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Abstract: To meet the exponentially rising demand for lithium, it becomes vital to develop 

environmentally friendly processes for its recovery from brines, salt lakes and/or seawater. In this 

work, novel composite lithium transport selective polymeric membranes were developed to separate 

lithium and magnesium ions. Hydrogen manganese oxide (HMO) (at weight percentage from 0 to 25 

%), polystyrene sulfonate sodium salt (PSS-Na) and lithium triflate (LiCF3SO3) were added into the 

sulfonated polyethersulfone (SPES) matrix to prepare composite membranes. The developed 

Cite this article as:  

H.M. Saif, R.M. Huertas, S. Pawlowski, J.G. Crespo, S. Velizarov, Development of highly selective composite 

polymeric membranes for Li+/Mg2+ separation, Journal of Membrane Science, 620 (2021) 118891  

https://doi.org/10.1016/j.memsci.2020.118891 

mailto:rosa.huertas@ibet.pt
mailto:s.pawlowski@fct.unl.pt


2 
 

membranes showed high mechanical stability and a homogeneous distribution of HMO. The most 

promising membrane, containing 20 % (w/w) of HMO, showed an almost 13 times higher Li+ ionic 

conductivity (8.28 mS/cm) compared to the control composite membrane (without HMO) and an 

average ideal selectivity of 11.75 for the Li+/Mg2+ pair. The composite-20% membrane had the lowest 

intermolecular distance between the polymer chains (according to X-ray diffraction (XRD) analysis), 

the most flexible structure (lowest Tg) and showed the homogeneous dispersion of HMO (SEM 

images), which explains its highest Li+/Mg2+ selectivity among the tested membranes. The lithium ion 

transport performance and separation efficiency were investigated through diffusion dialysis 

experiments, under different operating conditions. A binary separation factor of 9.10 for Li+/Mg2+ and 

Li+ molar flux of 0.026 mol/(m2.h) was achieved without applying any external potential difference. 

When an external potential difference of 0.2 V was applied, the binary separation factor of Li+/Mg2+ 

pair was 5, while the Li+ molar flux increased almost 5 times. The obtained results provide the basis to 

design and develop composite lithium transport selective polymeric membranes, thus representing a 

promising step for future implementation of such membranes to recover lithium from saline streams.  

 

Keywords: Lithium recovery, Composite membranes, Lithium ion sieves (LIS), Sea mining, Diffusion 

dialysis 

 

1.  Introduction 

The demand for lithium is rapidly increasing due to the growing lithium-ion battery market which 

already represents the largest share (~65 %) of the global lithium consumption (57.7 kt in 2019) [1–5]. 

It is therefore expected that the annual lithium carbonate consumption will reach 350 kt by 2025 [5]. 

Lithium can be extracted from land reserves (by methods harsh for the environment) and/or from 

aqueous streams such as brines and seawater, which contain almost 27 Mt of lithium (62 % of the 

total worldwide lithium resources) [3–9]. The main challenge to selectively recover lithium from such 
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saline streams is its low concentration and the presence of other cations such as Na+, K+ and Mg2+ [3–

7]. Membrane technologies (pressure or electrochemically driven) offer environmentally friendly 

separation options, with relatively low energy costs and negligible use of chemicals, compared to 

conventional evaporation processes, which make them promising options for a sustainable recovery 

of lithium from saline streams [3–7]. 

 

 In this work, the focus is on the development of lithium selective composite membranes for Li+/Mg2+ 

separation, suitable to be used in dialysis [10,11], electrodialysis [12–16] and membrane capacitive 

deionization [17,18]. These electro-membrane processes were already explored to recover lithium 

from saline streams, but more selective membranes are needed [5–7]. Hoshino [19] reported the use 

of ionic superconductor type crystals as a ceramic membrane in a dialysis process for lithium recovery 

from seawater but, due to a low membrane conductivity, the lithium recovery rate was very slow. 

Moreover, the mechanical stability of these membranes was limited. Polymeric ion exchange 

membranes, such as sulfonated polyethersulfone membranes, poly(ethylene-co-vinyl alcohol) 

membranes and poly(ethylene terephthalate) membranes were also tested, but the exhibited Li+/Mg2+ 

separation factor was below 1.5 [20,21]. To improve the permeability of monovalent cations and, at 

the same time, hinder divalent cations transport, Sheng et al. [22] incorporated commercial ZSM-5 

zeolite within poly(vinyl alcohol) (PVA) polymer and obtained a Li+/Mg2+ separation factor of 3.7. Afsar 

et al. [23] coated a sulfonated poly(vinyl alcohol) (SPVA) membrane with a cationic quaternized poly 

(2, 6-dimethyl-1, 4-phenylene oxide) layer and a Li+/Mg2+ separation factor up to 12.7 was achieved, 

since the coated cationic layer allowed for cations separation by differences in their charge densities. 

More recently, the same authors [24] mixed quaternized poly (2, 6-dimethyl-1, 4-phenylene oxide) 

and amino isophthalic acid (AIPA) to prepare zwitterion membranes, via sol-gel process, which had a 

Li+/Mg2+ separation factor of 8. Guo et al. [25] developed a metal-organic framework (MOF) on a 
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threaded sulfonated polymer achieving a very high Li+/Mg2+ binary separation factor of 1815; 

however, the very brittle nature of the MOF film limits its large scale use.  

 

Zhang et al. [26] prepared a composite cation exchange membrane by dispersing hydrogen 

manganese oxide (HMO) into a sulfonated polyether ether ketone, and a Li+/Mg2+ separation factor of 

3.1 was obtained, while Sharma et al. [27] dispersed magnesium-doped lithium manganese oxide in 

sulfonated polyether ether ketone, achieving a Li+/Mg2+selectivity factor of 4.82. The inorganic 

adsorbents such as Li1.6Mn1.6O4 and Li1.33Mn1.67O4 (LMO compounds) demonstrate a high Li+ selectivity 

and an adsorption capacity of up to 40 mg/g [28]. This is attributed to the presence of special lithium 

transferring channels in the spinel type manganese dioxide frameworks, which act as a lithium ion 

sieve, because of the existence of cavities in the LMO crystal structure, which size only matches with 

Li+ and excludes bigger cations like Na+, K+ and Ca2+ [29]. Although the crystallographic sizes of Mg2+ 

and Li+ are similar, Mg2+ does not enter into the LMO cavities due to its much higher hydration energy 

[26,30], thus cation exchange membranes with incorporated LMO derived compounds have been 

found promising membranes to selectively separate lithium from other cations. 

 

Herein, we report a method to produce chemically, mechanically and thermally stable composite 

lithium transport selective polymeric membranes by dispersing hydrogen manganese oxide (HMO) 

into sulfonated polyethersulfone, with the addition of sodium salt of polystyrene sulfonate (PSS-Na) 

and lithium salt (LiCF3SO3). The selectivity of the developed membranes was assessed via a comparison 

of current-voltage curves and by following the transport of ions in diffusion dialysis experiments, 

performed with and without applying an external potential difference. 
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2. Materials and Methods 

2.1. Materials 

Lithium carbonate (Li2CO3, Sigma-Aldrich, 99.9 %) and manganese carbonate (MnCO3, Sigma-Aldrich, 

99.5 %) were used to prepare the LMO adsorbent. Commercial polyethersulfone (PES) (Ultrason® 

E6020P), purchased from BASF, was chosen to prepare sulfonated polyethersulfone (SPES). 

Chlorosulfonic acid (CSA) (ClSO3H, Sigma-Aldrich, 97 %) and sulfuric acid (H2SO4, 97 %) were used to 

promote the sulfonation of the PES backbone. Dimethylformamide (DMF, Sigma-Aldrich, 99.5 %) was 

used as a solvent. Lithium triflate (LiCF3SO3, Alfa Aesar, 99.5 %) was used as a bulky anion plasticizer 

to induce polymer flexibility. Hydrochloric acid (HCl, Sigma-Aldrich, 37 %) was used to protonate the 

lithium selective adsorbent. Lithium chloride (LiCl, Alfa Aesar, 99.9 %) and magnesium chloride (MgCl2, 

Sigma-Aldrich, 99 %) were used to prepare the working solutions. Sodium hydroxide (0.01 M NaOH, 

Sigma-Aldrich, 97 %) standard solution and phenolphthalein (Sigma-Aldrich, 0.5 w% in ethanol : water 

(1:1)) were used in titration experiments. All reagents were used as received.  

 

2.2. Preparation of composite membranes 

Composite membranes were prepared in three steps (Figure 1). The preparation of HMO (step 1) and 

SPES (step 2) was done in parallel, while in the last third step HMO, PSS-Na and LiCF3SO3 were 

incorporated into SPES and the formed membranes were labelled as Composite-X% where X is the 

weight percentage of HMO to SPES (X = 0, 5, 10, 15, 20, 25 %).  



6 
 

 

Figure 1. Steps followed in the preparation of composite-20% membrane. 

 

2.2.1. Synthesis of HMO 

The solid-state fusion method was used to prepare the lithium manganese oxide LMO (Li1.33 Mn1.67 O4) 

powder. Li2CO3 and MnCO3 with a molar ratio of Li/Mn = 1.33/1.67 were well mixed in a mortar and 

the prepared reaction mixture was placed in a ceramic boat and heated in an oven for 4 h at 550 °C 

under air atmosphere [31,32]. Afterward, Li+ was extracted from the LMO adsorbent to convert into 

its protonated form by dissolving 5 g of LMO in HCl solution (0.5 M, 500 mL) stirred for 42 h at room 

temperature. The resultant mixture was filtered through a 0.4 micron ceramic filter and washed 

several times with deionized water until achieving a neutral pH. The filter cake was air-dried at 70 °C 

for 24 h [33]. 
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2.2.2. Sulfonation of PES 

Polyethersulfone (PES) was selected as a polymer matrix because of its excellent thermal, mechanical 

and chemical properties (abundant sulfonate groups and high chemical resistance) and relatively low 

cost [34]. Chlorosulfonic acid (CSA) was used as a sulfonating agent since it is less expensive and allows 

for a uniform electrophilic substitution, so there is no need for additional post-treatment, in contrast 

to the other sulfonating reagents like SO3 and Oleum [35]. 20 g of PES was dissolved under stirring in 

100 mL of concentrated sulfuric acid (97 %) at room temperature to form a homogeneous solution. 

Subsequently, 60 mL of chlorosulfonic acid (CSA) was added gradually drop wise into the reaction 

mixture with continuous vigorous stirring at a constant temperature of 20 °C using an ice bath. The 

sulfonation reaction was time dependent and an optimal 36 % of sulfonation degree (DS) was achieved 

after 15 h, as analysed by 1H-NMR (Section S2.2. in the Supplementary Information (SI)). Final SPES 

polymer was obtained by gradual precipitation of the reaction mixture into ice-cold deionized water. 

The precipitates were recovered by filtration through a 50 mesh screen and washed with de-ionized 

water until the pH value 7 was achieved. The final product was dried in an oven at 100 °C for 4 h. 

 

2.2.3. Membranes preparation 

SPES, with DS = 36 %, and HMO, prepared in the previous steps, were used for membrane fabrication. 

The degree of sulfonation (DS) of PES is limited to 40 % since above this value SPES starts to dissolve 

in water. Therefore, the PSS-Na was also introduced to increase the number of sulfonating groups in 

the membrane structure. Additionally, lithium salt (LiCF3SO3) was incorporated to increase the 

flexibility of the final structure of the membrane [36]. Both, PSS-Na and LiCF3SO3, have poor solubility 

in pure DMF, thus, to prepare a homogeneous solution for membrane casting, deionized water with 

DMF in a volume ratio 1:3 was used as a solvent to prepare the films. A pre-defined quantity of HMO 

(X), 0.04 g PSS-Na and 0.04 g LiCF3SO3 were dispersed in 4 mL of solvent. The quantities of PSS-Na and 

LiCF3SO3 were optimised to grant good mechanical stability to the membranes. The obtained mixtures 
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were subjected to ultrasonic treatment for 8 h to achieve uniform dispersion of the components. 

Afterward, the solutions were stirred vigorously for 12 h, 0.4 g of SPES was added and again the 

mixture was stirred for another 24 h to achieve a homogeneous solution. The formed solution was 

casted on a glass petri dish and dried at 45 °C for the first 12 h, at 60 °C for the next 12 h and finally at 

80 °C for the last 6 h. The synthesized membranes were immersed for 24 h in a 0.1 M HCl solution to 

leach out the remaining Li+ and Na+ ions. The amount of both ions in HCl solution was the same after 

24 and 48 h, thus there was no additional leaching of lithium and sodium after 24 h. Finally, the 

membranes were thoroughly washed with deionized water several times and dried in an oven at 80 

°C for 4 h. The thickness of the prepared membranes was 100 µm ± 5 µm. 

 

2.3. Characterisation methods 

The lithium selective adsorbent (HMO) was characterised via XRD to confirm its spinal type structure 

and by FT-IR to identify the existing main bonds. The thermal stability, degree of sulfonation and 

chemical structure of sulfonated polyethersulfone (SPES) polymers were examined by TGA, titration 

and 1H-NMR, and FT-IR, respectively. The experimental details and results obtained with regard to the 

characterisation of HMO and SPES are presented in the Supplementary Information. The 

hydrophilicity, chemical, thermal, mechanical, structural and morphological properties of the 

composite membranes were studied using contact angle measurement, water uptake, FT-IR, TGA and 

DSC, tensile testing assays, XRD and SEM techniques, respectively. The ideal selectivities and Li+/Mg2+ 

binary separation factors of the composite membranes were obtained through experimental 

performance in a dedicated diffusion cell. The composite membrane offering the most selective 

lithium transport was tested twice, as pristine and after being used for 10 h in diffusion experiments. 
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2.3.1. Physical properties analysis 

2.3.1.1. Water content 

A piece of a dry membrane with dimension 1×1 cm2 was immersed in deionized water for 24 h and 

weighed after removing excessive water on both surfaces with filter paper. The wet membrane was 

placed in the vacuum oven at 60 °C for 24 h and weighed again. The percentage of water content (WC) 

was determined as [37]: 

𝑊𝐶 (%) =  
𝑊𝑤𝑒𝑡 −  𝑊𝑑𝑟𝑦

𝑊𝑑𝑟𝑦
 × 100                                                                                                          (eq. 1) 

 

2.3.1.2. Membrane hydrophilicity 

The hydrophilicity of the synthesised membranes was examined by contact angle measurements using 

a goniometer (Dyne technology, UK) coupled with a KSV CAM2008 equipment. Before analysis, each 

membrane sample with a dimension 2×2 cm2 was washed with deionized water and dried overnight, 

at a room temperature, in a desiccator. A sessile drop of deionized water (10-12 µL) was placed on the 

membrane surface. Each measurement was attained with 20 frames with a frame interval of 100 ms. 

For each membrane, the average value of the contact angle was calculated from the measurements 

taken at three different random places.  

 

2.3.2. Structural and morphological properties  

2.3.2.1. Fourier transform infrared spectroscopy (FT-IR) 

Fourier Transform Infrared Spectra (FT-IR) using attenuated total reflectance (ATR) mode was used to 

determine the chemical structure of HMO (Figure S1, SI), SPES polymers (Figure S6, SI) and the 

prepared composite membranes (Figure S8, SI). The spectrum of the best composite membrane was 

recorded at both sides of the membrane, before and after used (10 h in diffusion dialysis experiments), 

to observe any structural modification which may have occurred during the experiments. The 
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equipment employed was a Bruker Spectrometer IFS 66/S FT-IR instrument (USA) equipped by H-ATR 

with ZnSe crystal. Before analysing, samples were dried overnight in a desiccator at room 

temperature. Samples were taken from random positions of the membrane to check the homogeneity 

of the structure. The normalized spectra were recorded in the range of wave numbers from 4000 to 

500 cm-1 during 20 scans with a 2 cm-1 resolution.  

 

2.3.2.2. X-ray diffraction (XRD) 

The morphology of the synthesised composite membranes and the lithium selective adsorbent was 

studied by x-ray diffraction (XRD) technique. Diffraction patterns were documented on a MiniflexII 

diffractometer (Rigaku, Japan) using monochromatic Cu Kα radiation (λ = 1.542 Ǻ, 30 kV, 15 mA). The 

average distance (d-spacing, Å) between the polymer chains or the spacing between the crystalline 

phases (d, Å) were calculated using the Bragg’s equation: 

𝑛λ =  2𝑑 ∙ 𝑆𝑖𝑛𝜃𝑚𝑎𝑥                                                                                                                                       (eq. 2) 

where λ = 1.542 Ǻ and ‘n’ is an integer that represents the order of reflection [38]. 

 

2.3.2.3. Scanning Electron Microscopy with Energy Dispersive X-Ray Spectroscopy (SEM-EDS)  

The morphology and surface composition of the composite membranes were analysed via the 

scanning electron microscopy (SEM) technique using a Carl Zeiss AURIGA Cross Beam FIB-SEM 

workstation. The presence of manganese atom in the composite membranes was identified semi-

quantitatively by an energy dispersive spectroscopy using an X-ray detector (Oxford, model INCA 150). 

Samples were prepared by cryogenic fracture under liquid nitrogen and made electrically conductive 

using a Sputter Quorum with 15 nm thick Au/Pd film. 
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2.3.3. Thermal properties analysis 

2.3.3.1. Thermogravimetric analysis (TGA) 

A TGA Q-50 analyzer (TA Instruments, USA) was employed to determine the degradation temperature 

and inorganic content using a ramp of 10 ˚C/min, in the temperature range of 25 to 600 ˚C under a 

nitrogen atmosphere with a flow rate of 40 mL/min. The approximate sample weight was 5 mg placed 

into an aluminium sample pan. The inorganic content and thermal behaviour of the membranes were 

analysed under inert atmosphere at 600 ˚C from TGA curves. 

 

2.3.3.2. Differential scanning calorimetry (DSC) 

The glass transition temperature (Tg) of the synthesised composite membranes was calculated from 

differential scanning calorimetry (DSC) data. The DSC analysis was performed on a TA DSC Q-200 

equipment (TA Instruments, USA). The temperature range of 0–300 ˚C was set in the DSC analysis, 

based on the degradation pattern obtained from TGA study. Prior to the analysis, the samples were 

dried in a desiccator and the approximate weight of each sample was 8 mg. The analysis was carried 

out under nitrogen atmosphere with a flow rate of 40 mL/min and a heating rate of 20 °C /min. 

Samples were subjected to three rapid heating-cooling cycles: heating for deleting the thermal history, 

cooling and a final heating. The inflection point of the variation in the specific heat was taken as Tg. 

  

2.3.4. Mechanical properties analysis 

Mechanical properties of the composite membranes were examined by tensile testing assays 

measured on texture analyser equipment (TAXT plus, Stable Micro Systems, England) using the load 

cell of 5 kg. The tensile strength (TS) and Young’s modulus were determined by using rectangular 

membrane strips (10.5 mm × 25 mm). The samples were hanged between the grips of the texture 

analyser and the crosshead speed was set at 0.5 mm/s. Two strips of each membrane were analysed 

and the average value was calculated.  
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2.3.5. Evaluation of lithium transport  

The performance of the prepared composite membranes was compared in terms of their ideal 

selectivity and binary separation factor. Experiments were performed using a cylindrical diffusion cell 

with 2 compartments of 186 mL capacity each (Figure 2). The active membrane area in the cell was 

11.34 cm2. Copper rods were used as electrodes.  

 

Figure 2. A schematic configuration of the diffusion cell used in the experiments. 

 

2.3.5.1. Ideal selectivity 

The ideal selectivity values for Li+/Mg2+ were evaluated via current-voltage curves obtained through 

linear sweep voltammetry (LSV), by Vertex 5A potentiostat (Ivium Technologies). A scan rate of 200 

mV/s, at a step of 1 mV for the potential difference range between - 0.2 V and + 0.2 V were used as 

LSV operating conditions. In these experiments, the feed and the receiver side of the diffusion cell 

contained the same salt solution (0.1 M LiCl or 0.1 M MgCl2). The membranes under study were 

equilibrated for one hour in the respective salt solution before measuring the current-voltage (I-V) 

curves. The slope of the linear part of the I-V curve gives the conductance value of the membrane 

immersed in a given salt solution. The ratio of slops of I-V curves obtained for different salt solutions 

gives the ideal selectivity of counter-ions (in the present case Li+/Mg2+) pair.  
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 2.3.5.2. Binary separation factor  

The binary separation factor between lithium and magnesium was defined as a ratio of their degrees 

of recovery in the receiver:  

𝐵𝑖𝑛𝑎𝑟𝑦 𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 =   

[𝐿𝑖+]𝑡=𝑡
𝑅

[𝐿𝑖+]𝑡=0
𝐹⁄

[𝑀𝑔2+]𝑡=𝑡
𝑅

[𝑀𝑔2+]𝑡=0
𝐹⁄

                                                                      (eq. 3) 

where [𝐿𝑖+]𝑡=𝑡
𝑅  , [𝑀𝑔2+]𝑡=𝑡

𝑅   are molar ionic concentrations of lithium and magnesium in the receiver 

at time ‘t’ (herein after 5 h), while [𝐿𝑖+]𝑡=0
𝐹  , [𝑀𝑔2+]𝑡=0

𝐹  are the initial molar ionic concentration of 

lithium and magnesium in the feed, respectively. The binary separation factor was examined by using 

equimolar solutions of 0.25 M of LiCl and 0.25 M MgCl2 in the feed compartment and deionized water 

in the receiver. These experiments were conducted under two different diffusion dialysis operating 

conditions: without applying potential difference and with an applied potential difference of + 0.2 

volts across the investigated membrane. The ionic compositions of the feed and the receiver were 

analysed by inductively coupled plasma atomic emission spectroscopy (ICP-AES). Samples (2 mL each) 

were taken after 5 h from the two compartments of the diffusion cell. 

 

3. Results and Discussion 

3.1. Membrane characterisation 

3.1.1. Water uptake and surface hydrophilicity  

In sulfonated polymers, the water uptake increases with the sulfonation degree (DS). For pure PES 

there is a negligible water uptake, while for the composite-0% membrane, with DS 36 %, it became 

significant (Figure 3). The molecular structure of SPES consists of a hydrophobic backbone and 

hydrophilic sulfonic acid groups. The hydrophilic part of the structure is mainly responsible for water 

uptake in polymers. Within the composite membranes, the increase of HMO content also leads to an 

increase in the water uptake, since HMO has a hydrophilic nature [39,40]. 
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Figure 3. Comparison of water uptake and contact angle of pure polyethersulfone membrane and composite membranes. 

 

The prepared membranes also showed the expected trend in contact angle measurements. PES is 

mildly hydrophilic, with a contact angle value of 76 °, while an increase in DS leads to a slight decrease 

of the contact angle to around 65 ° for composite-0% membrane due to an increase in the hydrophilic 

part of its structure. For the composite-15%, 20% and 25% membranes, the contact angle further 

decreased due to the increasing content of the hydrophilic HMO filler from 15 to 25 wt% in the 

polymer matrix.  

 

3.1.2. FT-IR analysis  

The chemical compositions of the prepared composite-0%, 15%, 20% and 25% membranes were 

confirmed by analysing the respective FT-IR spectra (Figure S8, SI). As expected, the FT-IR spectrum 

for composite-0% membrane exhibited the same peaks as the SPES with DS = 36 % (Section S2.3., 

Figure S6, SI) which was used to prepare this membrane. The FT-IR spectra of the composite-15%, 20% 

and 25% membranes, which have a HMO powder and a lithium triflate salt in their structure, present 

a peak at 1650 cm-1 (hydroxyl (-OH)) of water adsorbed due to the presence of the hydrophilic HMO 

powder [41]). Also, the characteristic broad band at around 3450 cm-1, associated with the vibrational 

stretching of –OH groups, increased its intensity when HMO was added. The presence of the HMO 
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adsorbent was also confirmed by the presence of a new peak at 639 cm-1 which is associated with Mn-

O bond stretching [42]. Compared to the SPES polymer (Section S2.3, Figure S6, SI), in composite 

membranes the band intensity at around 1024 cm-1 increased due to the overlapping of the SO3
- 

groups related spectrum, provided by the addition of a CF3SO3
– anion and aromatic SO3H groups of 

sulfonated polymer matrix. These peaks confirm not only the presence of LiCF3SO3, but also the 

addition of “extra” SO3
- groups provided by this salt.  

 

Figure 4 shows the FT-IR spectra for the most promising membrane (composite-20%) before and after 

being tested in 10 h of diffusion dialysis experiments. The results, which are complementary with the 

XRD analysis, are discussed in more detail in the following section, but shortly, it is possible to see that 

all the characteristic peaks remained unaffected after the tests, therefore the FT-IR analysis confirms 

that the chemical structure of the composite membrane is stable under the applied operating 

conditions. 

 

 

Figure 4. Vertically shifted FT-IR spectra of the composite-20% membrane before used (pristine) and after diffusion tests (10 

h), compared to pristine composite-0% membranes. 
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3.1.3. X-ray diffraction (XRD) analysis 

X-ray diffraction patterns were used to determine the presence or absence of the crystallinity in the 

prepared membranes. Figures 5a and 5b show the diffractograms of composite-15%, 20% and 25% 

pristine membranes and composite-20% membrane before (pristine) and after being used, 

respectively.  

 

 

Figure.5 Vertically shifted XRD normalized diffractograms of (a) composite-15%, composite-20% and composite-25% pristine 

membranes and (b) composite-20% pristine membrane (before use) and after 10 h used. (The Intermolecular average 

distance was calculated using Braggs’ law, as summarized in Table S3, SI). 

 

The diffractograms of pristine composite-15%, 20% and 25% membranes showed a typical amorphous 

halo maximum along with the crystalline diffraction peaks for HMO and lithium salt (LiCF3SO3) (Figure 

5a). The peaks at around 2θ = 14°, 16.27°, 19.5°, 22.24°, 31.98°, 39.65° and 48.35 degrees could be 

attributed to the presence of lithium salt [43,44]. For the pristine composite-15%, 20% and 25% 

membranes, the amorphous halo appeared centred at 2θ = 19°, 22.7° and 28°, which corresponds to 

an intermolecular average distance of 4.5 Ǻ, 3.1 Ǻ, and 3.8 Ǻ, respectively. This indicates that each 

membrane possessed the different polymer chains packing. Moreover, these values follow the same 

trend observed for glass transition temperature (Tg) (analysed and discussed in section 3.1.5.) and they 
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are also in a good agreement with the Li+ ion ideal selectivity results (Table 2). As can be seen, the 

lowest average intermolecular distance between the polymer chains was observed for the pristine 

composite-20% membrane, which is the membrane with the highest Li+ ideal selectivity. The 

amorphous halo for the used composite-20% membrane was displaced and centred at 2θ = 19.2° 

which is equivalent to an average distance of 4.5 Ǻ (Figure 5b). The increased average distance 

between polymer chains, after use, depicts a loose polymer chains packing within the membrane 

structure, probably due to the swelling of polymer matrix which is directly related to the hydrophilicity 

of the sulfonated parts of the polymer [45]. Moreover, crystalline peaks with low intensity were 

detected, which have the same 2θ values as observed for HMO powder and LiCF3SO3 salt. The 

appearance of these peaks also indicates that those components maintained their crystalline structure 

inside the composite membrane which allowed for the selective lithium transport through the 

membrane [46]. 

 

3.1.4. Morphology  

The comparison of surface and cross-section morphology of the prepared composite membranes (0%, 

15%, 20% and 25%) is shown in Figure S9 in the Supplementary Information. SEM images revealed 

that these composite membranes have a dense structure and an increasing content of HMO from 0 to 

25 wt%, which promotes additional roughness in the structure of the composite membrane. Figure S9 

also shows that up to 20 wt% the HMO is homogeneously distributed in the membrane matrix. 

However, with the further increase (more than 20 wt%), HMO starts to aggregate, resulting in 

formation of cracks inside the membrane structure (Figure S9 (d and g), SI), which additionally explains 

why the composite-20% membrane (with the highest uniformly distributed HMO content) showed the 

highest lithium transport among all the prepared membranes. 
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The composite-20% membrane was analysed before and after used in diffusion experiments to check 

for any significant changes in the morphology (Figure 6 (a-d)) and in Mn element distribution (Figure 

6 (e-f)).  

 

Figure 6. SEM images of (a) composite-20% surface before use, (b) composite-20% surface after use, (c) composite-20% cross 

section before use, (d) composite-20% cross section after use, (e) EDX map for Mn atom on (a), (f) EDX map for Mn atom on 

(b). 

 

The cross-section images (Figure 6c-d) show that the composite-20% membrane exhibited a good 

compatibility between inorganic adsorbent and polymeric matrix, leading to a homogeneous and a 

uniform dispersion that was maintained after the membrane usage in diffusion experiments. The 

homogeneous distribution of the manganese (Mn) atom was also confirmed by EDX maps for 
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composite-20% membrane (Figure 6e-f). Moreover, a very small difference between the atomic 

composition of the pristine and used composite-20% membrane (22.95 ± 4.86 % vs. 21.00 ± 3.25 % for 

Mn, respectively) confirmed the stability of the inorganic component in the polymeric matrix, as 

expected based on FT-IR results (Figure 4 and Section 3.1.2.). Thus, no drastic visible changes in the 

surface morphology of the composite-20% membrane were observed after the membrane had been 

used. 

 

3.1.5. Thermal properties  

Thermal properties of the composite membranes (0%, 15%, 20% and 25%) obtained by TGA and DSC 

are shown in Figure 7a and 7b, respectively.  

 

Figure 7. TGA (a) and vertically shifted DSC (b) curves of composite-0%, 15%, 20%, and 25% membranes. 

 

Composite-0%, 15% and 20% membranes presented three weight loss steps (Figure 7a). The first 

weight loss can be attributed to the removal of strongly adsorbed water molecules within the 

polymeric matrix (water adsorbed by the interaction of hydrophilic –OH groups with –SO3
- groups 

[26]). The second weight loss is due to the removal of pendant groups (low bond energy) in the 

polymer and the third weight loss is due to the thermal degradation of the polymeric backbone. The 

composite-25% membrane, because of its high HMO content, presented only two main degradation 

steps which are representative for the thermal behaviour of HMO (Figure S3, SI). By comparing the 



20 
 

second weight loss temperature recorded for composite-0%, 15% and 20% membranes (Table S4, SI), 

we can observe a decreasing trend in temperature from 330 °C for composite-0% membrane to 194 

°C for composite-20%. This effect is most probably caused by the addition of the HMO adsorbent, 

which has a relatively low thermal stability (Td onset = 200 °C, Table S4, SI). Therefore, an inverse 

trend was observed between the thermal stability and the increase of HMO content in the polymeric 

matrix. This can also explain the overlap between second and third weight loss in the composite-25%. 

In the third weight loss step, the temperature was above 400 °C for all the composite membranes 

(Table S4, SI), demonstrating that the presence of the HMO adsorbent does not reduce the thermal 

stability of the composite membranes.  

 

The highest residue at 600 °C was measured for HMO powder, as expected, due to its inorganic nature 

and, consequently, a 14 %, 16 % and 18 % rise in residue was observed for composite-15%, 20% and 

25% membranes, respectively, compared to the composite-0% membrane (Table S4, SI). Thus, it 

confirms the incorporation of HMO into the polymer matrix.  

 

The DSC curves of composite-0%, -15%, -20% and -25% membranes (Figure 7b) show a change in the 

heat capacity associated with the glass transition temperature (Tg), attributed to the polymeric 

segments in the composite membranes. The Tg value reported for pure PES is 230 °C [47], and for the 

composite-0% membrane, it increased to 251 °C (Table S4, SI). This could be attributed to the 

introduction of sulfonic acid groups into the polymer chains, which caused an increase of 

intermolecular interactions between the polymer chains, resulting in a higher glass transition 

temperature. Tg values obtained for composite 15%, 20% and 25% membranes were lower compared 

to the composite-0% and ranged between 249 °C and 197 °C (Table S4, SI). However, there was no 

clear trend observed between the HMO content and Tg. Instead, Tg first decreased for composite-15% 

and 20% and then slightly increased for composite-25% membrane. The addition of HMO and lithium 
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triflate salt can lead to decrease of the Tg values because the presence of an inorganic filler may 

constrain the intermolecular interaction between the polymer chains [35,48,49] and LiCF3SO3 salt acts 

as a –SO3 group-provider and plasticizer, thus it increase the flexibility of the structure [35,48,49]. 

Therefore, the behaviour observed for the composite-15% and 20% and 25% membranes can be 

explained by the optimal HMO content being equal to 20%. Above 20%, the Tg increased most 

probably because the high HMO content could lead to the aggregation of polar groups on HMO 

through hydrogen interactions [26].  

 

3.1.6. Mechanical properties  

The tensile strength (TS) and Young’s modulus values of the composite membranes were calculated 

from the stress–strain diagram (Figure S10, SI), summarized in Table 1.    

 

Table 1. Tensile strength (TS), and Young’s modulus of the composite membranes 

 

Membranes Tensile strength (MPa) Young modulus (MPa) 

Composite-0% 43.7 803 

Composite-15% 37.6 275 

Composte-20% 32.7 269 

Composite-25% 35.5 289 

 

 

In general, the tensile strength (TS) and Young’s modulus decreased with the addition of HMO content, 

except for composite-25% membrane. The decrease of the mechanical strength of the composite-15% 

and -20% membranes, in comparison to the control composite-0% membrane, is associated with the 

interactions between the hydrophobic part of the polymer (backbone of polymer) and the hydrophilic 

inorganic filler. Moreover, the insoluble HMO content may hinder the interaction between the 

polymer chains producing changes or structural discontinuities in highly packed SPES polymeric 

structure [50,51]. However, for HMO concentrations above 20 wt%, the HMO starts to aggregate and 

its contact area with the polymer decreases, which favours the interaction between the polymer 
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chains and increases the mechanical strength [26]. In any case, all the prepared membranes are 

mechanically stronger than the HMO based polymeric lithium selective membranes reported so far in 

the literature (TS = 24.7 MPa [26], TS = 5.38 MPa [27]). 

 

3.2. Membrane ion transport performance and lithium selectivity  

3.2.1. Ideal selectivity  

The I-V curves of the prepared membranes are presented in Figure S11 (a) and (b) in the 

Supplementary Information, while the corresponding ideal selectivities, calculated from ion 

conductivity data (Figure 8), are shown in Table 2.  

 

Figure 8. LiCl and MgCl2 solutions conductivities for composite membranes. 

 

Table 2. Li+ ion ideal selectivity of the composite membranes. 

 

 

The composite-0% membrane showed almost the same conductivity values for lithium and 

magnesium ion (Figure 8). The slightly lower magnesium conductivity in composite-0% membrane 

could be due to the higher binding affinity of Mg2+ ions compared to Li+ ions with sulfonic groups of 

SPES, which may hinder their transport [21]. The incorporation of HMO changed this effect. For 

Membranes Comp-0% Comp-5% Comp-10% Comp-15% Comp-20% Comp-25% 

Li+/Mg2+ 1.34 1.67 2.39 5.77 11.75 ± 0.55 7.89 
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example, merging just 5 % w/w of HMO into the composite membrane increased twice the Li+ ion 

conductivity of that membrane, while the Mg2+ conductivity remained almost the same. Likewise, the 

Li+ ion conductivity continuously increased with the increase in HMO content from 5 % w/w to 20 % 

w/w and a Li+/Mg2+ ideal selectivity close to 12 was achieved (Table 2), which is a value almost 4 times 

higher than previously achieved by Zhang et al. [26] and 3 times higher compared to the value 

reported by Sharma et al. [27]. The sharp increase of Li+ conductivity with increasing HMO content can 

be explained by the HMO structure which only allows the free insertion of Li+ through its 8a-16d-8a 

interspaces and the synergistic effect of sulfonating groups of the polymer, which have different 

binding affinity with different cations such as Li+ = 1.0, Na+ = 1.98, K+ = 2.9 and Mg2+ = 3.18 (all these 

values are normalized to Li+) [21,26]. However, the further increase in HMO content to 25 % w/w lead 

to the reduction of Li+ ion conductivity, which is in accordance to the SEM image (Figure S9 d and h) 

where cracks in surface of the membrane and the aggregation of HMO adsorbent can be seen. The 

best Li+ ideal selectivity, obtained for composite-20% membrane, could be also explained by the best 

flexibility (lowest Tg , section 3.1.5.), the best equilibrium between packing constraints, rigidity and 

interactions with favourable functional groups (-SO3
-) and the lowest polymer chains packing in the 

amorphous polymeric phase observed for the pristine composite-20% membrane (XRD, section 

3.1.3.). 

 

3.2.2. Binary separation factor and cationic flux 

Figures 9a and 9b show the data related to lithium and magnesium molar ionic fluxes and their binary 

separation factor by composite-20% membrane.  
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Figure 9. (a) Li+ and Mg2+ ion fluxes in diffusion and electric diffusion experiments, (b) Binary separation factor of Li+/Mg2+ 

pair by composite-20% membrane. 

 

For diffusion dialysis, the binary separation factor was 9.1 and the lithium molar flux was 0.026 

mol/(m2.h). When an external potential difference of 0.2 V was applied, the binary separation factor 

decreased to 5, but the Li+ molar flux increased almost 5 times (0.12 mol/(m2.h)). In both cases, a lower 

Mg2+ flux could be due to its bigger hydrated size, lower diffusion coefficient and higher binding affinity 

to sulfonic groups compared to that of Li+ [25]. When the external potential difference was applied, 

the external force and the selective nature of the membrane boosted the Li+ flux but the flux of Mg2+ 

also increased significantly, possibly because Mg2+ is doubly charged so it experiences the double of 

the electric force (compared to Li+), which could increase its transport by migration. Table S5 (SI) 

summarises the lithium Ion flux and binary separation factor of different membranes at different 

operating conditions reported in the literature. 

  

Based on the conditions used, and on the obtained results, this work showed a clear progress in the 

preparation of composite cation exchange membranes and demonstrated how to develop 

mechanically stable membranes showing an improved separation between lithium and magnesium at 

a relatively low applied external potential difference. Given the promising potential, their use in 
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membrane capacitive deionization and/or electrodialysis processes for selective lithium recovery 

could be foreseen.  

 

4. Conclusions 

• Composite lithium transport selective polymeric membranes were developed by merging 

hydrogen manganese oxide (HMO) into mixture of sulfonated polyethersulfone (SPES), 

sodium salt of polystyrene sulfonate (PSS-Na) and lithium triflate (LiCF3SO3).  

• The presence of HMO in the membrane not only improved its lithium selectivity, but also 

increased its hydrophilicity, which led to an increase in ionic fluxes compared to those 

obtained with the membrane without HMO (composite-0%).  

• The highest Li+/Mg2+ ideal selectivity of 11.75 was achieved by the composite membrane 

containing 20 % (w/w) of HMO. 

• In diffusion dialysis, a Li+/Mg2+ binary separation factor of 9.1 was achieved at a Li+ flux of 

0.026 mol/(m2.h). In electro-diffusion dialysis, when a potential difference of + 0.2 V was 

applied, the transport performance was improved in terms of lithium flux (0.11 mol/(m2.h)), 

while still maintaining a relatively high Li+/Mg2+ binary separation factor of 5.0. 

• 20 % (w/w) content of HMO lead to formation of a composite membrane with the lowest 

intermolecular distance between the polymer chains, the most flexible structure (lowest Tg) 

and a still uniform dispersion of HMO among the tested membranes, which explains its best 

performance in term of the lithium separation and transport. 

• The performed analyses proved that the prepared membranes are chemically and 

mechanically stable and adequate for the use at large scale.  

The use of lithium selective adsorbents with high adsorption capacity and polymers possessing 

high IEC could further improve the membrane performance. Overall, this study provides a strong 

base for the development of highly lithium selective membranes. 
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Abbreviations 

CEM Cation exchange membrane 

CAS Chlorosulfonic acid 

DS Degree of sulfonation 

DSC Differential scanning calorimetry  

DMF Dimethylformamide 

FT-IR Fourier transform infrared spectroscopy 

HMO H1.33 Mn1.67 O4 (Hydrogen manganese oxide) 

1H-NMR Nuclear magnetic resonance of proton 

ICP-AES Inductively coupled-plasma atomic emission spectroscopy 
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LMO Li1.33 Mn1.67 O4 (Lithium manganese oxide) 

LIS Lithium ion sieve  

LSV Linear sweep voltammetry  

MOF Metal organic framework 

PES Polyethersulfone  

PSS-Na Sodium salt of polystyrene sulfonate 

SEM Scanning electron microscopy 

SPES Sulfonated polyethersulfone  

TGA Thermogravimetric analysis 

TS Tensile strength 

XRD X-ray diffraction 

WC Water content 

 


