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Abstract 

The affinity difference between lithium and potassium ions for adsorption to a titanosilicate adsorbent is 

quantified. Experimental and computational methods examine the thermodynamics of Na+-K+ and Na+-

Li+ ion exchange from dilute aqueous solution using modified ETS-10 titanosilicate. Equilibrium uptake 

data were analyzed with a modified Langmuir isotherm that accounts for ion exchange involving the 

desorption of Na+ from the modified ETS-10 framework together with adsorption of Li+ or K+ to the 

framework. The equilibrium constant for ion exchange of Na+ from modified ETS-10 framework with K+ 

from aqueous solution is 6-fold greater than the equilibrium constant for Li+ exchange. This affinity 

difference is supported by density functional theory (DFT) calculations of ion affinity to the modified 

ETS-10 framework. Energy differences from DFT were interpreted using a thermochemical cycle to 

account for hydration and solvation of cations, thus enabling comparison between experiment and theory. 

DFT-derived energy differences also revealed the binding affinity difference of the various sites of ETS-

10 among Li+, Na+, and K+.  

1. Introduction 

Lithium is critically important for state-of-the-art renewable energy technologies, including batteries, and 

demand for this element is projected to increase fivefold over the next decade [1-4]. Current production 

methods separate lithium from impurities such as potassium using solvent extraction processes that 
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demand substantial energy inputs and utilize large quantities of hazardous organic solvents [5,6]. As a 

result, sustainable and green chemistry principles have guided investigations into alternate separation 

methods, with continuous ion exchange (CIX) and continuous ion chromatography (CIC) showing 

particular promise in initial studies [7-12]. Commonly used ion exchangers, such as zeolite X, have 

demonstrated high selectivity for certain precious metal such as Ag. However, their low capacity is a 

common issue [13-15]. 

One promising ion exchange solid is titanosilicate ETS-10, a 1-dimensional large pore (12-

membered rings, 7.6 Å × 4.9 Å) microporous material composed of SiO4 tetrahedral units and octahedral 

TiO6 units [16-18]. ETS-10 has previously demonstrated high ion exchange capacity (1.31 mmol g-1 for 

Pb2+) for heavy metals in wastewater treatment. [19-21] This high capacity reflects the charge density of 

this microporous titanosilicate, which arises from the continuous “chains” of octahedral TiO6 units that 

require 2 charge-balancing monovalent ions per Ti [16,17]. Following a typical synthesis approach, each 

ETS-10 unit cell (Ti16Si80O208
32-) contains 24 Na+ and 8 K+ occupying five symmetry inequivalent groups 

of ion exchange sites (Figure 1) [16,17]. Such configuration results in ETS-10 possessing a high surface 

charge density of -12.49 µC cm-2, which is significantly higher than that of some traditional zeolite ion 

exchangers such as EMT (-0.05 µC cm-2) and FAU (-0.06 µC cm-2) [21,22]. This unique property of ETS-

10 may enable it to exhibit a high ion exchange capacity. 

ETS-10 has been extensively investigated for ion exchange applications with heavy metal ions, 

rare earth element ions, and radioactive ions [19-21, 23-26]. To our knowledge, there are limited studies 

on the ion exchange of lithium and its close identity impurities using ETS-10, as well as the investigation 

of ion exchange using density functional theory (DFT) calculations. In this paper, we investigate the 

equilibrium of ETS-10 ion exchange with various ions. We first consider high concentration ion 

exchange, examine the extent to which ETS-10 can be stable and approach to a single alkali-exchange 

form. We verified the ion occupancy of high concentration ion exchange results using 23Na 2D 3Q MAS 
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NMR spectroscopy and DFT calculations. Then we quantified the exchange affinity of Li+ and K+ with 

modified ETS-10 from dilute aqueous solution and supported by DFT calculations.  

This work aims to provide insights into the separation of lithium from close identity impurities 

that are commonly found in lithium sources. Furthermore, we aim to demonstrate the utility of DFT in 

studying ion exchange process and enhancing our understanding on porous materials. Our findings can 

contribute to the development of more efficient and selective separation techniques for lithium, 

addressing an important challenge in the field. 

2. Experimental Methods 

2.1. Chemicals. The following chemicals were used as received, without further purification: NaOH 

(EMD Millipore, ≥99%), KOH (EMD Millipore, ≥84%), TiO2 (Acros Organics, P25), sodium silicate 

solution (Merck, Na2O (7.5−8.5%), SiO2 (25.5−28.5%), pH 11-11.5), HCl solution (Sigma-Aldrich, 37 wt 

%), LiNO3 (Acros Organics, 99.999%), NaNO3 (Acros Organics, 99%), and KNO3 (Acros Organics, 

99%). Unless otherwise noted, deionized water (resistivity ≤ 18.2 MΩ·cm) was used. Y, Li, Na, and K 

standards (1000 ppm certified reference in 0.1% v/v HNO3) from Inorganic Ventures were used for ICP-

OES measurements.  

2.2. Synthesis of ETS-10 and “washed” ETS-10. Phase-pure ETS-10 was synthesized following 

previously reported protocols [23]. Briefly, aqueous solutions of NaOH (7.9 M, 6.0 g) and KOH (7.6 M, 

6.5 g) and a slurry of TiO2 (0.80 g of solid in 4.0 mL water) were prepared separately then added 

dropwise to a stirring sodium silicate solution (12.2 g; 500 rpm; ambient temperature) in a fluorinated 

ethylene propylene (FEP) bottle (125 mL). The pH of the mixture was adjusted to 10.5 by dropwise 

addition of HCl solution (~6.9 g). The resulting synthesis gel had the molar ratios 3.4Na2O: 1.5K2O: 

1TiO2: 5.5SiO2: xHCl: (116.7 + 3.45x) H2O, where x=6.6-8.1. The gel was agitated in the FEP bottle 

using an orbital shaker (200 rpm) for 0.5 h then transferred to a Teflon liner (45 mL), which was sealed 

into an autoclave vessel (45 mL, Parr Instrument Company) then heated to 503 K for 72 hours.  The 
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mixture was transferred from the Teflon liner and centrifuged (4500 rpm, 0.33 h), then the supernatant 

was decanted. The solids were combined with water and centrifuged (4500 rpm, 0.33 h), with the 

supernatant decanted. This process was repeated until the supernatant pH was ~10. Solids were then 

collected and dried at 343 K overnight.  

As synthesized ETS-10 was treated by contacting with 0.5 M aqueous solutions of KNO3, 

NaNO3, or LiNO3 (0.1 L g-1
solid) at room temperature for 2 h (stirring ~ 500 rpm). The slurries were 

centrifuged (4500 rpm, 0.33 h), with the supernatant decanted. This procedure was repeated three times, 

for a total of four washes. The solids were subsequently rinsed by combining with water (0.2 L g-1
solid), 

until the supernatant conductivity decreased below 50 mS/cm. Solids were collected (mixture was 

centrifuged at 4500 rpm for 0.33 h, the supernatant was decanted) and dried at 343 K overnight. KNO3, 

NaNO3, and LiNO3-washed ETS-10 samples are denoted as K-, Na-, and Li-ETS-10, respectively.  

2.3. Low concentration ion exchange equilibrium. Low concentration ion exchange isotherms were 

measured for Li+ and K+ using Na-ETS-10. Solutions of initial ion concentration (Ci = 0.5, 1, 3, 5, 7, 9, 

12, and 15 mM) were prepared by dissolving the appropriate mass of LiNO3 or KNO3 in water. Na-ETS-

10 was combined with the alkali nitrate solutions (0.15 g solid and 15 mL solution) and agitated using an 

orbital shaker (200 rpm) at ambient temperatures (2 h). This duration was previously determined to be 

sufficient for the ion exchange to reach equilibrium [23] and is also observed in the case of Li ion 

exchange (Table S1). The liquid was separated from solid by centrifugation at 4500 rpm (0.33 h), and the 

supernatant was decanted and collected for analysis. 

Concentrations of K, Na, and Li in aqueous solution samples before and after ion exchange were 

measured using ICP-OES (Agilent ICP-OES 700 series). Samples with concentrations greater than the 

calibration curve range were diluted, with dilution factors between 1.1-3, while all other samples were 

used neat. To each sample (10 mL aliquot) was added internal standard Y (0.2 mL; 1000 ppm certified 

reference in 0.1% v/v HNO3; Inorganic Ventures) and concentrated HNO3 (0.01 mL). The following 

wavelengths were selected for each element: Li 670.73 nm, Na 589.592 nm, K 769.897 nm, and Y 
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377.433 nm. Linear calibration curves were obtained using standard solutions of 0-100 ppm Li (1000 ppm 

certified reference in 0.1% v/v HNO3), 0-200 ppm K (1000 ppm certified reference in 0.1% v/v HNO3), 

and 0-200 ppm Na (1000 ppm certified reference in 0.1% v/v HNO3), with internal standard Y. Samples 

were analyzed in random order to minimize systematic error. Five replicates of each sample were 

analyzed, and the average of their values is reported. 

2.4. Characterization. As-synthesized and washed ETS-10 samples were analyzed using powder X-ray 

diffraction (pXRD) with Ni-filtered Cu Kα radiation (λ = 1.54 Å) at 40 mA and 45 kV on a PANalytical 

Empryean diffractometer. K, Na, Li, Ti, and Si contents of solid K-, Na-, and Li-ETS-10 and as-

synthesized ETS-10 were determined by ICP-AES (Galbraith Laboratories, Inc.; solids were digested 

using HCl, HNO3, and HF). Single- and triple-quantum 23Na MAS NMR spectra were recorded at 132.25 

MHz on a Bruker Avance III HD spectrometer. Samples were loaded into 4.0 mm zirconia rotors spun at 

10 kHz. The pulse program “mp3qzqf” (Bruker Advance) was used with a recycling delay of 0.5 s. 

Spectra were sheared and analyzed using Bruker Topspin. Chemical shift (ppm) scales are referenced to 

ν0 and 3ν0 in the F2 and F1 dimensions, respectively.  Diffuse reflectance UV-vis spectra for solid 

samples were measured at room temperature using a Shimadzu UV-2600 spectrometer (220-450 nm, 0.1 

nm resolution, ~4 nm min-1 scan rate) equipped with an ISR-2600Plus integrating sphere attachment. 

BaSO4 was used as the reference material. 

2.5. Modified Langmuir model for quantifying exchange affinity. Quantifying Na-ETS-10 exchange 

capacity and exchange equilibrium for different ions is essential to assess its suitability for use as an ion 

exchange solid. A Langmuir adsorption model is commonly used to determine the exchange capacity and 

equilibrium, but this model only considers the adsorption step of the ion exchange reaction. Here, the 

Langmuir adsorption isotherm expression is modified to reflect the entire ion exchange reaction. 

 The overall ion exchange reaction with equilibrium constant KA,M (Eq. 1a) can be written as the 

initial desorption of M from the framework, FW (Mn-FW, where n represents the total ions adsorbed to 
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the framework) to generate a vacancy * and an aqueous M+ ion (Eq. 1b). In the second step, aqueous A+ 

adsorbs to the vacant site (Eq. 1c). 

M𝑛𝑛 − FW + A+(𝑎𝑎𝑎𝑎) 
𝐾𝐾A,M�⎯�   A M⁄ 𝑛𝑛−1 − FW + M+(𝑎𝑎𝑎𝑎)                                   Equation 1a 

M𝑛𝑛 − FW →   ∗/M𝑛𝑛−1 − FW− + M+(aq)                                           Equation 1b 

∗ M𝑛𝑛−1⁄ − FW− + A+(𝑎𝑎𝑎𝑎) →   A M𝑛𝑛−1⁄ − FW                                        Equation 1c 

The overall reaction (Eq. 1a), taken together with a site balance, can be used to define KA,M as: 

𝐾𝐾A,M =  𝜃𝜃∙𝐶𝐶M,𝑒𝑒
(1−𝜃𝜃)∙𝐶𝐶A,𝑒𝑒

             Equation 2a 

where CM,e and CA,e represent equilibrium aqueous phase concentration of species M+ and A+, 

respectively, and θ is the fractional site coverage by ion A, given by: 

𝜃𝜃 =  𝑄𝑄A,e
𝑄𝑄A,max

              Equation 2b 

where QA,e is the equilibrium sorbent phase concentration of A, and QA,max is the maximum concentration 

of A that can be adsorbed to the sorbent. 

 Combining Equations 2a and 2b yields: 

𝐾𝐾A,M =  𝑄𝑄A,e∙𝐶𝐶M,𝑒𝑒
(𝑄𝑄A,max−𝑄𝑄A,e)∙𝐶𝐶A,𝑒𝑒

                                                        Equation 3 

QA,e can be determined from mole balance to be the difference between CA,i, the initial concentration of 

ion A, and CA,e, normalized by the mass of solid. Equation 3 is used to fit experimental concentration data 

to obtain numerical values for KA,M and QA,max  

 This modified Langmuir expression has similar assumptions to the Langmuir adsorption 

isotherm: (1) the solution behaves thermodynamically ideally; (2) exchange sites are identical, and 

adsorbed ions do not interact; and (3) each adsorption site can hold at most one ion, preventing multi-
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layer adsorption [27]. These assumptions are reasonable for the experimental conditions presented in this 

work. Ion exchange isotherms are measured at low ion concentrations, and < 20% of possible exchange 

sites participate in ion exchange. 

2.6. Computational methods. Density functional theory methods were used to calculate the energy 

change associated with ion exchange reactions. All DFT calculations were carried out using the Vienna ab 

initio simulation package (VASP), version 5.4.1 [28]. VASP is a periodic plane-wave basis set code that 

allows the representation of extended electronic structure of the solid [29]. The electron exchange and 

correlation energies were computed using the Perdew, Burke, and Ernzehof version of the generalized 

gradient approximation (GGA) functional [30]. The projector augmented-wave (PAW) [31] method was 

used to represent the ion-core electron interactions. The plane-wave basis set cutoff energy was set to 450 

eV. Convergence of ΔE values with respect to ENCUT was confirmed to within 0.02 eV across 8 

different ion exchange energies. The following were treated as valence electrons: Li 1s and 2s; Na 2s and 

2p; K 3s and 3p; Ti 3d and 4s; O 2s and 2p; and Si 3s and 3p. 

The ETS-10 framework structure was taken from the International Crystal Structure Database, 

which was based on the work of Anderson et al. [16]. Cations were incorporated onto the framework 

according to site occupancies reported by Anderson et al. [32]. Subsequently, both the atom positions and 

unit cell dimensions were optimized, being considered converged when total energy changed by < 0.001 

eV. 

The ion exchange energy (ΔE) of Na-ETS-10 with Li+ and K+ was calculated using: 

𝛥𝛥𝛥𝛥 = 𝐸𝐸A/Na−ETS−10 +  𝐸𝐸Na+ − 𝐸𝐸Na−ETS−10 − 𝐸𝐸A+                     Equation 4 

where EA/Na -ETS-10 is the energy of Na-ETS-10 with one A ion (Li+ or K+) on the framework; ENa-ETS-10 is 

the energy of Na-ETS-10; and 𝐸𝐸Na+ and 𝐸𝐸A+ are the energies of aqueous Na+ and A+ which are 

approximated using two different approaches (see details in Section 3.3). 
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All DFT calculations consider neutral systems in which the -32 charge of the framework unit cell 

is compensated by 32 alkali cations. All ETS-10 DFT models include only framework alkali charge 

compensating cations and do not explicitly include water. We expect that water molecules would be 

present in the pores of ETS-10 throughout the experiments conducted, and the omission of water in the 

DFT model is likely the main source of quantitative disagreement between DFT exchange energies and 

experimental observed exchange equilibrium constants.  Despite this approximation in the models used, 

the DFT results show strong qualitative agreement with site preferences observed experimentally for the 

different alkali cations, as well as with trends in ion exchange favorability.  

3. Results and Discussion 

3.1. Structural properties of ETS-10 and its post-synthetically washed analogs 

As-synthesized ETS-10 and A-ETS-10 (A = Li, Na, or K, where this nomenclature indicates ETS-

10 materials that have been washed post-synthetically with aqueous solutions of cation A; Table 1) are 

characterized to assess their structural and chemical properties. Figure 2 shows diffractograms for ETS-10 

and A-ETS-10 [33]. The diffractogram for as-synthesized ETS-10 shows the expected reflections for ETS-

10 polymorph A (Fig. 2), with minor features associated with polymorph B consistent with previous reports 

of such intergrowths [16,17,32]. Reflections for quartz, anatase and rutile TiO2, and ETS-4 (Supporting 

Information, Figure S1 shows simulated patterns for these materials), the common impurity phases for ETS-

10 [17,34], are not observed. Taken together with elemental analysis of the solid material that indicate the 

expected Si/Ti stoichiometry for ETS-10 phase materials (Table 1, Si/Ti ~ 4.99), these data demonstrate 

the phase-purity of this ETS-10 material. 

The diffractograms for A-ETS-10 materials (Fig. 2) are nearly identical to that for the as-

synthesized material, with no observed shifts in reflections, indicating that the post-synthetic washing 

procedure for high concentration cation exchange did not lead to detectable changes in unit cell parameters 

or phase or disruption of crystallographic long range order. The Si/Ti ratios are ~5 for all A-ETS-10 (Table 
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1). However, while cation density for ETS-10 and Na-ETS-10 have the expected values (~32 M/u.c., Table 

1), these values are slightly smaller for both K- and Li-ETS-10 (30 and 29 M/u.c., respectively; Table 1) 

and suggest that H+ may also act as charge-balancing counterions for K- and Li-ETS-10. These ~2-3 H+/u.c. 

concentrations are unlikely to perturb the structure, as pore shrinkage and disruption of the continuous Ti-

O-Ti chains was only observed at very low M/u.c. ratios [20,35]. The crystal habit and crystal size of as-

synthesized and A-ETS-10 materials are similar from scanning electron micrographs (Figure S4). 

The structural integrity of the continuous Ti-O-Ti chains was assessed using UV-vis spectroscopy. 

The diffuse reflectance UV-vis spectrum for ETS-10 (Fig. 3) shows an adsorption band at ~282 nm. This 

transition reflects the bandgap of a TiO2-based chain that is confined within an insulating SiO2 matrix 

[36,37]. As a result, its presence can be taken as an indication of the structural integrity of the continuous 

Ti-O-Ti chains [37]. The spectra for A-ETS-10 (Fig. 3) are similar to that for ETS-10, each with an 

adsorption band at ~282 nm, despite cation densities < 32 M/u.c. for both K- and Li-ETS-10 (Table 1). 

Thus, as-synthesized ETS-10 and all A-ETS-10 materials maintain their phase and structural integrity. 

As the washing treatments require higher cation concentrations than isotherm experiments, we take 

the results reported in this section to also confirm ETS-10 structural integrity will remain after ion exchange 

under dilute condition. Next, we examine the specific distribution of cations at ion-exchange sites within 

A-ETS-10 using a combined experimental and computational approach.   

 

3.2. Compositional and structural stability of ion-exchanged Li, Na, K-ETS-10 

Ion exchange sites in ETS-10 can be divided into five symmetry non-equivalent groups, with 

Groups I to III having 8 sites per unit cell (occupied by 24 Na ions in as-synthesized ETS-10) and Group 

IV and V have 4 sites each (occupied by 8 K ions in as-synthesized ETS-10) [17,32]. The distribution of 

cations in A-ETS-10 among these groups provides information about which ion-exchange sites will 

participate in low concentration ion exchange. Elemental analysis and 23Na 2D 3Q MAS NMR spectra are 
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used to determine site occupation of cations in Li, Na, and K-ETS-10. DFT calculations consider the relative 

energy with varying site occupation to further corroborate site occupancy.  

Elemental analysis (Table 1) of Na-ETS-10 indicates that Na and K occupy 28 and 4 ion-exchange 

sites (per unit cell), respectively. The locations of these Na cations were elucidated using nuclear magnetic 

resonance spectroscopy. The 23Na 2D 3Q MAS NMR spectrum for Na-ETS-10 (Fig. 4) shows two features 

(δ = -15, -14 ppm and -12, -6 ppm) that indicate the presence of Na cations in Group I, II, III, and V sites, 

assigned according to previous work [32]. Notably, the spectrum lacks a high-field shoulder in the triple 

quantum axis, a feature that has been assigned to Na cations in Group IV sites [32]. These results together 

indicate that the 4 K cations occupy Group IV sites, while the remaining sites (Groups I-III and V) are 

occupied by Na cations. 

These assignments were further examined using DFT-derived energies of possible Na-ETS-10 

structures. Examined cation arrangements populated all sites of the same group with the same alkali metal 

cations (e.g., 8 Na cations in Group I sites) and matched experimentally measured cation stoichiometries 

(detailed in Table 2). Structures for K- and Li-ETS-10, discussed next in this section, considered all groups 

to be fully occupied with the same cation due to long range order and symmetry of the structure, despite 

slight differences from experimental compositions, as mixed occupancy of ion exchange groups is not 

observed from as-synthesized ETS-10 and modified ETS-10 [17,32].  For Na-ETS-10, two possible 

structures were examined: 4 K+ per unit cell occupied either Group IV or V positions (energies and 

structures in Table S2). In contrast to expectations based on NMR, the lowest energy structure (by 0.43 eV) 

was that with 4 K+ in Group V positions and Na+ are assigned to Group I, II, III, and IV (as indicated in 

Scheme 2 for Na-ETS-10 in Table S2). These results suggest K+ remains in Group IV positions following 

Na+ washing due to kinetic trapping. As the apertures to access Group IV sites are small in size. Such 

findings are in accordance with previous work from Anderson et al. [16,32] indicating that Group IV sites 

were unavailable for ion exchange. 
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K-ETS-10 contained 16 K cations and 14 Na cations per u.c. (Table 1). The 23Na 2D 3Q MAS 

NMR spectrum of K-ETS-10 (Fig. S3a) indicated that Na was present only in Group I and II sites. 

Combining these results, Na cations were assigned to Group I and II sites, while the remaining sites were 

covered by K+. DFT calculations for structures (Table S2) with possible distributions of 16 K and 16 Na, 

rounded up from the experimentally determined 14 Na/u.c. indicated that the lowest energy arrangement 

for K-ETS-10 places 16 K+ in Group III, IV, and V, and 16 Na+ in Group I and II, in agreement with the 

NMR results (Scheme 1 for K-ETS-10 in Table S2). 

Li-ETS-10 contained 4 K, 15 Na, and 10 Li cations per u.c.. The 23Na 2D 3Q MAS NMR spectrum 

of Li-ETS-10 (Fig. S3b) is similar to that for K-ETS-10 (Fig. S3a), corresponding to the presence of Na 

cations in Group I and II sites [32]. The 4 K cations likely reside in Group IV sites, as they were determined 

to be kinetically trapped (as discussed above for Na-ETS-10). The Li cations are therefore assigned to 

Group III and V sites for a total of 12 sites/u.c. (similar to the experimentally determined 10 Li/u.c.). DFT 

calculations for structures (Table S2) with stoichiometries matching Li-ETS-10 indicate that Group I and 

Group II sites are occupied by Na, while Group III and Group V sites contain Li. Group IV sites contain K 

(Scheme 1 for Li-ETS-10 in Table S2). However, consistent with the kinetic trapping of K in Group IV 

sites, the structure with K in Group V and Li in Group IV is lower energy (by 0.87 eV). 

Elemental analysis, 23Na 2D 3Q MAS NMR, and DFT calculations collectively indicate all ion 

exchangeable sites of Na-ETS-10 are occupied by a single type of ion, Na+, and Na-ETS-10 retains all 32 

ions after the washing process. Li and K cations for Li- and K-ETS-10 are present in Group III and V sites 

that were occupied by Na cations in Na-ETS-10, suggesting that ion-exchange sites in only these two groups 

participate in the ion exchange of Li and K with Na. We will discuss the exchange affinity of Li+ and K+ 

on Na-ETS-10 at low concentration, along with associated DFT results in the following section. 

3.3. Quantifying exchange affinity of Li+ and K+ with Na-ETS-10 at low concentration 
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 Li or K cations were ion exchanged from low concentration aqueous solutions using Na-ETS-10, 

to understand differences in cation affinity. Figure 5 shows ion exchange isotherms for Li and K with Na 

from Na-ETS-10, normalized by the mass of Na-ETS-10 (data included in Table S3). QLi,e, the per-solid 

concentration of Li exchanged with Na-ETS-10 at equilibrium, is plotted as a function of CLi,e, the 

aqueous concentration of Li after ion exchange at equilibrium. At low CLi,e, QLi,e increase linearly with 

increasing CLi,e. At higher CLi,e, QLi,e approaches a constant value. Similar trends are observed for QK,e as a 

function of CK,e. Notably, at a given CA,e (where A = Li or K), QK,e is always greater than QLi,e, reflecting 

a higher exchange affinity. Such isotherms are accurately described by the modified Langmuir equation 

(Eq. 3) and were used to obtain the equilibrium constant for A-Na exchange (KLi,Na for Li+ and KK,Na for 

K+) and the theoretical maximum ion exchange capacity (QLi,max for Li+ and QK,max for K+). 

 The equilibrium constant for A-Na exchange (KA,Na) and theoretical maximum ion exchange 

capacity (QA,max) are used to quantify the exchange affinity (Table 3). The values of KA,Na and QA,max are 

obtained by fitting experimental data, including CA,e, QA,e, and the concentration of Na+ at equilibrium for 

each sample, with the modified Langmuir model (Eq. 3). KK,Na (5.92 ± 0.71) is nearly six times higher 

than KLi,Na (0.96 ± 0.16), as expected from the greater value of QK,e than QLi,e for the same CA,e shown in 

Figure 5. The differences in slope of the isotherms at lower concentration and clear separation of isotherm 

plot indicate the higher exchange affinity of K+ over Li+, implying that a separation of Li+ and K+ using 

Na-ETS-10 is achievable. Unlike the significant difference between KK,Na and KLi,Na, QK,max (0.708 ± 0.055 

mmol/g) is only slightly higher than QLi,max (0.824 ± 0.029). The ratio between QK,max and QLi,max is similar 

to the ratio of number of K+ exchanged onto K-ETS-10 (12) and the number of Li+ exchanged onto Li-

ETS-10 (10). However, the calculated numbers of sites required to exchange to attain QA,max for K and Li 

onto Na-ETS-10 (7 and 6, respectively) is smaller. Additionally, the fitted QK,max and QLi,max are lower 

than the capacity of a single symmetry Group, consistent with assumptions underlying the modified 

Langmuir model.  
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To support our experimental results, we used DFT calculations to determine the free energy 

change associated with the ion exchange process described in Equation 4. The structure of Na-ETS-10 

obtained in Section 3.2, with 4 K+ placed in Group IV is used as a starting point to consider cation 

exchange. To mimic ion exchange at low concentration, we considered the exchange of only one Na+ 

from each of the groups I, II, III, and V with Li+ or K+, while assuming no K+ from exchange group IV 

participated in the exchange. ENa/A-ETS-10 (s) and ENa-ETS-10 (s) were obtained by DFT calculations. However, it 

is challenging to calculate the chemical potential of ions in solution (𝐸𝐸Na+ (𝑎𝑎𝑎𝑎) and 𝐸𝐸A+ (𝑎𝑎𝑎𝑎))  using DFT 

calculations. Two approaches to overcome this challenge combined DFT calculations with existing 

tabulated free energy differences based on experimental data [38-41]. Approach 1 adds the measured 

solvation free energy (∆𝐺𝐺M+
𝑠𝑠 , where M+ = K+, Na+ or Li+) to the DFT calculated energies of the gas phase 

ions, as shown in Equation 5a and as a thermochemical cycle in the supporting information (Figure S2).  

𝐸𝐸M+ (𝑎𝑎𝑎𝑎) = 𝐸𝐸M+ (𝑔𝑔) +  ∆𝐺𝐺M+
s                                                  Equation 5a 

Approach 2 involves the standard reduction potential of solid metal on a hydrogen electrode scale 

(𝐕𝐕𝐌𝐌), along with a DFT calculation of the solid alkali metal, as represented by Equation 5b. In Approach 

2, the reference voltage for the reduction potential becomes irrelevant when calculating exchange energies 

(Eq. 4), as the difference between the reduction potential of the two cations appears in exchange energies.  

𝐸𝐸M+ (𝑎𝑎𝑎𝑎) = 𝐸𝐸M (𝑠𝑠) + |𝑒𝑒| ∙ VM                                                 Equation 5b 

 The DFT results for single ion exchange are summarized in Table 4. The DFT calculation results 

for single K+ exchange at Group V has favorable exchange energies, consistent with an exchange 

equilibrium constant greater than 1 (experimentally, Table 3, KK,Na = 5.92 ± 0.71) and greater than that of 

Li+ exchange (KLi,Na = 0.96 ± 0.16). Table 4 reveals a preference for K+: Group V >> Group III > Group I 

> Group II. Such a preference is consistent with findings from Section 3.2 that indicate K+ replaces Na+ 

from Group III and V in K-ETS-10. Single Li+ exchange results show predominantly positive exchange 

energies, with values near 0 for Group III, as expected from experimentally assessed KLi,Na values (Table 
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3) that are approximately unity. Unlike the results of single K+ exchange, the DFT calculation results for 

single Li+ exchange contradict with high concentration exchange data and DFT calculation results on Li-

ETS-10 from Section 3.2. The single Li+ exchange results indicate a preference order: Group III > Group 

I > Group II > Group V. This order differs from what was observed for Li-ETS-10, where Li+ replace Na+ 

from Group III and V. Despite this, these results indicate that Group III sites are likely to exchange Li+. 

The discrepancy in these findings imply a concentration dependence of exchange energies, suggesting 

that an expression derived from Langmuir adsorption may not hold for ion exchange at higher cation 

concentrations.  The exchange energy, per Li, calculated for 12 Li exchanging in the high 

concentration/wash exchanges reported earlier (exchanging 8 Li into Group III and 4 into Group V) can 

be compared to that predicted by summing 8 Group III and 4 Group V independent exchanges using the 

data in Table 4.  The difference is 0.04 eV per Li ion (0.49 eV total for the 12 ion exchange), suggesting a 

Langmuir assumption does not full hold, but that differences are small enough to not impact the analysis 

presented here. 

 Noteworthy, approaches 1 and 2 are qualitatively consistent, with ΔE values showing the same 

trends (Table 4). This indicates that despite the fundamental differences in the physicochemical 

interactions underpinning the two thermochemical cycles, their resultant ΔE values can each be 

interpreted to similarly describe the complex interactions relevant for aqueous phase ion exchange in 

small pores.  Trends in cation exchange energies, as well as site preferences, observed in DFT 

calculations are in line with experimental results, despite the significant approximation that cations reside 

in the ETS-10 pores without any water solvating the positive charges. 

4. Conclusions 

The ion exchange of Li+ and K+ using Na-ETS-10 in aqueous solutions was analyzed with a 

combination of experimental methods and DFT calculations. The maximum exchange capacity of Li+ and 

K+ are obtained and the occupancies of ions in modified ETS-10 are examined by 23Na 2D 3Q MAS 

NMR spectroscopy and elemental analysis, with the assistance of DFT calculations. The exchange 
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affinity at low concentration is quantified by fitting the experimental data to the modified Langmuir 

isotherm. The results demonstrate a distinct favorability for K+ exchange over Li+ using Na-ETS-10, 

suggesting the potential of Na-ETS-10 to serve as a separation material in Li+ separation process.  DFT 

calculations aided in identifying cation substitution sites, though the apparent kinetic trapping of K+ ions 

in Group IV sites highlights the relevance of kinetic processes, rather than a purely thermodynamic 

analysis, in considering ion exchange site favorability. 

Supporting Information. Experimental data for ion exchange, DFT-derived cation distributions and 

relative energies, reference powder diffractograms, thermochemical cycle scheme for Approach 1, NMR 

spectra, and scanning electron micrographs. 
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Figure 1. Schematic representation of the five groups of ion exchange sites within the ETS-10 
framework. Green and green spheres represent Na+ and K+, respectively, on ion exchange sites. Site 

occupation is represented for as-synthesized ETS-10. 
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Figure 2. Powder XRD patterns for as-synthesized ETS-10 and washed ETS-10 variants. The simulated 
powder diffraction pattern is obtained using an experimental single crystal ETS-10 structure [33].  
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Figure 3. Diffuse reflectance UV-Vis spectra of ETS-10 and washed ETS-10 variants. 
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Figure 4. 23Na 2D 3Q MAS NMR spectrum for Na-ETS-10. 
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Figure 5. Experimental Li+ (orange, ●) and K+ (purple, ●) exchange isotherms with Na-ETS-10 (298 K, 2 
h). Dashed lines represent fits to the modified Langmuir isotherm. 
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Table 1. Elemental composition of ETS-10 and washed variants. 

Material Si/Ti molar 
ratio K/u.c. Na/u.c. Li/u.c. Σ(A)/u.c. 

ETS-10 4.99 8 24 -- 32 
K-ETS-10 5.01 16 14 -- 30 
Na-ETS-10 4.99 4 28 -- 32 
Li-ETS-10 4.96 4 15 10 29 

 

Table 2. Cation configurations for ETS-10 and washed variants, determined based on DFT calculations, 
elemental analysis, and 23Na NMR data. 

Group 
Number I II III IV V 

ETS-10 8 Na+ 8 Na+ 8 Na+ 4 K+  4 K+ 

Na-ETS-10 8 Na+ 8 Na+ 8 Na+ 4 K+ 4 Na+ 

K-ETS-10 8 Na+ 8 Na+ 8 K+ 4 K+ 4 K+ 

Li-ETS-10 8 Na+ 8 Na+ 8 Li+ 4 K+ 4 Li+ 

 

Table 3. Equilibrium constant and theoretical maximum Na-ETS-10 exchange capacity for different ions 
based on the fitting of existing data with the modified Langmuir isotherm model. Error reflects standard 
error (covariance). 

  
Equilibrium 

Constant, 
KA,Na 

Theoretical Maximum 
Exchange Capacity, QA,max 

(mmol/g) 
Li 0.96 ± 0.16 0.71 ± 0.06 
K 5.92 ± 0.71 0.82 ± 0.03 
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Table 4. DFT-derived ΔE for ion exchange of one M+ and Na+ from Na-ETS-10. 

Symmetry 
Group 

M+, Ion 
Exchanged 

ΔE by 
Approach 1 

(eV) 

ΔE by 
Approach 2 

(eV) 

I Li 0.22 0.18 

II Li 0.18 0.14 

III Li 0.00 -0.04 

V Li 0.26 0.22 

I K 0.31 0.17 

II K 0.35 0.21 

III K 0.10 -0.04 

V K -0.30 -0.44 
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