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Abstract

:

Aqueous sources like salt lake brines and seawater are the most abundant source for lithium ions and might contribute to the growing demand for lithium for energy storage. By coupling with the increasingly relevant reverse osmosis systems, nanofiltration can provide a promising process alternative to conventional methods such as water evaporation and salt precipitation from ores or brines for this purpose. One possible model for nanofiltration is the solution-diffusion-electromigration model (SDEM). First, the model was parametrized by determining the permeances from simple electrolyte mixtures containing two salts. Then, the SDEM was used to predict the rejections of complex multi-electrolyte solutions that mimic seawater and reverse osmosis brine, without fitting additional parameters to experimental data of this complex mixture. This allowed predicting ion rejections satisfactorily. Negative rejections due to spontaneously generated electric fields in the membrane could also be qualitatively described. In summary, this SDEM modeling can provide an important contribution to the purification of Li+ from aqueous sources.
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1. Introduction


The demand for lithium as an important component of lithium-ion batteries is actually increasing due to the increasing demand for electric cars. This partially results from political requirements such as the ban on combustion engines in the European Union from 2035 [1]. While the demand has almost tripled from 28,100 t in 2010 to 82,500 t in 2020, a demand of 900,000 t is forecast for 2025 [2]. Whereas current methods of lithium recovery, such as water evaporation, extraction from ores and extraction from brine or salt precipitation, cannot meet global demand and have ecological disadvantages [3], seawater offers a nearly inexhaustible source of 230 billion tons of lithium [4]. Research into new processes to utilize these enormous resources has increased significantly in recent years. In particular, research groups are focusing on liquid/liquid extraction [5], electrodialysis [6] and adsorption [7]. Also, membrane processes are considered to be a promising and environmentally friendly part of a process for the recovery of lithium from aqueous sources. The advantages of such membrane processes are especially the high energy efficiency, the simple scale-up and the easy operation in a continuous process [8,9]. While reverse osmosis can be used to concentrate Li+ and other ions non-selectively [10], aqueous nanofiltration (NF) can be used to lower the ratio of divalent ions to lithium ions, especially to decrease the Mg2+/Li+ ratio. This ratio is particularly critical in further steps for lithium purification. Mg2+/Li+ should ideally be less than 6, as this ratio is considered suitable for the subsequent removal of magnesium and other constituents by conventional precipitation methods by addition of sodium hydroxide or calcium hydroxide [11,12]. However, experimental studies on the separation performance of available membranes are required prior to implementing membrane processes on a large scale. Several membranes have already been characterized for Mg2+/Li+ separation using aqueous nanofiltration. The first studies on the application of nanofiltration from Li+-containing waters were conducted by Wen et al. [11]. Using the Desal-5 DL membrane, an attempt was made to realize the separation of Li+ from a multi-electrolyte solution consisting of high concentrations of Mg2+, BH4− and SO42−. However, the reported separation factor (SF) between Li+ and Mg2+ was only 3.5.



The separation factor between Li+ and Mg2+ is defined as:


  S   F   i , j   =       c   F , M   g   2 +         c   F , L   i   +             c   P , M   g   2 +           c   P , L   i   +          



(1)




where     c   P , i     and     c   F , i     are the ion concentrations of the permeate and feed stream, respectively.



Yang et al. [13] investigated the separation of Mg2+/Li+ from an initial ratio of 18–24, mimicking the East Taijinaier Salt Lake in China, using the Desal DK membrane. While Li+ showed a negative rejection of −60% depending on the permeate flow, Mg2+ could only be rejected to a maximum of 60%, resulting in an SF of 3.2. The experimental results were used to regress the membrane charge density (XD) as a model parameter from the Donnan-steric-pore model (DSPM). However, the model was not used to predict separations at other conditions, and a subsequent comparison with experimental data was also not performed. The Desal-5 DL membrane was further investigated in a work by Li et al. [14]. While SFs of 21 were achieved at high pressures and with a feed solution consisting exclusively of MgCl2 and LiCl, the rejection of Li+ in the presence of other monovalent cations increased significantly due to the competition to permeate through the membrane by size and electrostatic effects.



In contrast, significantly higher Mg2+ rejection was achieved by Somrani et al. [3] with the XLE (Filmtec, Dow) and NF90 (Filmtec Dow) membranes. With a brine solution mimicking a Tunisian salt lake, Mg2+ with a concentration of 0.3 g L−1 was rejected completely, while Li+ had a rejection of 16%. However, the initial flow rate dropped by 50% after 6 h. In a second membrane step, the authors investigated the separation of Li+/Na+, but the membrane was not selective to one of the species. Moreover, Bi et al. [15] used a DK 1812 module for their experiments on Mg2+/Li+ separation from brine. When only MgCl2 and LiCl were present in the feed solution, an SF of 42 was achieved under the best conditions. Once other cations such as Na+ or K+ were present, SF decreased to values between 10 and 12. The Desal DL (Suez) was studied by Sun et al. [16]. Different influencing factors on Mg2+/Li+ separation like concentration, operating pressure, water inlet temperature, and pH of solution were systematically investigated for an artificial composition of the East Taijiner Brine Lake, China. The authors concluded that high transmembrane pressure (20 bar), elevated temperature (308 K), low pH (3.1) and a low Mg2+/Li+ ratio of 50 were beneficial for the Mg2+/Li+ separation. A further study of Pramanik et al. [12] investigated the combination of nanofiltration with membrane distillation for lithium recovery. However, in NF with the NF270 (Filmtec, Dow), only an SF of 8.1 was obtained between Mg2+ and Li+, whereas the pretreated electrolyte solution was concentrated fivefold during membrane distillation. Very recently, an integrated membrane cascade system for Mg2+/Li+ separation was proposed by Ashraf et al. [17]. By interconnecting an ultrafiltration (UA001) and a nanofiltration (NF270) membrane, an SF of 15.4 was achieved and 82.5% of Li+ was recovered.



Besides commercially available membranes, a research field has also emerged that deals with tailor-made membranes for Li+ separation and purification. Zhang et al. [18] developed a membrane of polyethersulfone and polyethylenimine, which, in a performance analysis also based on the East Taijiner brine in China, showed only low Mg2+ rejection (below 60%) and a low permeance of 0.5 L m−2 h−1. An interesting approach was also taken by Zhang et al. [19], who incorporated a typical Li+ liquid/liquid extraction system, tributyl phosphate and FeCl3 into a polyvinyl chloride-based polymer inclusion membrane. A high SF of up to 176 was achieved, but the high loss of 18% of FeCl3 after a batch also shows that this system is not yet mature and leads to further separation efforts. Other tailor-made membranes for this application were developed by Zhao et al. [20], Xu et al. [21], Wang et al. [22], Saif et al. [23], Luo et al. [24], Li et al. [25] and He et al. [26].



Zhang et al. [18] and Zhang et al. [27] recently summarized the research on Mg2+/Li+ separation from aqueous systems using nanofiltration.



To conclude, the separation of Li+ and polyvalent cations by nanofiltration works well depending on the membrane, but especially the effect on separation performance of other ions besides Mg2+ and Li+ has not yet been studied intensively. The studies presented are also limited to concentrated brines, but these are only available in a limited number of locations around the world. Experiments on the NF separation of Li+ in the concentration range of seawater are still lacking. Moreover, most of the previous work is limited to experimental studies, while research on modeling the Li+ separation behavior under different operating conditions is scarce. Nevertheless, several approaches exist to model nanofiltration in multi-electrolyte solutions, such as the Spiegler–Kedem model [28], the Teorrell–Meyer–Sievers model [29] and the Donnan-steric-pore dielectric exclusion model (DSPM-DE). The latter has been used for a variety of nanofiltration applications, such as NaCl/Na2SO4 separation [30], purification of amine solutions [31] and even in the presence of various single salts [32]. Liu et al. [33] were also able to explore the influence of the surface charge of the support layer on the membrane performance using the DSPM-DE. In the DSPM-DE, the equilibrium distribution at the two membrane interfaces is linked to the transport within the homogeneous polymer matrix described by the extended Nernst–Planck equations. A combination of steric exclusion, Donnan potential difference and dielectric exclusion describes the partitioning relations [34,35]. The disadvantage of DSPM-DE is the requirement of a huge experimental database effort and the lack of prediction performance, especially in the separation of mono- and divalent ions [35,36]. However, Rehman and Lienhard [37] recently showed that the number of model parameters can be reduced using global optimization. Using this method, Foo et al. [38] were able to predict the separation of monovalent ions and divalent ions in different salt lakes. However, the model parameters had already been directly regressed to the rejection of electrolyte solutions with up to six ion species.



Using simplified models can be significantly more practical for engineering purposes. Hence, in the early stages of process design, the feasibility of a membrane plant can be estimated based on a few required model parameters. Several authors have shown that individual ion rejections in electrolyte mixtures can be described using constant ion permeances [35,39,40,41]. These phenomenological parameters in the so-called solution-diffusion-electromigration model (SDEM) lump the membrane thickness, the partitioning coefficient and the ion diffusivity in the membrane into a single parameter per ion species. Pages et al. [40,42] applied SDEM to a variety of combinations of dominant salts (NaCl, MgCl2) and trace ions (Na+, Cl−, SO42−), and permeances were obtained by fitting to experimental rejection data. Moving one step further toward industrial applications, Reig et al. [43] measured and modeled ion rejections with a flat-sheet laboratory-scale configuration and an industrial spiral wound configuration. The modeling approach with constant ion permeances was able to describe the ion rejections well, and the ion rejections of the different configurations were modeled qualitatively and correctly. Despite the simplification in the derivation of the SDEM model, the model can be extended, for instance, for concentration polarization or reactions between species in solution as conducted by López et al. [44]. The extended model was applied to predict ion rejections from a complex electrolyte mixture, mimicking the Llobregat river water, and it was able to reproduce the rejections qualitatively. Another application-oriented study was conducted by Fridman-Bishop et al. [35], who predicted the rejection of major seawater ions (Na+, Cl−, Ca2+, Mg2+ and SO42−) by incorporating a concentration dependence of ion permeances. Wang et al. [45] also used a concentration dependence of the permeance in their work on Mg2+/Li+ separation and made it clear that, in addition to the separation factor, the lithium recovery also plays a major role for a meaningful separation. In summary, it can be stated that the SDEM model is able to reflect experimental data for a wide range of solutes and concentrations. However, SDEM has not yet been applied to predict Li+ separation from complex aqueous sources.



Therefore, this work comprises three parts: 1. an introduction to the used model and the method to solve the equations algebraically, 2. the measurement of rejections in several electrolyte mixtures and 3. the application of the model to predict the experimental data with the minimum number of parameters. To select a suitable commercially available membrane, different membranes were evaluated experimentally (Section 3.1). The experimental setup and procedure to determine the ion permeances are described in Section 3.2. Finally, the comparison between predicted rejections for complex multi-electrolyte systems and experimental data is presented in Section 3.3. The findings of the work are concluded in Section 4.




2. Theory


2.1. Modeling Approach


The one-dimensional transport of ion i without convection can be described by Equation (2) [46]:


    j   i   = −       c  ¯    i     D   i     R T     d     μ  ¯    i   e     d x    



(2)




where       μ  ¯    i   e     is the electrochemical potential of ion i,       c  ¯    i     is the real concentration of this ion in the membrane,   x   is the transmembrane coordinate and     D   i     and is the ion diffusivity. The electrochemical potential     μ   i   e     can also be expressed in terms of a virtual aqueous solution that is in equilibrium with a particular point in the membrane. Then, the electrochemical potential can be defined by [46]:


    μ   i   e   =   μ   i   0   + R T   ln  ⁡  (   γ   i     c   i   )   +     z   i   F   R T   ϕ  



(3)







Here,     γ   i     and     c   i     are the activity coefficient and the ion concentration of ion species i in the virtual solution,     z   i     is the ion charge,   F   is the Faraday constant, T is the temperature, R is the ideal gas constant and   ϕ   is the electrostatic potential. Assuming constant activity coefficients, with the definitions for the partition coefficient     Γ   i     and permeances     P   i     [46]:


    Γ   i   =       c  ¯    i       c   i       a n d     P   i   =   Γ   i   ⋅   D   i    



(4)







Equation (3) can be rearranged in Equation (2) for the ion flux:


    j   i   = −   P   i   ⋅   d   c   i     d x   −   Z   i     P   i     c   i     F   R T     d ϕ   d x    



(5)







In addition, the electroneutrality condition holds at every point in the virtual solution:


    ∑  i = 1   n      c   i   ⋅   Z   i   = 0    



(6)







The further assumptions of the SDEM are listed in Appendix S5. To solve the resulting differential algebraic equation system (Equations (5) and (6)), we used collocation. Hereby, the system was transformed into a purely algebraic system of equations, which can then be solved by any nonlinear solver. Collocation is a numerical method to solve differential equations and differential algebraic equations considering boundary conditions by transforming the set of equations into purely algebraic equations. Yaroshchuk and Bruening [9] developed analytical solutions for special applications of the SDEM model, which enable a fast and simple calculation of the flux and concentration profile. However, analytical solutions are restricted to a small number of ion species. In order to solve the differential algebraic equation system in a general way, we transformed Equations (5) and (6) into an algebraic system of equations using orthogonal collocation, which can be solved by any non-linear programming solver. We used   v = 6   collocation points, 4 internal collocation points, 1 at     z   0   = 0   and 1 at     z   v   = 1  . Note that   z   is the dimensionless transmembrane coordinate   z =   x   δ    . Thus, the boundary conditions were taken into account when solving the system of Equations (3) and (4). The first boundary condition at     z   0   = 0   describes the feed concentration of the components. The second boundary condition results from the relationship between ion concentration in the permeate     c   i   P    , ion flux     j   i     and the total permeate flux     J   v    :


    j   i   =   c   i   P   ⋅   J   v    



(7)







To solve Equations (5) and (6), the concentration profile of an ion and the electrostatic potential over the membrane thickness δ, so-called modeled variables   y  , were approximated using polynomials   y ( z )   with coefficients     α   i    :


  y   z   =   θ   0   +   θ   1   z +   θ   2     z   2   + … +   θ   v     z   v    



(8)







Thus, for a polynomial of degree v, v collocation points were set across the thickness of the membrane. In this work, the collocation points were not chosen equidistantly, but result from the roots of the shifted Lagrange polynomials.



In previous works, the permeances have been regressed specifically for a so-called subsystem, consisting of a dominant salt (e.g., NaCl) and a trace salt (e.g., NaI). Hence, different permeances were obtained for Na+ depending on the kind of electrolyte, e.g.,     P   N a +     is different for NaCl + MgCl2 and NaCl + CaCl2 subsystems. The method of combining dominant and trace salts to characterize transport properties of NF membranes was first presented by Yaroshchuk and Ribitisch [47] and was then used by many other authors [40,42,43,48,49]. In order to overcome this shortcoming, the concentration of trace ions must be so low that it does not affect the membrane properties (e.g., fixed charge density) and that it does not cause strong interactions with the other salts. It was shown that the rejection of the trace ion is much more sensitive to the rejection mechanism than that of the dominant salts [47]. Because Na+ has by far the highest concentration in seawater, in our work we used only NaCl as the dominant salt and always measured the rejections and permeate fluxes in the combinations with NaCl and a single other salt using the concentrations observed in seawater Equation (5) was then established for each ion species and pressure level. Because Na+ and Cl− occurred in each subsystem, Equation (5) was also set up only once for each. In addition, the electroneutrality condition Equation (6) was set up for each pressure level in each subsystem. This resulted in 56 data points for 8 pressure levels and 7 ion species for the reverse osmosis brine concentration range. Subsequently, the ion permeances (Equation (5)), as the only fitting parameters, were fitted to all subsystems simultaneously so that only one permeance was obtained for each ion species. By directly fitting the permeance, the system of equations was solved several times in each iteration step, but this did not significantly increase the computation time due to the prior transformation into an algebraic system. The sum of the sums of the root of squares between experimental rejection and calculated rejection (here called total sum of errors (tse)) served as the objective function to be minimized. Thus, for q subsystems, n pressure levels and p ion species, this results in:


  t s e =   ∑  k = 1   q      1   n     ∑  h = 1   n      ∑  l = 1   p           R   e x p , k , h , l   −   R   c a l c . , k , h , l       2           



(9)







The optimization problem was implemented in Matlab™ and solved using a multi-start solver. In the next step, these permeances were used to predict the rejections of a complex multi-electrolyte solution with Equation (5). The predicted rejections were compared to the experimentally determined rejections. The permeate fluxes were not predicted in this work.




2.2. Experimental Section


In order to measure the ion rejections as well as pure water and electrolyte solution fluxes, the used membranes, chemicals and the experimental procedure are described in the following sections.



2.2.1. Membranes and Chemicals


Three commercially available membranes were tested as flat sheets in a preliminary membrane screening. To the best of our knowledge, the NFAL membrane and TS40 membrane have not yet been tested for Mg2+/Li+ separation. Available information about the polymer used, the maximum operating pressure and the suppliers is provided in Table 1. The evaluation of the separation performance is described in Section 3.




2.2.2. Chemicals


All the reagents used were of analytical reagent grade. Magnesium chloride hexahydrate (MgCl2  ⋅  6H2O), calcium chloride (CaCl2), potassium chloride (KCl), sodium chloride (NaCl) and sodium sulfate (Na2SO4) were purchased from Carl Roth, Karlsruhe, Germany. Lithium chloride monohydrate (LiCl  ⋅  1H2O) was supplied by Thermo Fisher Scientific, Ward Hill, USA. The Stokes radii of the ions present in the prepared solutions are depicted in Table 2. The aqueous solutions were prepared using deionized water (MilliQ), produced by a Millipore system (Millipore System, Molsheim, France) with an electrical conductivity < 0.55 µS cm−1 and pH = 7.34 ± 0.2. Accounting for the molar masses, the electrolyte solutions were prepared from the reagents for seawater concentrations [53] and concentrations of a retentate stream of a reverse osmosis plant [54] as shown in Table 3 and Table 4.




2.2.3. Membrane Setup


Two different lab-scale setups for cross-flow measurement were used for the membrane experiments. Circular membrane modules supplied by Evonik MET contained the membrane cutouts with an active membrane area of     A   m e m     = 17 cm2. The transmembrane pressure difference   Δ p   between the feedside pressure and the atmospheric pressure on the permeate side of the membrane was varied between 5 and 40 bar at a constant temperature of 20 °C. The set mass flow rate of 75 kg h−1 resulted in a cross-flow velocity of 2.08 m s−1 calculated according to Lejeune et al. [57]. Based on the small membrane area and the high cross-flow velocity, the concentration polarization was neglected in the analysis of the separation efficiency and in the modeling approach. For the membrane screening, the setup depicted in Figure 1a was used. It consisted of a feed vessel, an HPLC pump for pressure generation and four membrane cells connected in series. Each membrane cell contained a membrane cutout from the same batch of the membrane material to be screened in order to perform an estimation of the mean and standard deviation for membrane flux and ion rejection. The membrane flux, as determined by small samples in lab-scale experiments, is well known to exhibit significant variations due to the inhomogeneity of the membrane material [58]. Retentate and permeate were continuously recycled to the feed vessel. Before every experiment, all membranes were flushed with pure MilliQ water at 10 bar transmembrane pressure difference as recommended by the suppliers. Afterwards, the prepared electrolyte solution was charged into the feed vessel and the experiment was conducted until a constant permeate flux was achieved, which was monitored by Coriolis flowmeters.



The detailed characterization of the NFAL membrane performances was conducted in a similar cross-flow setup, which is depicted in Figure 1b. The pressure control is the major difference between the two setups. Instead of an HPLC pump, the whole system was pressurized using nitrogen. Moreover, the set-up comprises a feed vessel, a recirculation pump and four membrane modules connected in series, which are identical to the ones used in the membrane screening experiments. The permeate from the four modules was collected in an unpressurized permeate vessel from where it was continuously pumped back to the pressurized feed vessel by two HPLC pumps. Before performing any experiments, the membrane cutouts were placed overnight in a NaOH solution (pH 8.5–10.5) to wash out potential preservatives as recommended by the supplier. In these experiments, feed solutions were prepared with the concentrations shown in Table 4.




2.2.4. Analytical Methods


Subsequent to the experiments, the mass fractions of the feed and permeate samples for Li+, Na+, K+, Ca2+ and Mg2+ were determined by ion chromatography using a Dionex™ ICS-2100. The cations were analyzed with an analytical column 2 × 30 mm IonPac™ CS16-Fast-4 µm (Dionex), at 40 °C with a 10 µL injection volume and a conductivity detector. Millipore water with a 30 mM concentration of methanesulphonic acid (CH3SO3H) served as the eluent. For quantitative analysis, the substances were calibrated beforehand. The samples taken during the experiment were diluted one hundredfold for analysis. The Cl− mass fraction was calculated by the electroneutrality condition (c.f. Equation(4)). The ion rejection     R   i     of species i was calculated by:






3. Results and Discussion


In this section, the results of the membrane screening are presented to provide a justification for the membrane selection in this work. Then, the permeance fitting results are presented prior to evaluation of the prediction performance of the NF for more complex solutions using the fitted permeance of the subsystems.



3.1. Membrane Screening for Li+ Separation from Saltwater


Because high Mg2+ rejection and low Li+ rejection are critical for the separation of Li+ from aqueous media, the selected membranes were first tested in artificially mixed seawater feed STS (c.f. Table 4) at three pressure levels. Figure 2a depicts the SF between Mg2+ and Li+ for the applied pressures and different membranes. All membranes achieved an SF > 1. The pressure dependence is evident for all membranes, and the higher the pressure, the lower the SF. The NFAL membrane significantly outperforms the other two membranes at all pressure levels. In addition to the rejection, Figure 2b depicts the total flux obtained for the membrane setup. Flux is of crucial importance for the determination of the required membrane area for a specific separation task. The fluxes for the TS40 and NFAL membranes are very similar, considering the standard deviations determined from the four tested membrane cells, with an average flux of 95.1 kg m−2 h−1 and 86.9 kg m−2 h−1 at 40 bar for TS40 and NFAL membranes, respectively. The DL membrane exhibits a higher flux than the other two membranes with 121.6 kg m−2 h−1 at 40 bar. This is in accordance with the manufacturer’s data, which indicate a permeance of 7.73 L m−2 h−1 bar−1 for the DL membrane and 4.49 L m−2 h−1 bar−1 for the TS40 membrane at test conditions (2000 ppm MgSO4, 7.6 bar operating pressure, T = 25 °C). However, these values are not directly comparable with the values we measured, because the osmotic pressure in the experiments leads to a decrease in flux. Nevertheless, the flux values are satisfying.



A more detailed insight into the membrane NFAL is given by Figure 3, which shows rejections of all cations present in the feed solution for the different pressure levels. The divalent ions Mg2+ and Ca2+ show a high rejection which is nearly independent of pressure. In contrast, Li+ rejection strongly depends on pressure, which makes it the dominating factor for the pressure dependence of SF. Further, negative rejections of Li+ were observed at the lowest pressure level, indicating a favorable Li+ enrichment in the permeate. This changes at pressures above 30 bar. None of the membranes allowed a significant selectivity between Li+ and the other monovalent cations Na+ and K+ at the chosen conditions. The fact that one of the four cells had higher rejection and fluxes than the other three cells resulted in a comparatively large error bar for the DL membrane. Small defects in the active separation layer of this cutout could be the reason for this. Based on these screening experiments, the NFAL membrane was selected as the most promising one because of the beneficial ion rejections and Mg2+/Li+ factors. Both are of the upmost importance for the application, and acceptable fluxes were still achieved. Thus, the NFAL membrane was used to further characterize and model the separation of Li+ from seawater in Section 3.2. Rejection and fluxes for the NFAL membrane are stable over time and were constant for an aqueous NaCl solution at a constant pressure for at least 7 h.



For the ion rejections for the DL and TS40 membranes, please refer to Figures S1 and S2 in Appendix S2.




3.2. Membrane Characterization


Based on the results of the membrane screening shown in Section 3.1, the NFAL membrane (Alfa Laval) was further investigated with the objective of determining the ion permeances according to the SDEM model (Equation (5)) and the procedure in Section 2.1. For the ROB experiments, the experimental results and the rejection profiles calculated with the SDEM for the different subsystems are shown in Figure 4. For the MW experiments, the experimental results are listed in Tables S9–S14 in the Supporting Information.



Noticeably, the rejection for all ions in all subsystems increased with increasing permeate flux and increasing feed pressure. Pressure increases the driving force for the water flux while affecting the ion fluxes to a smaller extent, and this results in a higher water fraction in the permeate and finally in higher rejections. Moreover, it can be observed that the rejection of the divalent ions SO42− (Figure 4a), Mg2+ (Figure 4b) and Ca2+ (Figure 4c) is significantly higher than the rejection of the monovalent ions (Figure 4d,e).



The fitted rejections of the Mg2+ ions are in good agreement with the experimental data. The high rejections are also expressed in the significantly lower permeances of Mg2+ and Ca2+ (see Table 5), which include the Donnan effect and dielectric exclusion. These low permeances compared to monovalent ions are consistent with the observations in other studies by Pages [40,42] and Reig [43].



Figure 4b depicts a negative Na+ rejection measured for low permeate fluxes, which is also reproduced by the model. Among all subsystems, it is the only one with a measured and calculated negative Na+ rejection. This is caused by the high Mg2+ rejection, which leads to the formation of an electrical potential [59]. The negative Na+ rejection is in accordance with other works [59,60]. Therefore, by fixing the concentrations to those of seawater and RO brine, Mg2+ is no longer a trace salt in the original sense, because the presence of Mg2+ ions affects the rejection of the dominant salt NaCl. However, this negative Na+ rejection is not observed for the subsystem with CaCl2 (c.f. Figure 4c), suggesting that a high concentration of a divalent ion with a low permeance is essential for the occurrence of negative rejection. The Ca2+ rejection does not increase as steeply compared to the Mg2+ rejection and approaches a constant value of 87%. Nonetheless, at higher permeate fluxes, the model slightly overestimates the rejection for Ca2+ similar to Mg2+. The rejection of K+ (c.f. Figure 4d) can be fitted in good agreement to the experimental data, but here, the rejection of Cl− and Na+ is slightly overestimated. It is encouraging to note that Li+ (c.f. Figure 4e) has the lowest rejection of all the cations considered in the range     J   v     < 15·10−3 kg m−2 s−1, with a maximum rejection of 12.3%. The fact that electrostatic effects also play a role here can be seen from the Stokes radii in Table 1. Although Li+ has the largest Stokes radius of the monovalent ions, it has the lowest rejection. In Figure 4e, it can be observed that, because the Li+ concentration is extremely low, due to the electroneutrality condition, the rejection of Cl− and Na+ is almost identical. This can also be reproduced when fitting the permeances of the model. In addition, the size of the error bars in Figure 4 provides a measure of the uncertainty resulting potentially from defects in the different cutouts, which lead to the standard deviation in the measured permeate fluxes and rejections. Nonetheless, the reported standard deviations are in the expected range of lab-scale experiments for commercial membranes [58]. However, the fitting to the SDEM produces a positive Li+ rejection, whereas the error bar of the experimental data does not allow a definite statement on this. Due to the low Li+ feed concentration, even very small amounts of positively charged ions with lower permeances in the feed mixture can provide negative Li+ rejection.



Considering all subplots in Figure 4, it is evident that the pressure dependence of the rejections of the divalent ions is much less pronounced than of the monovalent ions. This is a well-known phenomenon, which can be explained by the Donnan equilibrium as well as by the dielectric exclusion. The lower dielectric constant of water inside the membrane (compared to the bulk solution of the feed) causes an increase in the solvation energy. This additional energy must be provided for ions to enter the pore of the membrane [3,61]. Because the excess solvation energy is proportional to the square of the ionic charge, this results in an increased rejection of divalent ions [62].



Additionally, a charged membrane rejects ions due to the Donnan equilibrium. Thereby, divalent ions are rejected more strongly than monovalent ions [60]. Even at a low permeate flux, the rejection of Mg2+ is almost constant with values greater than 95% (c.f Figure 4b), which can be represented well by the SDEM model.



Besides the graphical representations in Figure 4, the fitting errors of the individual subsystems are also listed in Table 6 in order to provide a quantitative statement on the quality of the fitting. Remarkably, especially for the systems LiCl + NaCl and NaCl + Na2SO4, the errors are particularly small. Approximately four times as high is this value for the system NaCl + CaCl2. The concentration polarization layer, which we explicitly did not consider for reasons of simplicity and which can result from high Ca2+ rejection, could be the reason for this. Nevertheless, the plot shows that the curves can be represented quite well. Particularly noteworthy is that the relationship between permeate flux and rejection can be well reproduced for all subsystems even though only a single parameter was fitted for each ion species. Especially outstanding is the profile of Cl− and Na+ in the subsystems, because for both ion species, even five different profiles can be described with the fitted permeance values and even the negative rejection of Na+ in the system NaCl + MgCl2 is correctly reproduced.




3.3. Prediction of Ion Rejections in Multi-Electrolyte Solutions


In this section, the permeances determined by fitting to the experimental rejections of the subsystems in Section 3.2 are used to predict the rejections for the multi-electrolyte systems. Thus, permeances determined from the simpler subsystems at the same ion concentrations are transferred to a much more complex multi-electrolyte solution with more ion species. The multi-electrolyte systems in this work did not contain the ion species SO42− because the modeling did not account for complexation with the Mg2+ ions.



Figure 5 shows the predicted rejections     R   i     of the ion species of the multi-electrolyte reverse osmosis brine (ME-ROB) feed as a function of the measured permeate flux Jv. The higher rejections of the divalent Mg2+ and Ca2+ ions (compared to the monovalent ions) can be reproduced quantitatively well. Even the lower rejections of Ca2+ (R = 0.49) and Mg2+ (R = 0.74) that occur at low permeate fluxes were predicted accurately. This is particularly noteworthy because the measured rejections were much higher in the subsystems with a dominant and trace salt (see previous section). The asymptotic approximation of high rejections at high permeate fluxes, as produced by the virtues of the model, is also well reproduced. In addition, the rejections of Cl− calculated from the electroneutrality condition can be predicted reasonably especially for permeate fluxes up to Jv < 8·10−3 kg m−2 s−1. At higher permeate fluxes, the prediction slightly underestimates the experimental data.



While negative rejections occurred only for Na+ in the aqueous subsystem NaCl + MgCl2, all monovalent cations show a negative rejection at low permeate fluxes in the complex mixture. Nonetheless, the model is able to precisely predict these negative rejections. The Li+ rejection is predicted with high precision. The change from negative to positive rejection between Jv < 8·10−3 kg m−2 s−1 and Jv < 10·10−3 kg m−2 s−1 is also well reproduced. Li+ rejection is accurately predicted even at higher permeate fluxes. Compared to the subsystems used for the fitting (see Section 3.2), it can be seen that the Li+ rejection changes into positive values at higher permeate fluxes. In contrast to this high accuracy regarding Li+, the rejection of K+ is underestimated over the entire flux range. This can also be seen considering the tse values in Table 7. The tse value for K+ is the highest compared to the other five ion species, accounting for nearly 40 percent of the total tse value. Reasons for this may be the assumptions of the model used, the constant partition coefficient and the neglect of convection. Additionally, because of the high feed concentration of Mg2+ ions, it could be assumed that the Mg2+ ions interact with the membrane charges, increasing the rejection of the cations due to a charge reversal. Nonetheless, the general trends of the rejections can be well reproduced with only one ion-specific parameter.



Considering the low rejection of monovalent ions, we assume that the influence of concentration polarization on their behavior is also minimal. However, for divalent ions, this phenomenon is more significant and can potentially explain the slightly higher predicted rejection for Mg2+.



Figure 5 also shows impressively that the phenomenological SDEM model, which uses few parameters, is well suited to describe and predict the complex multi-electrolyte solution. With other models such as the Spiegler–Kedem model and the solution-diffusion model, low and negative rejection cannot be reasonably reproduced.





4. Conclusions


The increasing demand for lithium, along with the challenges associated with current production methods, necessitates the exploration of new processes for lithium recovery. In this regard, nanofiltration emerges as a promising, energy-efficient and easily scalable solution. The aim of this study was to model and predict ion rejection as a function of permeate flux. The approach involved determining ion-specific permeances using the solution-diffusion-electromigration model, based on experimental rejections from subsystems, and subsequently predicting rejections in multi-electrolyte systems. A novel approach was employed to determine ion permeances by directly fitting the solution-diffusion-electromigration model in the respective aqueous subsystems.



When considering the experimental results, it was found that the rejections of the divalent cations Mg2+ and Ca2+ were at least 50% higher than those of the monovalent cations Na+, Li+ and K+. The largest difference, over 90%, was observed at Δp = 5 bar between the rejections of the ions Mg2+ and Li+. In addition, the rejection of the Li+ ions was negative at this feed pressure. In reverse osmosis brine (ME-ROB), the Mg2+/Li+ mass ratio is about 8300. To reduce this ratio, nanofiltration is a suitable process, and it could be reduced to about 582 by the NF (Alfa Laval) membrane with a single-stage process at 45 bar feed pressure.



When modeling the subsystems, it was found that the ion rejections can be reliably described by SDEM with increasing permeate flux and, on the other hand, the SDEM also allows depicting negative rejections.



Taking into account the fitted ion permeances, it is possible to model an interconnection of membrane modules and multiple membrane stages. By means of an optimization, in which influencing variables such as the membrane area, the interconnection of the membrane modules or the transmembrane pressure difference are taken into account, an industrial membrane process can be designed economically on the basis of the modeling.
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	Symbol
	Description
	Unit



	     j   i     
	Ion flux of i
	mol m−2 s−1



	       c  ¯    i     
	real concentration of ion i in the membrane
	



	     D   i     
	Ion diffusivity of ion i
	µm s−1



	     μ   i   e     
	Electrochemical potential of ion i
	J mol−1



	     γ   i     
	Activity coefficient of ion i
	-



	     c   i     
	Concentration of ion i in the virtual solution
	mol kg−1



	     Γ   i     
	Partitioning coefficient of ion i
	-



	   x   
	Transmembrane coordinate
	m



	    P   i    l
	Permeance of ion i
	kg s−1 m−2



	   F   
	Faraday constant
	C mol−1



	e
	Elementary charge
	C



	   R   
	Ideal gas constant
	J mol−1 K−1



	     ϵ   r     
	Relative permittivity
	-



	     ϵ   0     
	Vacuum permittivity
	F m−1



	   ρ   
	Density
	kg m−3



	   T   
	Temperature
	K



	   ϕ   
	Electrostatic potential
	V



	n
	Number of ion species
	-



	tse
	Total sum of errors
	-



	     R   i     
	Ion rejection
	-



	Δp
	Transmembrane pressure difference
	bar



	     m  ˙    feed
	Mass flow of feed to the membrane cell
	kg s−1



	AMem
	Membrane area
	m



	SDEM
	Solution-diffusion-electromigration Model
	



	DSPM-DE
	Donnan-steric-pore dielectric exclusion model
	



	DSPM
	Donnan-steric-pore model
	



	     J   v     
	Total permeate flux
	kg m−2 s−1
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Figure 1. Experimental setups for the membrane screening (a) and characterization (b). 
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Figure 2. (a) Experimentally determined Mg2+/Li+ separation factors; (b) total flux at different pressure levels. Colors denote the three selected membranes. Error bars represent standard deviations estimated from four membrane cells. Conditions: AMem = 17 cm2, T = 20 °C, Δp = 5–40 bar,     m  ˙   feed = 75 kg h−1. Feed concentrations according to Table 4—STS, membrane specifications in Table 1. Full data sets can be found in the Supporting Information in Tables S1–S3. 
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Figure 3. Experimentally determined ion rejections for NFAL membrane at different pressure levels. Colors denote the five ion species. Error bars represent standard deviations estimated from four membrane cells. Conditions: Membrane = NFAL (Alfa Laval), AMem = 17 cm2, T = 20 °C, Δp = 5–40 bar,     m  ˙   feed = 75 kg h−1. Feed concentrations according to Table 4—STS. Full data sets can be found in the Supporting Information in Tables S1–S3. 
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Figure 4. Experimental ion rejections (symbols) and fitted ion rejections using the SDEM model (lines) for ROB feed subsystems (a) NaCl + NaSO4, (b) NaCl + MgCl2, (c) NaCl + CaCl2, (d) NaCl + KCl, (e) NaCl + LiCl. Feed concentrations according to Table 3. Error bars represent standard deviations estimated from four membrane cells. Conditions: Membrane = NFAL (Alfa Laval), AMem = 17 cm2, T = 20 °C, Δp = 5–40 bar,     m  ˙   feed = 75 kg h−1. Full data sets can be found in the Supporting Information in Tables S10–S14. 
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Figure 5. Experimental ion rejections (symbols) and predicted ion rejections using the SDEM model (lines) for ME-ROB feed (c.f. Table 4) with permeances from Table 5. Error bars represent standard deviations estimated from four membrane cells. Conditions: Membrane = NFAL (Alfa Laval), AMem = 17 cm2, T = 20 °C, Δp = 5–40 bar,     m  ˙   feed = 75 kg h−1. Full data sets can be found in the Supporting Information in Table S15. 
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Table 1. NF membranes used in this work.
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Membrane

	
Material

	
Supplier

	
pmax

	
Rejection




	

	

	

	
/

	
/




	

	

	

	
Bar

	
%






	
TS40

	
Polypiperazine

	
Mann + Hummel

	
41

	
99 (1)




	
NFAL

	
Polyamide

	
Alfa Laval

	
55

	
99 (2)




	
DL

	
Polyamide

	
Suez

	
40

	
96 (3)








(1) Provided by manufacturer [50] measured on 2000 ppm MgSO4, 7.6 bar, 25 °C; (2) provided by manufacturer [51] measured on 2000 ppm MgSO4, 5 bar, 25 °C; (3) provided by manufacturer [52] measured on 2000 ppm MgSO4, 7.6 bar, 25 °C.













 





Table 2. Diffusion coefficients of ions at infinite dilution and the Stokes radii of ions, where     r   s   =     k   B   T   6 ⋅ π ⋅ μ ⋅   D   ± , s   δ     ×   10   9     (Einstein–Stokes relation) [55].






Table 2. Diffusion coefficients of ions at infinite dilution and the Stokes radii of ions, where     r   s   =     k   B   T   6 ⋅ π ⋅ μ ⋅   D   ± , s   δ     ×   10   9     (Einstein–Stokes relation) [55].





	
Ion

	
     D   ± , s   δ   ⋅ 1   0   − 9      [56]

	


    Stokes   Radii     r   s      












	

	
/m2 s−1

	
/nm






	
Li+

	
1.03

	
0.240




	
Mg2+

	
0.71

	
0.349




	
Ca2+

	
0.79

	
0.314




	
Cl−

	
2.04

	
0.121




	
Na+

	
1.34

	
0.185




	
K+

	
1.96

	
0.126




	
SO42−

	
1.07

	
0.231











 





Table 3. Feed compositions for the nanofiltration experiments of multi-ion solutions by the NFAL (Alfa Laval) membrane. SW for seawater concentrations and ROB for concentrations of reverse osmosis brine.
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Feed Concentration

	
Transmembrane Pressure Δp




	
Dominant Salt

	
Trace Salt

	
Dominant Salt

	
Trace Salt

	




	

	

	
/mg kg−1

	
/mg kg−1

	
/bar






	
SW




	
NaCl

	
LiCl

	
31,410

	
1.28

	
5–40




	
NaCl

	
MgCl2

	
31,410

	
6131

	
5–40




	
NaCl

	
CaCl2

	
31,410

	
1339

	
5–40




	
NaCl

	
KCl

	
31,410

	
1423

	
5–40




	
NaCl

	
Na2SO4

	
35,173

	
3917

	
5–40




	
ROB




	
NaCl

	
LiCl

	
60,881

	
2.44

	
5–40




	
NaCl

	
MgCl2

	
60,881

	
9626

	
5–40




	
NaCl

	
CaCl2

	
60,881

	
2206

	
5–40




	
NaCl

	
KCl

	
60,881

	
1526

	
5–40




	
NaCl

	
Na2SO4

	
66,789

	
7834

	
5–40











 





Table 4. Composition of multi-electrolyte solutions used in this work.






Table 4. Composition of multi-electrolyte solutions used in this work.





	

	
Li+

	
Na+

	
K+

	
Mg2+

	
Ca2+

	
Cl−




	

	
/mg kg−1

	
/mg kg−1

	
/mg kg−1

	
/mg kg−1

	
/mg kg−1

	
/mg kg−1






	
Screening Test Solution STS

	
0.21

	
12,340

	
745.51

	
1559.29

	
483.10

	
25,110




	
ME-SW

	
0.21

	
12,356

	
746.56

	
1565.16

	
483.59

	
25,154




	
ME-ROB

	
0.40

	
23,950

	
800.15

	
2457.30

	
796.75

	
46,239











 





Table 5. Fitted permeances (c.f. Equation (5)) for NFAL membrane from the subsystem with ROB concentrations (c.f. Table 4).
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	Ion Species
	Cl−
	Na+
	Li+
	Mg2+
	K+
	Ca2+
	SO42−





	  P   [kg s−1 m−2]
	0.0337
	0.1013
	0.3633
	4.17 × 10−4
	0.499
	9.29 × 10−4
	7.33 × 10−5










 





Table 6. Fitting error tse (c.f. Equation (9)) to the ROB subsystems containing Cl−, Na+, Li+, Mg2+, K+, Ca2+ and SO42− ions used to determine permeances.






Table 6. Fitting error tse (c.f. Equation (9)) to the ROB subsystems containing Cl−, Na+, Li+, Mg2+, K+, Ca2+ and SO42− ions used to determine permeances.





	Subsystem
	NaCl + LiCl
	NaCl + MgCl2
	NaCl +KCl
	NaCl + CaCl2
	NaCl + Na2SO4
	Total





	  t s e   [-]
	0.0605
	0.0756
	0.1066
	0.2051
	0.0503
	0.4982










 





Table 7. Prediction error tse (c.f. Equation (9)) of the ME-ROB containing Cl−, Na+, Li+, Mg2+, K+ and Ca2+ ions.
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