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Abstract 16 

The ever-growing global demands for lithium (Li+) require energy-efficient techniques to 17 

separate lithium from natural resources and commercial wastewaters. We propose a facile seed-18 

assisted in-situ growth method to prepare double layered UiO-66-based (-(COOH)2 and -NH2) 19 

membranes for Mg2+ and Li+ separation in brine. These membranes, with sub-nanometer-sized 20 

windows, nanometer-sized cavities, and functional groups can selectively transport K+, Na+, 21 

Li+ over Mg2+ and Ca2+. A carboxyl-functionalized UiO-66-based membrane showed higher 22 

Li+ and Mg2+ selectivity (up to 90.8) than a UiO-66-NH2 membrane (65.0) by the current-23 

voltage method using single salt solutions. Carboxylic groups greatly enhance membrane 24 

selectivity for Li+ over Mg2+. The effects and mechanisms of (i) different feed concentrations 25 

in a mono-ion system, and (ii) concentration gradients and electrical potential as driving forces 26 

for Li+ extraction in a synthetic multi-ion brine, are discussed. The UiO-66-(COOH)2/UiO-66-27 

NH2 aluminum oxide membrane exhibited excellent Mg2+/Li+ separation efficiency in 28 

synthetic Qinghai Taijiner Salt Lake brine (abbreviated as Taijiner brine) under concentration 29 

gradients. This research will promote metal-organic framework-based membrane designs with 30 

tailored pore morphologies and provide an innovative and eco-friendly solution for Li+ 31 

enrichment from salt-lake brines. 32 
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1. Introduction 35 

Global lithium (Li+) demand has increased 6% per year in recent years and is estimated 36 

to reach 95,000 tons per year in 2025 due to fast-growing market demand [1]. Lithium is widely 37 

used in rechargeable lithium-ion batteries, nuclear fusion fuels, energy storage materials, 38 

aerospace alloys, glass and ceramics, pharmaceuticals and other materials [2, 3]. Aqueous 39 

lithium resources comprise about 60% of global reserves, with the remainder in mineral 40 

deposits, including brine evaporites and lithium ores. These aqueous lithium resources are 41 

concentrated in Bolivia, China, Chile, and the USA in deposits that are more accessible than 42 

most mineral ores [4]. Qinghai Lake, the largest alkaline salt lake in China, holds huge lithium 43 

reserves that could be exploited [5]. However, lithium extraction from brines is challenging 44 

due to their chemically different characteristics, including large concentrations of Mg2+ and 45 

coexistence with chemically similar ions, particularly K+ and Na+. Conventional technologies, 46 

including adsorption, precipitation, solvent extraction, ion exchange [6, 7], and electrodialysis 47 

to separate lithium from brine, are complex, constrained by complicated processes and pre-48 

treatment requirements. These usually create large amounts of waste and high industrial-scale 49 

production costs [8-11]. Thus, developing customized and energy-efficient technologies for 50 

lithium recovery from high Mg2+/Li+ ratio brines is highly attractive.  51 

Membrane technologies have extensive water treatment potential with the easy, 52 

environmentally friendly operation and low energy consumption [12-16]. Among membrane 53 

processes, nanofiltration can separate Li+ ions from divalent ions [17-19]. To improve 54 

selectivity, scalability and applicability of membranes for Li+ extraction from various brines, 55 

rational design of membranes is critical. Nanostructured membranes can be fine-tuned for 56 

selective separation of Li+ ions from individual brines by adjusting their nanochannel structure 57 

and chemistry (e.g. channel morphology, interlayer spacing and inner surface charge) to 58 

promote membrane performance [13]. 59 

Metal-organic frameworks (MOFs) have high crystallinity, large porosity and tunable 60 

functional groups, making them potential materials for customizing membrane pore structures 61 

and chemistry and optimizing membrane performance for different environmental applications 62 

[20-24]. Recent studies of MOF-based membranes for ion-selective transportation in aqueous 63 

solutions mainly discussed design concepts of well-designed pore systems, synthesis routes, 64 

filtration performance and the underlying separation mechanisms [25]. A series of MOF-based 65 

membranes (e.g. ZIF-8/GO/aluminum oxide, UiO-66s/polyethylene terephthalate and 66 
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MOFs/polyvinyl chloride hybrid membranes) were investigated for metal ion selectivity and 67 

permeability [26-29]. UiO-66 with high tunability, excellent hydro-stability, simple and 68 

commercially viable syntheses are the most representative MOFs that have been developed for 69 

fabrication of UiO-66-based membranes (e.g. UiO-66-SO3H, UiO-66-NH2 and UiO-66(Zr/Ti)-70 

NH2 membranes) for efficient ions separation [30-32]. Using guest molecules with an affinity 71 

toward specific ions is an effective way to make ion-selective membranes. For example, 72 

sulfonate groups of HKUST-1/polystyrene sulfonate/aluminum oxide membranes that exhibit 73 

binding affinity to Li+ over other metal ions have been suggested [33]. Another highly tunable 74 

MOF-on-MOF structure strategy has been proposed to create membranes with angstrom-scale 75 

asymmetric pores to enhance monovalent ion separation [34]. These findings developed 76 

various MOF-based membranes with tailored sub-nanometer pore systems for ion separation 77 

applications. Although these hybrid membranes for Li+ separation are promising, several 78 

challenges need to be addressed: (i) poor permeability and selectivity in many polymeric 79 

membranes, (ii) polymeric aging, (iii) poor adhesion of MOF-to-substrate and MOF dispersion 80 

in MOF-based membranes, and (iv) lack of general and specific understanding of Li+ 81 

transportation behavior in membrane nanochannels from specific brines [35]. Efforts to solve 82 

these problems are a significant focus on MOF-on-MOF membrane design with tailored pore 83 

morphology and surface charge, in conjunction with improving Li+ separation performance in 84 

brine.   85 

Herein, we report a novel MOF-on-MOF membrane (UiO-66-(COOH)2/UiO-66-NH2 86 

membrane) constructed by a twin metal ion and different ligands via seeded-assisted in-situ 87 

growth. By modifying the media layer of a double layer UiO-66-based membrane with other 88 

functional groups (-(COOH)2 and -NH2), the selectivity for Li+ will be adjusted. Li+ transport 89 

behavior in membrane nanochannels with different surface charge polarity, feed concentrations 90 

and driving forces (e.g. concentration-driven or electrically-driven forces) and underlying 91 

mechanisms of Li+ extraction will also be systematically investigated and elucidated. It is the 92 

first study of UiO-66-(COOH)2/UiO-66-NH2 aluminum oxide (AAO) membranes to extract 93 

low concentrations of Li+ from the representative Taijiner brine (Qinghai Salt Lake, China, 94 

[36]), which contains a relatively high Mg2+/Li+ molar ratio. Our findings will inspire MOF-95 

based membrane designs, optimize ion-selective membrane architecture and functionality, 96 

explore universal guidelines for lithium extraction in future industrial production and help 97 

boost the circular economy.  98 

 99 
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2. Experimental 100 

2.1 Materials, chemicals and model brine 101 

Tris(hydroxymethyl)aminomethane (Tris, ≥99.8%), dopamine hydrochloride (PDA, 102 

≥98%), polyethyleneimine (PEI, MW=800), 2-aminoterephthalic acid (99%), hydrochloric acid 103 

(HCl, 37% w/w), pyromellitic acid (95%), N, N-dimethylformamide (DMF, 99.8%), ethanol 104 

(100%, undenatured), lithium chloride (LiCl, anhydrous, 99.98%), sodium chloride (NaCl, 105 

anhydrous, 99.7%), potassium chloride (KCl, 99.0-100.5%), magnesium chloride hexahydrate 106 

(MgCl2ꞏ6H2O, 98-101%) and calcium chloride (CaCl2, ≥99.9%) were purchased from Sigma 107 

Aldrich and zirconium(IV) tetrachloride (ZrCl4, ≥99.5%) was supplied by Alfa Aesar. The flat 108 

anodized aluminum oxide membrane (α-Al2O3, hydrophilic, pore size: 0.22 µm) was purchased 109 

from Whatman. The Poly(dimethylsiloxane) (PDMS) was created by curing Sylgard 184, 110 

supplied by Dow Corning Australia. Milli-Q water (Merck Millipore) was used throughout this 111 

research. Ion concentrations and Mg2+/Li+ molar ratios of wide-ranging brines are compared in 112 

Table 1 [36-38]. Synthetic Taijiner brine containing a high Mg2+/Li+ ratio from this typical 113 

Chinese salt lake was investigated in this study [5, 22].  114 

Table 1. Ion concentrations of different sources and synthetic Taijiner brine [36-38].  115 

Source 
 

Na+ K+ Ca2+ Mg2+ Li+ Mg2+/Li+ 

Reference 
mol L-1 mol L-1 mol L-1 mol L-1 mol L-1 

molar 

ratio 

East Taijiner 

brine 
5.094 0.09701 0.01083 0.2321 0.02031 11.42 

Sun et al. 

2015 [36] 

West Taijiner 

brine 
4.454 0.2161 0.004915 0.632 0.03689 17.13 

Sun et al. 

2015 [36] 

Synthetic East 

Taijiner brine 
5.066 0.09949 0.009631 0.238 0.01902 12.51 

Sun et al. 

2015 [36] 

Synthetic West 

Taijiner brine 
4.376 0.2328 0.004267 0.633 0.03487 18.15 

Sun et al. 

2015 [36] 

Raw brine 1 4.585 0.2498 0.08605 0.6871 0.121 5.677 

Cha-umpong 

et al. 2021 

[38] 

Raw brine 2 4.133 0.2498 0.08605 0.7159 0.1095 6.537 

Cha-umpong 

et al. 2021 

[38] 
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 116 

2.2 Preparation of membranes 117 

2.2.1 Mussel-inspired PDA/PEI modification of AAO membrane 118 

The PDA/PEI coating method has been described previously as a pathway to nucleate 119 

formation of MOF coatings [39, 40]. The AAO membrane was immersed in a 50 mM Tris-HCl 120 

buffer (pH 8.5) mixing 2 mg mL-1 of PDA and 2 mg mL-1 of PEI for 4 hours. The modified 121 

membrane was immersed in Milli-Q water overnight to eliminate chemical residues and then 122 

dried at room temperature. 123 

2.2.2 UiO-66-(COOH)2/UiO-66-NH2 membrane synthesis 124 

0.131 g of ZrCl4 (0.56 mmol) and 0.2 g of pyromellitic acid (0.79 mmol) were mixed 125 

in two separate 20 mL aqueous solutions as metal and ligand precursor solutions of UiO-66-126 

(COOH)2. The precursor solutions were stirred and then poured into a Teflon-lined 127 

hydrothermal autoclave vessel along with a PDA/PEI modified AAO membrane, and the 128 

reagents were heated at 80 ºC for 3 h. This synthesis step was repeated for another cycle. 129 

The UiO-66-NH2 layer was created on the UiO-66-(COOH)2 seed layer, which shares 130 

the same zirconium node. The metal precursor solution for UiO-66-NH2 was prepared by 131 

mixing 0.2067 g of ZrCl4 (0.89 mmol) in the solvent mixture of DMF (16.7 mL) and HCl (3.3 132 

mL). 0.2267 g of 2-aminoterepthalic acid (1.25 mmol) was blended in 20 mL of DMF to 133 

prepare the linker solution. The precursor solutions were homogenously mixed and transferred 134 

into a Teflon-lined hydrothermal autoclave vessel along with the UiO-66-(COOH)2 membrane 135 

and then heated at 80 °C for 2 h. The UiO-66-NH2 coating was repeated for another cycle. 136 

Steps taken to synthesis the UiO-66-(COOH)2/UiO-66-NH2 membranes are in Fig. 1. 137 

Taijiner, China  2.449 0.1125 0.0049902 0.8311 0.04467 18.606 
An et al. 2012 

[37] 

Salar de 

Atacama, Chile 
3.958 0.6036 0.01123 0.39703 0.2262 1.76 

An et al. 2012 

[37] 

Salar de Uyuni, 

Bolivia 
3.071 0.2992 0.0076351 0.2674 0.04625 5.782 

An et al. 2012 

[37] 

Bonneville, USA 3.61 0.1279 0.001422 0.1646 0.0008213 200.38 
An et al. 2012 

[37] 

Synthetic 

Taijiner brine 
2.74 0.233 0.0107 0.579 0.0279 20.75 This work 
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2.2.3 UiO-66-NH2 membrane synthesis 138 

The metal precursor solution for UiO-66-NH2 was obtained by mixing 0.2067 g of 139 

ZrCl4 (0.89 mmol) in the solvent mixture of DMF (16.7 mL) and HCl (3.3 mL) as a 140 

coordination modulator and the linker solution was synthesized by dissolving 0.2267 g of 2-141 

aminoterepthalic acid (1.25 mmol) in DMF (20 mL). The mixture of precursor solutions was 142 

also stirred and poured into a Teflon-lined hydrothermal autoclave vessel with a PDA/PEI 143 

modified AAO membrane at 80 °C for 2 h. The UiO-66-NH2 coating was repeated for another 144 

three cycles. 145 

 146 

2.3 Fabrication of measuring device 147 

The UiO-66-(COOH)2/UiO-66-NH2 and UiO-66-NH2 membranes were cut into 5×10 148 

mm rectangles, then the edges of the membrane were immersed in a 10:1 ratio of  PDMS/curing 149 

agent and oven-dried for 2 h at 60 ℃. UiO-66-(COOH)2/UiO-66-NH2 and UiO-66-NH2 150 

membranes with a size of 1 mm2 were prepared for testing.  151 

 152 

2.4 Characterization 153 

Morphologies of the membrane were characterized by field emission scanning electron 154 

microscopy (FEI NanoSEM 230/450). The elemental distribution of the membrane samples 155 

was determined through energy-dispersive X-ray spectrometry (EDS) coupled with NanoSEM 156 

fitted with a Bruker SDD-EDS detector at 15 kV. Before SEM and EDS analysis, the membrane 157 

samples were covered with 20 nm carbon coating. Crystallographic data of the UiO-66 158 

membranes were obtained using a Malvern Panalytical Empyrean I Thin-Film X-ray 159 

diffractometer (XRD) through an angle of 5 to 50º2θ with a step size of 0.06º and 300 s per 160 

step. Diffractograms were analyzed using Panalytical's High Score Plus software with ICDD 161 

PDF-4 database. Analyses of surface chemistry of the membranes were carried out via Fourier 162 

transform infrared spectroscopy (FTIR, Bruker Alpha II) in attenuated total reflectance (ATR) 163 

mode. Thermogravimetric analyses (TGA) were operated using a TGA Q5000 in an N2/air 164 

environment at temperatures ranging from 25 to 600 °C at 10 °C min-1.  165 

 166 

2.5 Selective ion transport properties 167 
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The electric-field-driven ion transport in UiO-66-(COOH)2/UiO-66-NH2 and UiO-66-168 

NH2 membranes was analyzed by linear sweep voltammetry (LSV) using the ionic strength of 169 

0.01 M chloride salt solutions (e.g., LiCl, NaCl, KCl, CaCl2 and MgCl2) and an H-cell (Fig. 1). 170 

The potential was changed from -1 to +1 volt at 100 mV sec-1 and the response was recorded. 171 

The slope of the current-voltage curve is the conductance of the membrane, divided by the 172 

membrane's dimensions, giving the membrane conductivity. Silver/silver chloride electrodes 173 

were used for all experiments. 174 

The ion selectivity ratio of Li+ over other metal ions were calculated as the ratio of 175 

measured conductance of the membrane for various cations at the same ionic strength of 0.01 176 

M according to equation 1 [13, 17]: 177 

𝐼𝑜𝑛 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑟𝑎𝑡𝑖𝑜 =
𝐺𝐿𝑖𝐶𝑙

𝐺𝑜𝑡ℎ𝑒𝑟 𝑖𝑜𝑛𝑠
 (1) 

where GLiCl and Gother ions are the conductance for Li+ and other ions including K+, Na+, Ca2+ 178 

and Mg2+. 179 

 180 

2.6 Ion diffusion 181 

Experiments were performed using an H-cell at room temperature. UiO-66-182 

(COOH)2/UiO-66-NH2 membranes were embedded between two reservoirs filled with an 183 

aqueous salt solution (LiCl or MgCl2 separately, at concentrations of 0.0001, 0.01, 0.1 mol L-184 

1) and Milli-Q water, respectively. The Mg2+/Li+ selectivity was calculated by the following 185 

equation [33]: 186 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝐶𝑀𝑔2+

𝐶𝐿𝑖
  

where CMg2+ and CLi+ are the concentration of Mg2+ and Li+ in permeates at different intervals 187 

(0.5, 1, 2, 3, 4, 5 h) and measured by A Mettler Toledo electrical conductivity analyzer. 188 

 189 

2.7 Lithium recovery from brine 190 

The composition of synthetic Taijiner brine, in which the solutions were modeled after 191 

comparing different sources, is in Table 1. The molar ratio of Mg2+/Li+ in the synthetic Taijiner 192 

brine was 20.75, and other compositions of real brines had ratios ranging from 1.8 to 200. 193 
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Concentrations of Na+, K+, Li+, Ca2+ and Mg2+ in the permeate at different intervals were 194 

analyzed using an Agilent 4100 microwave plasma atomic emission spectrometer (MP-AES). 195 

The diffusion coefficient (D, cm2 s-1) was estimated using Fick's law [29]; 196 

                                  ln (
𝐶0−2𝐶𝑡

𝐶0
) = −

2𝑆𝐷

𝑉𝐿
𝑡          (2) 

where C0 (mol L-1) and Ct (mol L-1) are the concentrations of metal ions in the feed side at the 197 

initial time and receiving side at a test time, respectively, S is the effective membrane area (0.01 198 

cm2), L (50.25 µm) is the membrane thickness, V (50 mL) is the solution volume and t (h) is 199 

the test time. 200 

 201 

Fig. 1. Schematic of membrane preparation and ion transfer test in an H-cell. 202 

 203 

3. Results and discussion 204 

3.1 Characterization of UiO-66-(COOH)2/UiO-66-NH2 AAO membrane  205 

Surface morphologies of the pristine and modified AAO membranes and cross-206 

sectional morphologies of Zr-based membranes at the different stages are in Fig. 2 and Fig. 3. 207 

Modification of the AAO membrane with PDA/PEI can provide an abundance of catechol and 208 

amino groups for the nucleation and growth of the MOF film [39-41]. However, it is unlikely 209 

that this modification alone can affect ionic separation due to the large membrane pore size of 210 

0.2 µm, as evidenced by the ack of ion selectivity (Li+/Mg2+) for this membrane in a previous 211 
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study [34]. The formation of UiO-66-(COOH)2 on the PDA/PEI modified membrane resulted 212 

in small seed-like particles on the substrate (Fig. 2. and Fig. 3e). Subsequent growth of UiO-213 

66-NH2, which had the same Zr metal node as the UiO-66-(COOH)2 seed layer, formed a 214 

continuous film on the membrane.  215 

 216 

Fig. 2. SEM images of pristine AAO, PDA-PEI modified AAO, UiO-66-(COOH)2 seed layer 217 

and UiO-66-(COOH)2/UiO-66-NH2 membranes. 218 
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 219 

Fig. 3. (a, c) Cross-section image and EDS maps showing Zr, Cl and N elements in the UiO-220 

66-(COOH)2/UiO-66-NH2 film with corresponding EDS spectrum; (b, d) EDS cross-section 221 

image, elemental maps of Zr, Cl and N, and EDS spectrum from a UiO-66-NH2 membrane; (e, 222 

f) EDS cross-section image, elemental map of Zr and EDS spectrum of UiO-66-(COOH)2 seed 223 

layer. 224 

EDS mapping of the cross-sections of UiO-66-(COOH)2/UiO-66-NH2 and UiO-66-225 

NH2 membranes showed Zr, Cl and N in the UiO-66-(COOH)2/UiO-66-NH2 and UiO-66-NH2 226 

films (Fig. 3a and b). All three samples contain Zr, but N and Cl are absent in the UiO-66-227 

(COOH)2 membrane (Fig. 3c, d and f). It indicates that the N and Cl come from the UiO-66-228 

NH2 layer. Nitrogen can be explained by the presence of -NH2 in the 2-aminoterephthalate 229 
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ligand of UiO-66-NH2. Nevertheless, the presence of Cl indicates linker deficiencies in UiO-230 

66-NH2, which may arise due to the replacement of the 2-aminoterephthalate linker by the HCl 231 

modulator present in the synthesis solution. This has also been observed in other studies [42-232 

45]. 233 

 234 

Fig. 4. (a) X-ray diffractograms of AAO, PDA-PEI modified AAO, UiO-66-(COOH)2, UiO-235 

66-NH2 and UiO-66-(COOH)2/UiO-66-NH2 membranes, as well as the simulated peaks for 236 

UiO-66 (ref ID: 02-002-6797); (b) Surface chemistry analysis via FTIR of AAO, PDA-PEI 237 

modified AAO, UiO-66-(COOH)2, UiO-66-NH2 and UiO-66-(COOH)2/UiO-66-NH2 238 

membranes; (c) TGA analysis showing degradation and decomposition of AAO, PDA-PEI 239 

modified AAO, UiO-66-(COOH)2, UiO-66-NH2 and UiO-66-(COOH)2/UiO-66-NH2 240 

membranes. 241 

X-ray diffractometry and FTIR were used to analyze membrane samples further to 242 

confirm the underlying synthesis mechanisms of UiO-66-based membranes. X-ray 243 

diffractometry showed that the UiO-66-(COOH)2 seed layer has a disordered structure with a 244 
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broad peak at 8.6 °2θ (Fig. 4a). The UiO-66-NH2 membrane showed two distinct peaks at 245 

7.3 °2θ and 8.4 °2θ, which are in accordance with the (111) and (200) planes, respectively. The 246 

UiO-66-(COOH)2/UiO-66-NH2 membrane similarly showed these two distinct peaks 247 

corresponding to the simulated UiO-66 pattern from the database. FTIR analysis was carried 248 

out to determine the chemical property of the membranes (Fig. 4b). The synthesized UiO-66-249 

(COOH)2 membrane displayed wide absorption bands at 1300-1700 cm-1, corresponding to the 250 

carboxylate stretch of the ligand and the free carboxylic acid C=O stretch [46-48]. The weak 251 

intensities of these peaks were caused by the preliminary stage of amorphous UiO-66-(COOH)2 252 

growth. At the same time, the UiO-66-NH2 membrane displayed a broad absorption band at 253 

3300-3500 cm-1 attributed to the vibration peaks of an amine functional group in the 2-254 

aminoterephthalate ligand [49]. The peak of the amino-functional group is also presented in 255 

the UiO-66-(COOH)2/UiO-66-NH2 membrane, indicating the successful formation of the UiO-256 

66-NH2 layer on the UiO-66-(COOH)2 layer. Furthermore, the hybrid membrane revealed a 257 

strong absorption peak at 1655 cm-1, corresponding to free carboxylic acid [46]. The absorption 258 

peak is attributed to UiO-66-(COOH)2 as a seed layer to promote a continuous and defect-free 259 

UiO-66-NH2 thin film on the membrane and the introduction of UiO-66-NH2, which promotes 260 

UiO-66-(COOH)2 secondary growth. 261 

TGA was also conducted under nitrogen to measure mass loss of the membranes (Fig. 262 

4c). AAO membranes have excellent thermal stability [50], as seen by the relatively minor 263 

mass loss of 2% when heated from 100 to 600 °C. A further 1.8% loss of mass for the PDA/PEI 264 

modified membrane compared to the pristine AAO membrane when heated to 600 °C, 265 

attributed to PDA/PEI decomposition. UiO-66-(COOH)2 formation resulted in a TGA curve 266 

comparable to the PDA/PEI membrane, indicating a very thin layer of UiO-66-(COOH)2 on 267 

the substrate. However, the synthesis of UiO-66-NH2 resulted in a 3.2% mass loss compared 268 

with the PDA/PEI modified membrane when heated to 600 °C. The rapid loss of mass at 269 

~350 °C reflects the decomposition of organic moieties in UiO-66-NH2 to form ZrO2, 270 

consistent with earlier studies [49, 51]. The UiO-66-(COOH)2/UiO-66-NH2 membrane showed 271 

a further 0.9% mass loss compared to the UiO-66-NH2 membrane, indicating a thicker layer of 272 

UiO-66-NH2 with UiO-66-(COOH)2 acting as a seed layer. This is consistent with the 273 

observation from cross-sectional SEM images (Fig. 3a, b and e), where the thicknesses of the 274 

UiO-66-(COOH)2/UiO-66-NH2 membrane and UiO-66-NH2 membrane were estimated to be 275 

1.2±0.2 and 0.5±0.1 µm, respectively. 276 

 277 
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3.2 Effect of the carboxylic group on Li+ selectivity under electrical driving force 278 

Current-voltage (I-V) measurements were conducted in five electrolyte solutions (LiCl, 279 

KCl, NaCl, MgCl2, CaCl2) with 0.01 M ionic strength in the range of -1 to 1 V (Fig. 5) to 280 

explore the ion transport behaviors of UiO-66-(COOH)2/UiO-66-NH2 and UiO-66-NH2 281 

membranes. I-V curves of both membranes in all chloride salt aqueous solutions were 282 

symmetric due to the double layered UiO-66s membrane structure symmetry. This indicates 283 

these membranes do not have a preferential direction for cations transport. UiO-66 has 284 

numerous triangle window apertures (~6 Å), tetrahedral cavities (~8 Å) and octahedral cavities 285 

(~11 Å), offering multiple-scale nanochannels accessible to ions [25]. In the case of UiO-66-286 

(COOH)2 and UiO-66-NH2, the effective pore window and cavity sizes are smaller than the 287 

parental UiO-66. Previous studies have determined the pore windows of UiO-66-(COOH)2 and 288 

UiO-66-NH2 to be ~5 Å [52] and ~5.9 Å [53], respectively. The hydrated diameters of the five 289 

alkali and alkaline earth metal ions (6.62 Å to 8.56 Å) is bigger than the smallest triangle pore 290 

of UiO-66s, so they need to undergo slight changes due to dehydration to pass through these 291 

nanochannels [25, 29]. The ionic currents of Li+ and Mg2+ at 1.0 V were 0.0831 mA and 0.001 292 

mA with the UiO-66-(COOH)2/UiO-66-NH2 membrane (Fig. 5a).  On the other hand, the ionic 293 

currents of Li+ and Mg2+ at 1 V for the UiO-66-NH2 membrane were 0.0985 mA and 0.00202 294 

mA, respectively (Fig. 5b). The slopes of Li+ are higher than the corresponding values for Mg2+, 295 

indicating that Li+ has greater mobility in the nanochannel than Mg2+, which can be attributed 296 

to lower hydration energies of Li+ compared with Mg2+ [29]. The slopes of monovalent metal 297 

ions are higher than the corresponding values for the divalent ions (Fig. 5c and d). This 298 

demonstrates that Li+, K+ and Na+ have higher transmembrane rates than Mg2+ and Ca2+ due to 299 

monovalent ions (6.62 Å to 7.64 Å) having smaller hydrated ionic diameters than divalent 300 

metal ions (8.24 Å to 8.56 Å), which enables them to transport faster through the nanochannels 301 

of Zr-based membranes. 302 
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  303 

Fig. 5. Metal ion transport behavior in Zr-based membranes via I-V measurements. I-V curves 304 

of (a) UiO-66-(COOH)2/UiO-66-NH2 membrane and (b) UiO-66-NH2 membrane were 305 

measured in LiCl and MgCl2 aqueous solutions; I-V curves of (c) UiO-66-(COOH)2/UiO-66-306 

NH2 membrane and (d)  UiO-66-NH2 membrane were measured in five electrolyte solutions 307 
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(e.g., LiCl, KCl, NaCl, MgCl2, CaCl2); (e)  Ionic conductance and (f) metal ion selectivity of 308 

two Zr-based membranes measured in five electrolyte solutions with 0.01 M ionic strength.  309 

UiO-66-based membranes with or without carboxylic functional groups have a similar 310 

order of ionic conductivity (Fig. 5e). Conductance values of five chloride salts in the UiO-66-311 

NH2 membrane ranged from 0.0019 to 0.1294 mS which are slightly higher than those of the 312 

UiO-66-(COOH)2/UiO-66-NH2 membrane, which ranged from 0.0010 to 0.1191 mS. The 313 

reason could be that these two membranes have similar pore sizes to UiO-66 structure. 314 

Conductance values of monovalent chloride salts (K+, Na+ and Li+) in two membranes ranged 315 

from 0.08 to 0.13 mS. Conductance values of the divalent alkaline earth ions Ca2+ and Mg2+, 316 

at 0.00101 to 0.00202 mS, were significantly lower than those of monovalent chloride salts. 317 

Differences between the conductivities of monovalent alkali metals and divalent alkali earth 318 

metals are related to the higher valence states of Ca2+ and Mg2+ compared with K+, Na+ or Li+. 319 

Both membranes selectively transport alkali metals over alkali earth metals due to the 320 

monovalent alkaline ions having a relatively weaker sizing effect with the UiO-66 pore system.  321 

Precisely tuning functional groups in the nanochannels of the membrane is one effective 322 

strategy to improve membrane separation performance. A change in the membrane 323 

nanochannels for carboxylic groups enhances Li+ selectivity (Fig. 5f). The separation ratio of 324 

Li+/Mg2+ (82.12±8.7) and Li+/Ca2+ (77.13±5.75) in the UiO-66-(COOH)2/UiO-66-NH2 325 

membrane is significantly higher than those (Li+/Mg2+ (52.34±12.6) and Li+/Ca2+ (48.76±8.9)) 326 

of the UiO-66-NH2 membrane and Li+/Mg2+ (1.37; Fig. S4) of UiO-66-(COOH)2 membrane. 327 

Negative surface charges from deprotonation of the carboxylic groups from the media layer 328 

(UiO-66-(COOH)2) in the double layered Zr-based membrane offered stronger electrostatic 329 

force for divalent metal ions, compared with the positive surface charges from protonation of 330 

the amine functional group from the UiO-66-NH2 membrane [25]. These results indicate 331 

carboxylic groups with negative surface charges play an important role in Li+ selectivity. 332 

 333 

3.3 Feed concentration effects on Mg2+/Li+ selectivity under ion concentration gradients 334 

The dependence of Mg2+/Li+ selectivity on feed concentrations in aqueous solutions 335 

adjacent to nanochannels of the double layered Zr-based membrane with carboxylic groups 336 

(UiO-66-(COOH)2/UiO-66-NH2 membrane) was conducted by varying concentrations of Li+ 337 

and Mg2+ ranging from 0.0001 to 0.1 M (Fig. 6). Ionic permeation rates are proportional to the 338 

feed concentrations of ions at higher concentrations, but ion transport behaviors are different 339 
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at lower concentrations. At the low cation feed concentration of 0.0001 M, the membrane 340 

exhibited a stronger electrostatic force repulsion for Mg2+ than Li+. Li+ could transport through 341 

the membrane more easily than Mg2+ at 0.0001 M, and the Mg2+/Li+ molar ratio in the permeate 342 

was 0.873. This ratio is attributed to the surface-charge-governed transport behavior in 343 

nanochannels and electric double layer (EDL) overlaps at lower concentrations [12, 54].  344 

With the increasing molar ratio of Mg2+/Li+ in the feed side, the increase in solution 345 

molar concentration leads to an increase in ionic strength (I) and a decrease in the thickness of 346 

EDL (λD=
0.304

√𝐼
 At 25 ºC) [17, 55]. EDL on the nanochannels of UiO-66-(COOH)2/UiO-66-347 

NH2 membrane becomes more compressed and offers wider channels for Mg and Li transport. 348 

Under concentration gradient driving force, Mg2+/Li+ selectivity of the UiO-66-(COOH)2/UiO-349 

66-NH2 membrane dramatically increases with an increasing Mg2+/Li+ molar ratio in the feed 350 

side. The Mg2+/Li+ selectivity was up to 11.89 with a feed Mg2+/Li+ molar ratio of 10 at 5 h 351 

(CMg2+ = 0.1 M and CLi+ = 0.01 M) and reached up to 15.2 with a feed Mg2+/Li+ molar ratio of 352 

100 at 5 h (initial CMg2+ = 0.1 M and CLi+ = 0.0001 M). The reason could be that Mg can present 353 

into two states, including Mg2+ and MgCl+, and the fraction of the MgCl+ ion pair in aqueous 354 

solution increases with a rising Mg2+/Li+ molar ratio in the feed side [4]. MgCl+ ion pairs owing 355 

to their lower positive charge density and larger sizes than Mg2+ ions, are easier to transport 356 

through the positively charged UiO-66-NH2 layer on the membrane surface and then stronger 357 

electro-migration in the UiO-66-(COOH)2 media layer of the membrane with fixed carboxylic 358 

groups. 359 

The UiO-66-(COOH)2/UiO-66-NH2 membrane exhibited a higher selectivity for high 360 

concentrations of Mg2+ with a low concentration of Li+ as feed solution. Its Mg2+/Li+ selectivity 361 

was 2.93 times that of UiO-66-NH2 membrane (5.18 at 5 h; Fig. S4) for an initial Mg2+/Li+ 362 

molar ratio of 100 (initial CMg2+ = 0.1 M and CLi+ = 0.0001 M). Based on these above results, 363 

the double layered Zr-based membranes with carboxylic functional groups hold promise for 364 

lithium recovery from brines containing a high Mg2+/Li+ ratio under a concentration gradient.  365 
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 366 

Fig. 6. Concentrations of Li+ and Mg2+ in permeation solutions at the interval with varying feed 367 

concentrations of LiCl and MgCl2 aqueous solutions in a range of 0.0001 to 0.1 M with the 368 

double layered Zr-based membrane. 369 

 370 

3.4 Effect of driving force for lithium recovery from brine  371 

Comparison of different brines (Table 1) shows that Li+ concentrations vary from 372 

0.0008213 to 0.121 mol L-1 and Mg2+/Li+ molar ratios vary from 1.76 to 200.38. We selected 373 

a typical Taijiner brine containing Li+, Na+, K+, Ca2+, Mg2+ and with a Mg2+/Li+ molar ratio of 374 

20.75 to further evaluate the operating performance of the double layered Zr-based membrane. 375 

Mg2+/Li+ separation performance of the UiO-66-(COOH)2/UiO-66-NH2 membrane in 376 

synthetic Taijiner brine was evaluated under two different driving forces, including electrical 377 

potential difference (ΔE) and concentration difference (ΔC).  378 

Fig. 7a shows metal ion transport behavior across the Zr-based membrane with 379 

carboxylic groups in the synthetic Taijiner brine under these two driving forces. Li+ and Mg2+ 380 

in aqueous solutions present as hydrated ions with diameters of 7.64 Å and 8.56 Å for Li+ and 381 

Mg2+ respectively [29]. The UiO-66-(COOH)2/UiO-66-NH2-AAO membrane has triangular-382 

shaped windows less than 6 Å diameter, which is relatively smaller than the hydrated ionic 383 

sizes of Li+ and Mg2+ ions but bigger than their ionic diameters (Fig. 7b). So, for Li+ and Mg2+ 384 

ions to enter the pore structure of the Zr-based membrane, they must be in a dehydrated state 385 
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and then rehydrate to exit the pore into the aqueous solution. Driven by the applied voltage, the 386 

ion mobility of Li+ inside nanochannels could be larger than Mg2+ due to a more compact shell 387 

of partially dehydrated Li+ with a smaller size than Mg2+ [12, 56]. In contrast, the mobility of 388 

Li+ under concentration gradient-driven force is lower than its mobility under electrical-driven 389 

force. Infiltration of Li+ could be easily captured or attracted by negatively charged -(COOH)2 390 

and less repelled by Zr4+ repulsive force relative to Mg2+ [57, 58]. 391 

Fig. 7c and d show the permeation behavior of metal ions and ion selectivity in synthetic 392 

Taijiner brine. The selectivity order of metal ions is K+>Na+>Li+>Mg2+>Ca2+ under the 393 

electrical-driven force and K+>Na+>Mg2+>Ca2+>Li+ under the concentration gradient, 394 

respectively. According to the Eisenman sequence (Sequence I) at low anionic field strength, 395 

the ion selectivity order is K+>Na+>Li+ as Li+ has relatively greater hydration energy [12]. 396 

Interestingly, a low concentration of Li+ ions in brine exhibited a lower transport speed than 397 

that of Mg2+ moving through nanochannels of the UiO-66-(COOH)2/UiO-66-NH2 membrane 398 

under concentration gradients. Compared with Mg ions, Li ions can more easily enter the 399 

nanochannel openings of the double layered Zr-based membrane. However, Li+ needs to 400 

overcome many energy barriers and binding sites from carboxylic groups of UiO-66-(COOH)2, 401 

slowing its transport rate in the nanochannels. The normalized selectivity ratio of Mg2+/Li+ is 402 

0.5 (Fig. 7c) under electric potential gradient driving force and the ratio increases to 10 (Fig. 403 

7d) under concentration gradient driving force. This indicates that double layered Zr-based 404 

membrane with carboxylic groups displayed greater selectivity for Mg2+/Li+ and lower energy 405 

consumption under concentration gradient driving force.  406 

Stability and recycling ability are essential characteristics to evaluate membrane 407 

working performance for industrial applications. Long-term filtration tests driven by 408 

concentration gradients were conducted to study the stability of the UiO-66-(COOH)2/UiO-66-409 

NH2 membrane. This membrane exhibited an excellent recycling ability and stability within 72 410 

hours and a slight decrease in the normalized selectivity ratio of Mg2+ and Li+ to 6.7 (Fig. S5) 411 

with 7-day continuous filtration driven by a concentration gradient. These membrane samples 412 

were characterized by SEM and XRD to further demonstrate the structural stability of the UiO-413 

66-(COOH)2/UiO-66-NH2 membrane. However, SEM images comparing Fig. 2 with Fig. S6a, 414 

b reveal minor morphological variation and voids on the membrane surface. The XRD patterns 415 

of membranes remain the characteristic peaks after the long-term operation (Fig. S6c). Thus, 416 

the UiO-66-(COOH)2/UiO-66-NH2 AAO membrane exhibited excellent separation 417 
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performance for Mg2+/Li+ from natural brine containing a high Mg2+/Li+ ratio under a 418 

concentration gradient.  419 

 420 

421 

Fig. 7. Schematic of a double layered Zr-based membrane (UiO-66-(COOH)2/UiO-66-NH2 422 

AAO membrane) for Li+ extraction from brine (a) under different driving forces and (b) 423 

chemical structure of the UiO-66-(COOH)2 triangular-shaped pore. Plots of ln((C0-2Ct)/C0) vs. 424 

time (feed solution is synthetic Taijiner brine) under (c) voltage and (d) concentration gradients 425 

over 12 h. 426 

 427 

4. Conclusions 428 
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This study proposed a facile method of UiO-66-(COOH)2/UiO-66-NH2 AAO 429 

membrane via seed-assisted in situ growth for lithium recovery from synthetic Taijiner brine 430 

containing a high Mg2+/Li+ ratio. Compared with the UiO-66-NH2 membrane, the double 431 

layered UiO-66-based membrane with carboxylic groups exhibited relatively higher selectivity 432 

for monovalent ions than divalent metal ions under an electrically-driven process. After 433 

investigation of feed concentration effects, this double layered membrane with carboxylic 434 

groups displayed a much better selectivity at a relatively higher Mg2+/Li+ molar ratio of feed. 435 

Under a concentration gradient, this membrane exhibited better performance for Mg2+/Li+ 436 

separation in synthetic Taijiner brine due to the need for partially dehydrated Li+ to overcome 437 

more energy barriers and binding sites from carboxylic groups. This research will inspire future 438 

work for MOF-on-MOF membrane preparation and offer a guideline for enhanced lithium 439 

enrichment from commercial or natural brine resources with artificial nanostructured 440 

membranes using an energy-efficient process.  441 
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