6.79 g) was added to the vessel and the mixture was heated at 85 °C under vacuum



for five days. The resulting UiO-66(Zr/Ti)-NHs powder was alternately washed with DMF and CHCl; three

times.

For comparison, we used Ti** (TiClysolution) to exchange Zr**, and the prepared MOF was denoted UiO-
66(Zr/Ti)-NHy-Ti*t .

2.2.3. Preparation of TMC-UiO-66(Zr)-NH,

Ui0-66(Zr)-NHy powder (0.1 g) was added to 100 mL 0.1% (w/v) of a TMC/n -hexane solution, and the
mixture was allowed to react for 60 min. Subsequently, the mixture was centrifuged, the powder was immersed
in CoH5;OH, and the system was magnetically stirred for 2 h. These steps were repeated three times to fully

wash the residual impurities. The resulting powder was collected, dried at 80 °C for 12 h, and was further
tested to confirm that TMC reacted with UiO-66(Zr)-NHs.

2.3. Membrane preparation
2.3.1. HPAN membrane preparation

The PAN membranes were hydrolyzed by immersing them in a 1 M NaOH solution for 2 h followed by
immersing them in a 1 M HCI solution for 12 h to acidify PAN. During the acidification process, the
sodium carboxylate groups transformed into carboxylic acid groups. The hydrolyzed and acidified PAN
membranes will be henceforth denoted as HPAN membranes. Subsequently, the prepared HPAN membranes
were thoroughly washed with DI water.

2.3.2. Preparation of thin-film composite and nanocomposite membranes

All thin composite films on the HPAN membrane surface were obtainedin situ using an interfacial polymeri-
zation route, as presented in Scheme 1. First, the HPAN membranes were immersed in a 1.0% (w/v) DETA
aqueous solution. After 30 min, the membranes were pulled out of the solution and the excess DETA solution
on them was removed using a rubber roller. Subsequently, UiO-66(Zr/Ti)-NHs powder was dispersed in a
0.1% (w/v) solution of TMC in n -hexane via ultrasonication for 1 h at 25 °C and was poured onto the sur-
face of the amine-saturated HPAN substrate to react for 3 min. The obtained UiO-66(Zr/Ti)-NHs-containing
TEFN membrane was denoted as TFN-(Zr/Ti) membrane. We fabricated TFN-(Zr/Ti)-1 and TFN-(Zr/Ti)-2
membranes with UiO-66(Zr/Ti)-NHy loadings of 0.01% and 0.03% (w/v) in 50 mL of n -hexane solution,
respectively. For comparison, we also prepared thin-film composite (TFC) membranes that did not contain
MOF nanoparticles and TFN-(Zr) membranes with UiO-66(Zr)-NHs nanoparticles. Using the same strategy,
we fabricated TFN-(Zr)-1 and TFN-(Zr)-2 membranes with UiO-66(Zr)-NHs nanoparticle loadings of 0.01%
and 0.03% (w/v), respectively. All MOF-based membranes were dried and subsequently stored in DI water
for further use.

2.4. Characterization of MOF nanoparticles
2.4.1. Characterization ofUiO-66(Zr)-NHzand UiO-66(Zr/Ti)-NH

The morphology of the UiO-66(Zr)-NHy and UiO-66(Zr/Ti)-NHy nanoparticles was analyzed using a Gemini
500 (Zeiss, Germany) scanning electron microscopy SEM instrument. A Nicolet Fourier-transform infrared
FTIR spectrometer (Thermo Scientific, USA) was used to analyze the chemical structure of the nanoparticles.
A TTR-IIT (Rigaku, Japan) X-ray diffraction (XRD) apparatus was used to obtain the XRD profiles of the
samples. Synchrotron radiation photoelectron spectroscopy (SRPES) measurements were performed at the
photoemission end-station of the BL10B beamline at the National Synchrotron Radiation Laboratory (Hefei,
China). The Ny adsorption—desorption isotherms of the nanoparticles were obtained using an Autosorb iQ
(Quantachrome, USA) gas sorption analyzer at 77 K. Before testing, approximately 100 mg of MOF samples
were activated via heating at 150 °C for 5 h under high vacuum. The zeta potentials of the nanoparticles
were determined using a Zetasizer Nano ZS90 (Malvern, UK) device in DI water at pH 7.0.

The metal content (Zr, Ti) of the UiO-66(Zr/Ti)-NHysamples was determined using an Optima 7300DV
(Perkin Elmer, USA) inductively coupled plasma-optical emission spectrometry (ICP-OES) system. Before



ICP-OES analysis, the nanoparticle samples were digested using a hydrofluoric acid solution and diluted
with DI water.

2.4.2. Characterization of TMC-UiO-66(Zr)-NH-

A Nicolet FTIR spectrometer (Thermo Scientific, USA) was used to analyze the chemical structure of TMC-
UiO-66(Zr)-NHs. The XRD spectra of the TMC-UiO-66(Zr)-NH, samples were obtained using a TTR-III
(Rigaku, Tokyo, Japan) X-ray diffractometer. The elemental and chemical compositions of the TMC-UiO-
66(Zr)-NHy samples were analyzed using an ESCALAB250 (Thermo Scientific, USA) X-ray photoelectron
spectroscopy (XPS) instrument, and a 400 MHz (Bruker, Germany) proton nuclear magnetic resonance (‘H
NMR) spectrometer, respectively.

2.5. Characterization of membranes
2.5.1. Characterization of membrane structure

The morphology of the membrane surfaces was characterized using a Gemini500 (Zeiss, Germany) SEM
instrument. The cross-sectional morphology of the membranes was analyzed using a SU8220 (Hitachi, Ja-
pan) SEM apparatus. The chemical structure of the thin surface layers was studied using a Nicolet FTIR
(Thermo Scientific, USA) spectrometer in attenuated total reflectance (ATR) mode. The cross-sections of the
TFN-(Zr/Ti) membranes were further investigated using a JEM-2010 (JEOL, Japan) transmission electron
microscopy (TEM) device. To prepare the membrane samples for TEM analysis, we embedded them in E44
epoxy resin. Subsequently, 100 nm thick sections of the membranes that were cut using an EM UC7 (Leica,
Germany) ultramicrotome were transferred to a TEM grid. The roughness of the membrane surfaces was
measured using a MultiMode V (Veeco, USA) atomic force microscopy (AFM) instrument.

2.5.2. Zeta potential measurements

The zeta potentials of the prepared membranes were measured using a SurPASS (Anton Paar Trading Co.,
China) electrokinetic instrument. Measurements were performed in the pH range of 3.0-7.0 in 1 mM aqueous
KCl solution.

2.5.3. Current—voltage curves

The details of the method used to obtain the current—voltage (I-V) characteristic curves of the membranes
are described in our previous paper. 2® Briefly, first, the membranes were equilibrated in the test solution
for 24 h. All membranes were characterized using 0.5 M NaCl and 0.3 M NaySO, solutions as the test and
electrode rinsing solutions, respectively. The test cell was connected to a HSPY-120-01 (Hanshengpuyuan
Technology Co. Ltd., China) DC power supply via two Ti-coated ruthenium oxide electrodes. The current
was incrementally increased and the changes in trans-membrane potential were recorded periodically (every
30-40 s) using a multimeter connected to Ag/AgCl electrodes.

2.5.4. Permselectivity measurements

The details of the ED performance of the membranes are described in our previous paper. 2?2 Briefly, ED
experiments were performed at a current density of 10 mA cm™2. The selective layer faced the diluted
chamber. First, 100 mL of 0.3 M NaySO, solution, 100 mL of a solution that contained 0.1 M NaCl (or 0.1
M LiCl) and 0.1 M MgCly, and 200 mL of a 0.01 M KCI solution were added to the electrode compartments,
diluted chamber, and concentrated chamber, respectively. All solutions were circulated at flow rates of 86
mL min ! using peristaltic pumps. The ED tests were performed for 1 h. Samples were collected from the

concentrated chamber for further analysis, and their ion concentrations were measured using ICP-OES.

Ton permeation through membranes (Jyn+, mol cm™ s), which measures the changes in the concentration
of ions in the concentrated chamber, was calculated as follows:

JN71+ = 7(Ct ,chs)t. V, (1)



where Cy and C; are the molar concentrations (M) of the ions (N**) in the concentrated chamber at the
beginning (t = 0 min) and end (t = 60 min), respectively, of the ED test, V is the volume of solution in the
concentrated chamber (200 mL), and A,, is the effective surface area of the membrane (7.07 cm?).

The permselectivity was calculated using the following equation:

Jy+ ® Cphot (2)

PIWJF/D%— - Jp2+ ® Uy’

where Jy;+ and Jp2+ (mol ecm™s!) are the permeations of monovalent and divalent cations, respectively,
through the membrane after 60 min of testing andCj;+ and Cpz+ (M) are the average concentrations of
monovalent (LiT or Nat) and divalent (Mg?") cations in the diluted chamber, respectively.

In this study, three sets of membranes were tested, and their separation performances were calculated as
arithmetic averages. The testing device was thoroughly washed with DI water for 30 min after each test.

3. Results and discussion
3.1. Characterization of UiO-66(Zr)-NH, andUiO-66(Zr/Ti)-NH,

The water stability of UiO-66(Zr)-NHy was tested by soaking its powder in water, and the XRD results
confirmed the excellent stability of UiO-66(Zr)-NHz (Supporting Information, Figure S1). UiO-66(Zr/Ti)-
NH, nanoparticles were produced via the post-synthetic exchange of Zr** ions with Ti** ions using a TiCls
solution. The SEM micrographs of UiO-66(Zr)-NHy and UiO-66(Zr/Ti)-NHy(Figures 1la and b, respectively)
revealed that the size of their particles was approximately 60 nm. However, the post-synthetic ion exchange
process rendered the surface of the UiO-66(Zr/Ti)-NHyparticles relatively rough. The XRD patterns of UiO-
66(Zr)-NHz and UiO-66(Zr/Ti)-NH; (Figure 1c) presented sharp and intense diffraction peaks without visible
peak shifting, which confirmed the highly crystalline structure of the UiO-66(Zr)-NHsand UiO-66(Zr/Ti)-
NH; nanoparticles. However, the intensities of the XRD peaks of UiO-66(Zr/Ti)-NHy were lower than those
of UiO-66(Zr)-NH,, which indicated the formation of defects during the post-synthetic process.’® FTIR
spectra were used to analyze the structure of the UiO-66(Zr)-NH, and UiO-66(Zr/Ti)-NHsnanoparticles.
The negligible shifts of the characteristic FTIR peaks indicated that the post-synthetic process did not
change the chemical structure of UiO-66(Zr)-NHy (Supporting Information, Figure S2). The Ny adsorption—
desorption isotherms (Figure 1d) indicated that the specific area of the nanoparticles increased from 764
m? gt for UiO-66(Zr)-NHy to 1168 m2g™! for UiO-66(Zr/Ti)-NH,, which further confirmed the changes in
the properties of the MOF nanoparticles after the post-synthetic process. The pore size distributions of the
Ui0-66(Zr)-NHy and UiO-66(Zr/Ti)-NHsonanoparticles were calculated from the Noadsorption—desorption
isotherms using the Saito—Foley (SF) and DFT models, and the results revealed the presence of inherent
pores with sizes in the rage of 7-11 A in the MOF nanoparticles (Supporting Information, Figures S3 and
S4, respectively). This pore size distribution enabled the facile permeation and sieving of the Na*t, LiT,
and Mg?" ions, which presented hydrated diameters of 7.2, 7.6, and 8.6 A, respectively.?® The analysis of
the SRPES profiles of the samples provided critical details on the post-synthetic process of the UiO-66(Zr)-
NHsnanoparticles, such as the suppression of the Zr peak and emergence of the Ti peak (Figure le), which
implied the successful replacement of Zr** ions with Ti** ions in UiO-66(Zr/Ti)-NHz. To analyze the XPS
profiles of the nanoparticles, we used Ti*t ions to exchange a fraction of the Zr*t ions in UiO-66(Zr)-
NH, using the same post-synthesis process (Supporting Information, Figure S5). The 458.5 and 464.3 eV
peaks in the Ti 2p XPS profile of UiO-66(Zr/Ti)-NHa-Ti'T were ascribed to Tit 2p3/2 and Ti4t 2p3/2,
respectively, (Supporting Information, Figure S5b). The SRPES profiles of UiO-66(Zr/Ti)-NHy in the Ti
2p region shows two new peaks at 457.8 eV and 463.6 eV, corresponding to T13+2p3/2 and Ti3* 2p3/2,
respectively, revealing the coexistence of the Ti3Tand Ti**ions in the structure of UiO-66(Zr/Ti)-NHsy, and
that was ascribed to the oxidation of TiCls to TiCly in air (Figure 1f). These results indicated the successful
replacement of Zr** ions with Ti** ions in UiO-66(Zr/Ti)-NHy. Furthermore, the Ti** /Ti** molar ratio
of UiO-66(Zr/Ti)-NHs was determined to be approximately 6:5. In addition, the post-synthetic process was
monitored using ICP-OES,?! and the results indicated that the Ti/Zr molar ratio of UiO-66(Zr/Ti)-NH,
was 9:4. Moreover, the zeta potentials of the UiO-66(Zr)-NHy and UiO-66(Zr/Ti)-NHy nanoparticles were
tested (Supporting Information, Table S1). The decrease in zeta potential from 42.5 for UiO-66(Zr)-NHs to



31.5 for UiO-66(Zr/Ti)-NHz confirmed the exchange of Zr** ions with Ti** ions and successful conversion
of UiO-66(Zr)-NHy into UiO-66(Zr/Ti)-NHs.
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Figure 1. Scanning electron micrographs of the (a)UiO-66(Zr)-NHzand (b)UiO-66(Zr/Ti)-
NHznanoparticles. (c) X-ray diffraction patterns of UiO-66(Zr)-NH. and UiO-66(Zr/Ti)-NH,.
(d) N2 adsorption—desorption isotherms of UiO-66(Zr)-NH, and UiO-66(Zr/Ti)-NH,. (e) X-
ray photoelectron spectroscopy (XPS) patterns of UiO-66(Zr)-NH. and UiO-66(Zr/Ti)-NHa,.
(f) Ti 2p XPSspectra of UiO-66(Zr/Ti)-NHs,.

3.2. Reaction between TMC and UiO-66(Zr)-NH,

When UiO-66(Zr)-NH; was mixed with TMC in n -hexane solution, covalent bonds formed between the
amino groups of UiO-66(Zr)-NH, and acyl chloride groups of TMC.3%34 These bonds led to the formation
of a uniform and sturdy surface layer that contained MOF nanoparticles affixed in the polyamide matrix.
The formed covalent bonds were identified in the XPS profiles of TMC-UiO-66(Zr)-NHy (Figure 2). The
peaks at 284.8, 286.5, and 288.7 eV in the C 1s XPS profile of UiO-66(Zr)-NHy corresponded to the C-C,
C-N, and O=C-0 bonds, respectively (Figure 2a).3?' 33 The intensity of the characteristic peak of the C-N
bond in the XPS spectra of TMC-UiO-66(Zr)-NH, was significantly higher than that in the XPS spectra of
Ui0-66(Zr)-NH, (Figure 2b). This indicated the formation of C-N bonds during the reaction of UiO-66(Zr)-
NH, with TMC. The N 1s XPS profile of UiO-66(Zr)-NH, presented a single peak at 399.5 eV, which was



ascribed to the -NHy groups (Figure 2c). By contrast, an additional peak at 401.5 eV was observed in the
N 1s spectra of TMC-UiO-66(Zr)-NH,, and that further confirmed the formation of O=C-N bonds during
the reaction of UiO-66(Zr)-NHy with TMC (Figure 2d). The presence of the new peak at 1730 cm™ in the
FTIR spectrum of TMC-UiO-66(Zr)-NH; (Supporting Information, Figure S6a) also indicated the formation
of covalent bonds between UiO-66(Zr)-NHy and TMC. Furthermore, the positions of the peaks in the XRD
spectra of TMC-UiO-66(Zr)-NHy and UiO-66(Zr)-NHy did not change significantly, which indicated the
negligible effect of the reaction on the crystal structure of UiO-66(Zr)-NHy (Supporting Information, Figure
S6b). The 'H NMR spectrum further confirmed that a reaction occurred between TMC and UiO-66(Zr)-NHa
(Supporting Information, Scheme S1 and Figure S7). The covalent bonds that formed during the reaction
tightened the interaction between UiO-66(Zr)-NHs and interfacial polymer layer.
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Figure 2. (a) and (b) C 1s and (c) and (d) N 1s X-ray photoelectron spectroscopy profiles of
UiO-66(Zr)-NH,; and TMC-UiO-66(Zr)-NH,, respectively.

3.3. Fabrication of the polyamide layer on the HPAN substrate

The surface and cross-sectional SEM images of the pristine HPAN porous substrate (Supporting Information,
Figures S8a and b, respectively) revealed that the pores were uniformly distributed on the flat HPAN surface.
In contrast, a continuous polyamide layer fully covered the HPAN substrate after the IP reaction (Support-
ing Information, Figures S8c¢ and d) and formed TFC membranes. The SEM images of the TFN-(Zr)-1,
TFN-(Zr/Ti)-1, TFN-(Zr)-2, and TFN-(Zr/Ti)-2 membrane surfaces (Figures 3a, b, ¢, and d, respectively)
revealed their uniform morphology over large surface areas. Furthermore, the magnified SEM images of the
membrane surfaces illustrated the uniform distribution of the ridge-and-valley structures of the nanocom-
posite membranes (Figures 3e-h). In addition, the formation of edges and corners within the surface MOF
layers, which were caused by the crystal structure of the MOF particles, could be observed on the surfaces
of the aforementioned membranes. The SEM cross-sectional images further illustrated the inverse relation-
ship between the MOF loading and surface layer thickness, and revealed that the 100-200 nm MOF-loaded



nanocomposite layers (Figures 3i-1) were much thinner than the 250 nm pristine polyamide surface layers
of the TFC membranes (Supporting Information, Figure S5d). The thickness of the surface layer decreased
with increasing MOF loading (approximately 200 nm for the TFN-(Zr)-1 and TFN-(Zr/Ti)-1 membranes
and approximately 100 nm for the TFN-(Zr)-2 and TFN-(Zr/Ti)-2 membranes). This suggested that the
presence of the UiO-66(Zr)-NHznanoparticles in the structure of the membranes hindered the diffusion of
aqueous DETA toward the substrate, and thus, decreased the rate of the IP reaction.! The structure of
the TFN-(Zr/Ti)-2 membrane with optimized UiO-66(Zr/Ti)-NHsloading was further analyzed using TEM.
The results were in agreement with the cross-sectional SEM image in Figure 31 and further confirmed the
presence of the UiO-66(Zr/Ti)-NHy nanoparticles (Supporting Information, dark regions in Figure S9) in
the structure of the membrane.
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Figure 3. (a)-(d) Scanning electron microscopy (SEM) surface images, (e)-(h) magnified SEM
surface images, and (i)-(1) cross-sectional SEM images of the metal-organic framework mem-
branes in this study. Here TFN-(Zr)-1 and TFN-(Zr)-2 denote thin-film nanocomposite mem-
branes with UiO-66(Zr)-NH; loadings of 0.01% and 0.03% (w/v) in 50 mL of n-hexane so-
lution, respectively, and TFN-(Zr/Ti)-1 and TFN-(Zr/Ti)-2 denote thin-film nanocomposite
membranes with UiO-66(Zr/Ti)-NH, loadings of 0.01% and 0.03% (w/v) in 50 mL of n-hexane
solution, respectively.

In addition, the AFM morphology images of the aforementioned TFC and TFN membranes were obtained
to visualize more topographic details and the measured surface roughness values, viz. their mean (Ra)
and root mean square (RMS, Rq) roughness (Figure 4, Table 1, and Supporting Information, Figure S10).
We determined that the Ra values of the TFN membranes were higher than those of the pristine TFC
membrane (Ra = £25.4).3> Moreover, as the MOF nanoparticle loading increased, the Ra and Rq values of
the TFN membranes decreased significantly, and that was attributed to the increase in the number of MOF
nanoparticles that filled the ridge-and-valley structures. Furthermore, for the same MOF loading, the Ra and
Rq values of the TFN-(Zr) membranes were relatively higher than those of the TFN-(Zr/Ti) membranes.
That could be attributed to the surface of the UiO-66(Zr/Ti)-NHsy nanoparticles being relatively rougher
than that of the UiO-66(Zr)-NH; nanoparticles (Figure 1b). The increase in surface roughness after the
incorporation of the MOF nanoparticles into membranes was highly beneficial and increased the exposed
surface area for effective ion permeation.?5-3® Thus, the precisely controlled symmetrical ridge-and-valley
morphology and high surface roughness of the fabricated MOF membranes confirmed the merits of the
adopted membrane fabrication strategy.



Figure 4.(a)-(d) Two- and (e)-(h) three-dimensional topographic atomic force microscopy im-
ages of the metal-organic framework-containing membranes in this study. Here TFN-(Zr)-1
and TFN-(Zr)-2 denote thin-film nanocomposite membranes with UiO-66(Zr)-NH, loadings of
0.01% and 0.03% (w/v) in 50 mL of n-hexane solution, respectively, and TFN-(Zr/Ti)-1 and
TFN-(Zr/Ti)-2 denote thin-film nanocomposite membranes with UiO-66(Zr/Ti)-NH, loadings
of 0.01% and 0.03% (w/v) in 50 mL of n-hexane solution, respectively.

Table 1. Mean (Ra) and root mean square (Rq) roughness values of the membranes in this
study. Here TFC denotes thin-film composite membrane, TFN-(Zr)-1 and TFN-(Zr)-2 denote
thin-film nanocomposite membranes with Ui0Q-66(Zr)-NH; loadings of 0.01% and 0.03% (w/v)
in 50 mL of n-hexane solution, respectively, and TFN-(Zr/Ti)-1 and TFN-(Zr/Ti)-2 denote
thin-film nanocomposite membranes with UiO-66(Zr/Ti)-NH, loadings of 0.01% and 0.03%
(w/v) in 50 mL of n-hexane solution, respectively.

Membrane Ra (nm) Rq (nm)
TFC 254 31.6
TFN-(Zr)-1 34.5 42.5
TFN-(Zr/Ti)-1 37.1 45.7
TFN-(Zr)-2 26.8 34.4
TFN-(Zr/Ti)-2  29.7 37.2

The ATR-FTIR spectra (Figure 5a) confirmed the successful embedding of the MOF nanoparticles into
the TFN membranes. The presence of the characteristic bands of C=0 (amide I) and N-H (amide II)
at 1645 and 1550 cm™, respectively, in the ATR-FTIR spectra of the membranes confirmed the successful
formation of a polyamide layer on the HPAN substrate. The increase in sharpness of the 1435 and 1260
cm™! peaks confirmed the successful UiO-66(Zr)-NHgor UiO-66(Zr/Ti)-NH, loading, respectively, during the
IP reaction (Figure 5b). Furthermore, the additional peaks at 1255 and "800 cm™, which were ascribed
to the C-O bonds®® and Zr-O clusters?®, respectively, further confirmed the formation of bonds between
the UiO-66-NH; nanoparticles and polyamide layer on the surface of the HPAN substrate during the IP
reaction. The fabricated TFC, TEN-(Zr)-2, and TFN-(Zr/Ti)-2 membranes were further analyzed using
XPS, and the results confirmed the presence of UiO-66(Zr)-NHy or UiO-66(Zr/Ti)-NHynanoparticles in the
fabricated TFN membranes (Supporting Information, Figure S11). In addition, the zeta potentials of the
TFN-(Zr)-1, TEN-(Zr)-2, TFN-(Zr/Ti)-1, and TFN-(Zr/Ti)-2 membranes at various pH values revealed that
the surfaces of the TFN membranes were negatively charged at neutral pH, which is a requirement for the
electrochemical cation permselective separation of both the Na®™/Mg?* and Lit /Mg?* systems (Supporting
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Information, Figure S12).
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Figure 5. (a) Attenuated total reflectance Fourier-transform infrared spectra of TFC, TFN-
(Zr)-1, TFN-(Zr/Ti)-1, TFN-(Zr)-2, and TFN-(Zr/Ti)-2 membranes. (b) Fourier-transform
infrared spectra of TFC and TFN-(Zr/Ti)-2 membranes and UiO-66(Zr/Ti)-NH2 nanoparti-
cles. Here TFC denotes thin-film composite membrane, TFN-(Zr)-1 and TFN-(Zr)-2 denote
thin-film nanocomposite membranes with UiO-66(Zr)-NH, loadings of 0.01% and 0.03% (w/v)
in 50 mL of n-hexane solution, respectively, and TFN-(Zr/Ti)-1 and TFN-(Zr/Ti)-2 denote
thin-film nanocomposite membranes with UiO-66(Zr/Ti)-NH, loadings of 0.01% and 0.03%
(w/v) in 50 mL of n-hexane solution, respectively.

3.4. Electrochemical responses of the membranes under direct-current stimuli

The I-V curves are important for pre-evaluating the response of membranes, such as their resistance in the
ohmic region (Ro;) and limiting current density (LCD) under applied DC stimuli.*! The I-V curve of the
commercial CSO membrane presents three regions. Conversely, the I-V curves of the TFC, TFN-(Zr), and
TFN-(Zr/Ti) membranes were approximately linear up to the current density of 100 mA cm™ (Figure 6a).
The linearity of the I-V curves indicated that the MOF-based membranes could be used at high current
densities ([?]100 mA cm2) and was attributed to the presence of nanochannels in the polyamide-containing
MOF layers, which minimized the concentration polarization and facilitated the unhindered and continuous
flow of ions. In this study, the Ry, values of the membranes were calculated by inverting the slope of the
I-V curves in the current density range of 0-10 mA cm 2. The Ry, of the TFN-(Zr/Ti)-2 membrane (30
cm?) was lower than that of the TFN-(Zr/Ti)-1 membrane (33  ¢cm?) owing to the UiO-66(Zr/Ti)-NH,
loading of the TFN-(Zr/Ti)-2 membrane being higher than that of the TFN-(Zr/Ti)-1 membrane (Figure
6b). Conversely, the absence of Ti*T from the TFN-(Zr)-1 and TFN-(Zr)-2 membranes caused their Ro,
values to be higher (34 and 37 Q c¢m?, respectively) than those of the TFN-(Zr/Ti)-1 and TFN-(Zr/Ti)-2
membranes, which further confirmed the beneficial effects of the exchange of the Zr**+ions with Ti?>* ions in
the MOF layers. Consequently, the low R, of the UiO-66(Zr/Ti)-NHslayers with well-defined ion transport
channels facilitated the fast ion transportation, which is a highly desirable characteristic of energy-efficient
membranes.

3.5. High cation permselective separation performance

A single laboratory-scale ED cell was used to evaluate the monovalent permselectivity of the prepared
membranes in Nat-Mg?t and Lit-Mg?t mixed solutions. The TFC and TFN membrane surface layers
with effective surface areas of 7.07 cm? were orientated facing the concentrated chamber, and testing was
performed at a current density of 10 mA cm™. The cation permeation of all the membranes decreased as
follows: Na* > Lit > Mg?* (Figures 6¢ and d), which was in agreement with the diameters of the hydrated
Nat (0.72 nm), Li* (0.76 nm), and Mg?* (0.86 nm) ions. The increase in monovalent cation permeation
through MOF-based membranes could be attributed to the additional ion transport channels of the MOF
particles embedded in the MOF-containing surface layers. Moreover, the increase in the UiO-66(Zr)-NHy
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nanoparticle loading from 0.01% (w/v) for the TFN-(Zr)-1 membrane to 0.03% (w/v) for the TFN-(Zr)-2
membrane led to the further increase in Jy,+ from 5.32 x 10 to 6.35 x 10 mol cm™ s, respectively,
and inJp;+ from 4.65 x 108 to 5.26 x 10® mol cm™ s7!, respectively. In contrast (but consistent with the
aforementioned reason), Jy 2+ decreased from 0.56 x 10°® mol cm™s™* for the TFN-(Zr)-1 membrane to 0.48
x 108 mol em™ s for the TFN-(Zr)-2 membrane for the Na™-Mg?* system and from 0.69 x 10® mol cm™
st for the TFN-(Zr)-1 membrane to 0.43 x 10°® mol cm™ s for the TFN-(Zr)-2 membrane for the LiT-Mg?*
system. Consequently, the mono- over divalent cation separation performance of the TFN-(Zr) membranes,
surpassed that of the TFC membrane, as illustrated in Figures 6¢ and d, for the Nat-Mg?* and Lit-Mg?*
systems, respectively. In addition, the separation performance of the TFN-(Zr) membranes further improved
with the increase in the MOF nanoparticle loading. Moreover, the separation performance of the TFN-(Zr)
membranes for the NaT-Mg?t system was higher than that for the Lit-Mg?t system. That was ascribed to
the diameter of the hydrated Na*t ion being relatively smaller than those of the LiT and Mg?™* ions, which led
to the slightly faster permeation of the Na® ions compared with the Lit and Mg?* ions. The TFN-(Zr/Ti)
membranes outperformed the TFN-(Zr) membranes in terms of cation permeation. Jy,+ of the TEN-(Zr/Ti)-
2 membrane was 12.60% higher than that of the TFN-(Zr)-2 membrane. The higher cation permeation of the
TFN-(Zr/Ti) membranes was attributed to the electrostatic assistance of the UiO-66(Zr/Ti)-NHs-containing
ions separating surface layer. Consequently, the combined effect of physico-electrical such as size-sieving
and electrostatic assistance in UiO-66(Zr/Ti)-NHs-containing membranes (particularly the TFN-(Zr/Ti)-2
membrane) causedJy,+ and Jy;+ of the TFN-(Zr/Ti)-2 membrane to be 30% and 21% higher, respectively,
and itsPy,+ /yg2+ and Pri+ /ng2+ to be 3.8 and 5.1 times higher, respectively, than those of the standard
state-of-the-art Selemion CSO (AGC Engineering Co., Japan) MCPM, and significantly higher than those of
several recently reported permselective membranes (Supporting Information, Table S2). In addition, HPAN
substrate membrane showed nearly no obvious selectivities for Nat/Mg?* (71.5) and Lit /Mgt (71.3).
Therefore, the excellent cation permselectivity could be attributed to the MOF-containing surface layers
(Supporting Information, Figure S13). Because the changes in cation permeation and permselectivity of the
TFN-(Zr/Ti)-2 membrane after five consecutive cation separation cycles were negligible, it was concluded
that the representative TFN-(Zr/Ti)-2 membrane presented excellent stability (Supporting Information,
Figure S14).
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Figure 6. (a) Current density—membrane potential (I-V) curves of the TFN-(Zr)-1, TFN-
(Zr/Ti)-1, TFN-(Zr)-2, TFN-(Zr/Ti)-2, and CSO membranes. (b) Magnified I-V curve of the
area marked with a red circle in (a). Ion permeations (J) and permselectivities of the CSO,
TFC, TFN-(Zr)-1, TFN-(Zr/Ti)-1, TFN-(Zr)-2, and TFN-(Zr/Ti)-2 membranes for the (c)
Nat-Mg?t and (d) Lit-Mg?* systems at a current density of 10 mA cm 2. Here TFC denotes
thin-film composite membrane, TFN-(Zr)-1 and TFN-(Zr)-2 denote thin-film nanocomposite
membranes with UiO-66(Zr)-NH; loadings of 0.01% and 0.03% (w/v) in 50 mL of n-hexane
solution, respectively, and TFN-(Zr/Ti)-1 and TFN-(Zr/Ti)-2 denote thin-film nanocomposite
membranes with UiO-66(Zr/Ti)-NH, loadings of 0.01% and 0.03% (w/v) in 50 mL of n-hexane
solution, respectively.

4. Conclusion

Our results confirmed the formation of very uniform UiO-66(Zr/Ti)-NHy thin films on the surface of a
HPAN substrate. The TFN membranes contained multidimensional subnanometer-sized ion transport chan-
nels, which were highly suitable for the simultaneous increase in cation permeation and ion-charge selectivity.
Consequently, the TFN-(Zr/Ti)-2 membrane presented high monovalent ion fluxes (Jy,+ = 7.15 x 10" mol
em™ stand Jp+ = 5.43 x 108 mol cm™2 s7!). Furthermore, the mono- over divalent cation separation perfor-
mance of the TFN-(Zr/Ti)-2 membrane (Py,+ yg2+ = 13.44 and P4 o2+ = 11.38) surpassed that of the
TFC membrane. The high separation performance and outstanding stability during ED testing of the TFN
membranes confirmed the benefits of the addition of UiO-66(Zr/Ti)-NHy nanoparticles to these membranes.
In addition, the prepared TFN membranes presented high LCDs, which is a highly desirable characteristic
for energy-efficient ion separation without unnecessary water splitting. Thus, the proposed strategy for the
fabrication of UiO-66(Zr/Ti)-NHs-containing membranes and excellent permselective performance of the
fabricated membranes could expand the large-scale use of MOFs for membrane applications.
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