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Abstract 

In the U.S., many impoundments at coal-fired power plants contain elevated contaminants 

like arsenic, boron, barium, and selenium. Zeolites synthesized from fly ash show promise as 

sorbents for these contaminants. However, optimizing sorption capacity is challenging due to 

numerous possible topologies, silicon to aluminum (Si/Al) ratios, and cation types. In this study, 

molecular simulations are used to design cationic zeolites for boric acid adsorption. Force field 

models based on quantum mechanical calculations (PBE+D2) for Na-, Ca-, Mn-, and Fe-

exchanged chabazite and LTA are presented. The new D2FF force fields reproduce DFT energies 

with about half the error of UFF. Zeolite performance depends on Si/Al ratio and cation type, with 

low Si/Al ratio chabazite (CHA) and phillipsite (PHI) zeolite frameworks exchanged with Ca2+ 

or Na+/Ca2+ mixtures showing the highest adsorption. These findings suggest tailored fly ash-

derived zeolites could provide effective boron removal from leachate ponds. 
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1. Introduction 

Coal used in the United States to make electricity has resulted in approximately two billion 

tons of coal combustion byproducts stored within impoundments. Impoundment ponds are 

landfills intended to securely store coal combustion byproducts such as fly ash and bottom ash, 

and prevent the release of contaminants such as arsenic, boron, mercury, and selenium, into the 

environment.1–5. While boron can be beneficial in small amounts, high levels of boron can cause 

health issues such as nausea, headache, diarrhea, and kidney damage in humans and animals.1,6 

Excess boron can also be detrimental to crop growth and reproduction.7 Boron levels are currently 

not regulated at the federal level in the United States, but some states have limits on boron 

concentration in water. The World Health Organization’s guideline for boron concentration is 0.5 

mg/L.6 This is significantly lower than the typical concentration of boron in impoundment ponds 

based on reports by the Electric Power Research Institute (EPRI), which observed median boron 

concentrations on the order of 1 mg/L to 10 mg/L in impoundment water depending on the coal 

type and measurement method.3 Typical methods for boron cleanup include chemical 

precipitation, ion exchange, liquid-liquid extraction, and adsorption.1,8–10 

Adsorption is a promising cleanup method for capturing boron from aqueous solutions. In 

water, boron typically exists as boric acid (H3BO3) or borate ([B(OH)4]
-) depending on the pH11. 

Studies have demonstrated adsorption on activated carbons12, metal oxides10, and cation-

exchanged zeolites.13,14 Zeolite sorbents can be made from waste coal fly ash, which contains 

silicon and aluminum oxides, using hydrothermal synthesis.15–17.  

Zeolites are a class of nanoporous aluminosilicate materials commonly used as commercial 

adsorbents and catalysts.15–24 The International Zeolite Association (IZA) database recognizes 

almost 250 distinct zeolite topologies that have been synthesized experimentally.25 Additionally, 

millions of hypothetical zeolite topologies have been predicted.26,27 Zeolites have been widely used 

industrially for separations28–31 in sorbents and membranes, and in catalysts.32–35 

There is a realistic potential for waste fly ash to be used for making sorbents that can be 

used for boron removal. Nine zeolite topologies (ANA, CHA, FAU, GIS, LTA, LTF, LTL, PHI, 

and SOD) have been synthesized from coal fly ash.15 These zeolites can be synthesized with 

various Si/Al ratios, and the identity of extra-framework cations can be tuned using ion exchange. 

Also, the topology of zeolites can be tuned using organic structure-directing agents during 

synthesis.36–39 These synthetic methods render a large variety of zeolite structures synthetically 

accessible.  

While boron uptake by various sorbents including surfactant modified zeolites, metal 

organic frameworks, activated carbon, fly ash or zeolites have been reported, comparison of these 

studies with simulation is limited by inexact characterization of the sorbents or studies based on 

mixtures.8,40–43 With modified zeolites or other materials, a wide range of uptakes up to 10 mg/g 

from highly alkaline solutions containing a range of loadings were reported. However, issues have 

been reported with stability of both metal organic frameworks and surface modified zeolites, in 

contrast to zeolites which have been noted for their stability.44–46 These works serve to highlight 
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interest in the development of effective sorbents for boron, but uptake was measured at impractical 

pH levels.2 Yüksel et al. investigated boron removal from aqueous solution using fly ash, zeolite, 

and demineralized lignite.13 Uptake was affected by the pH of solution with the maximum 

adsorption observed at pH 10, in which boron is in the form of borate. The zeolite used in the study 

was a mix of several minerals, complicating any comparison with simulations.47 The authors 

reported a boron removal efficiency of 15.8% for sorbent loading of 50 g L-1 in a solution with 

initial boron concentration of 1 mmol L-1. The uptake performance of fly ash exceeded that of the 

zeolite and demineralized lignite used in their study. Kluczka et al. reported absorption of boron 

from solution using a zeolite synthesized from fly ash.48 The uptake, obtained at pH=7 from a 

solution with 50 mg B L-1, was 2.3 mg g-1 with an adsorbent dose of 20 g L−1. At pH=7 the 

predominant species in solution would be boric acid. In both reports of experiments, the materials 

studied were a mixture of minerals with zeolites. Additionally, the Si/Al ratio of the zeolite phase 

was not analyzed. Typically, clinoptilolite, like the zeolite studied by Yüksel et al, has a Si/Al ratio 

higher than 4.49 However, the presence of charge balancing cations, associated with Al 

substitutions in the framework, have been associated with high adsorption of polar adsorbates 
31,50,51, which indicates that a low Si/Al ratio zeolite would be more promising for boron removal, 

rather than a high Si/Al ratio zeolite. This, coupled with the variety of pore structures of zeolites 

that have been synthesized from fly ash15 suggest that the performance of zeolites for boron 

removal can be enhanced by examining the combined effects of zeolite structure, Si/Al ratio, and 

extra-framework cation species.  

Experimental screening of zeolites for a given application can be time-consuming and 

expensive due to the tunability of zeolite composition and a variety of experimental conditions. 

Therefore, it is common to use atomistic simulations for materials screening. First-principles 

quantum mechanical (QM) calculations have been used to accurately predict binding energies and 

geometries of adsorbates in nanoporous materials.52–55 However, these methods are too slow to 

compute macroscopic properties such as heats of adsorption and adsorption isotherms because 

these computations can require averaging over millions of microstates to get a converged 

thermodynamic property. Using interatomic potential energies based on model potentials or force 

fields (FFs) speeds up energy calculations required for Grand Canonical Monte Carlo (GCMC) 

simulations and makes possible computation of equilibrium adsorption isotherms. While most 

force fields cannot describe chemical reactions involving bond formation and breaking, they can 

be used in statistical mechanics calculations to predict phase equilibrium, adsorption and diffusion 

of adsorbates in porous materials.52,54,56–58 Force fields are often used for materials screening for 

adsorption applications.59–62 

Force fields capable of modeling boric acid interacting with a range of cationic zeolites 

were limited to generic force fields such as UFF63 and Dreiding64,65. While generic force fields 

have been used for initial screening studies65–67, they can lack accuracy for certain zeolites. For 

instance, Findley and Sholl saw that generic force fields performed poorly for predictions of CO2 

uptake in GaPO4 zeolites67. Pairwise classical force fields parameterized based on experimental 

data 68,69 or ab-initio calculations54,57,67,70–74 have demonstrated reasonable transferability in porous 
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materials. Using a large set of experimental data for training, the TraPPE Zeo force field was able 

to fit a Lennard-Jones and coulomb potential to describe adsorption for a large set of adsorbates in 

pure-silica zeolites. Force fields fit to dispersion-corrected density functional theory calculations 

were able to accurately predict the uptake of a variety of hydrocarbons as well as CO2, N2, O2, and 

H2O by fitting to a Lennard-Jones and coulomb potential. Despite the simplicity of the functional 

form, these force field predictions gave reasonable adsorption and diffusion predictions across 

zeolite topology and Si/Al ratio, and extra-framework cation species (Li+, Na+, K+, Rb+, Cs+). 

However, to our knowledge there are no existing force fields explicitly parametrized for predicting 

H3BO3 adsorption in cationic zeolites. 

In this work, force field models were fit to dispersion-corrected density functional theory 

calculations following previously established methods54,57,67,70–75 to predict the adsorption of boric 

acid and water in cationic zeolites. Boric acid is modeled because it has been shown that it is the 

most common species of boron for pH < 9 with >99% boric acid at a pH of 711. Grand Canonical 

Monte Carlo simulations were performed to predict the adsorption of boric acid from 1-20 ppm 

aqueous solution for a set of zeolites with Si/Al ratios ranging from 1 to 9. The zeolites contained 

a combination of extra-framework Na+, Ca2+, Fe(II), and Mn(II). Na+ was selected because Na-

exchanged zeolites are widely available. Ca2+ was selected because of the higher charge per cation. 

Fe and Mn were selected because they have been shown previously to effectively remove similar 

contaminants (H3AsO3 and H3AsO4) from water76. Our results highlight how Si/Al ratio, cation 

identity, and zeolite framework structure influence boric acid adsorption from aqueous solution. 

2. Materials and Methods 

2.1 Zeolite Framework Models 

For the computation of boric acid sorption, we selected zeolites that were previously 

synthesized using fly ash15 or are well-studied zeolites. The coordinates for the tetrahedral atoms 

(Si or Al) and O atoms for each zeolite topology (CHA, DDR, FAU, FER, GIS, LTA, LTL, MEL, 

MFI, PHI, TON) were taken from the International Zeolite Association (IZA) database.25 For all 

zeolites in this study, the frameworks were expanded such that all cell vectors had lengths of at 

least 20 Å. For each pure silica framework, aluminosilicate frameworks were created with Si/Al 

ratios of 1, 2, 3, 4 and 9 by substituting Al for randomly chosen Si atoms in the framework subject 

to Löwenstein’s rule.77 Although some of these zeolite topologies, such as FER35,78 and CHA34,79 

can have nonrandom distributions of Al, the distribution of Al in most zeolites is unknown.80 

Therefore, a random Al distribution was used for all zeolites in the structure database. For each of 

the aluminosilicate zeolites, extra-framework cation positions were assigned using parallel 

tempering.81 
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2.2 Density Functional Theory Calculations 

Periodic density functional theory (DFT) calculations based on the projector augmented 

wave (PAW) formalism were performed using the VASP code.82–84 An energy cutoff of 520 eV 

was used for the plane-wave basis set to represent valence electrons (H:1s1, B:2s22p1, O:2s22p4, 

Si:3s23p2, Al:3s23p1, Li:1s22s1, Na:2p63s1, K:3p64s1, Ca:3p64s2, Mn:3p63d54s2, Fe:3d74s1). The 

zeolites in these calculations had large unit cells and thus only one k-point at the Γ-point of the 

Brillouin zone was necessary. The Perdew-Burke-Ernzerhof (PBE) exchange and correlation 

functional with the D2 dispersion correction from Grimme85 was used for all DFT calculations. 

The PBE+D2 method was selected rather than the newer PBE+D3 method in order to maintain 

consistency with parameters fit by Fang et al.57 A comparison of a sample of 1000 PBE+D2 and 

PBE+D3 calculations showed agreement in adsorption energetics to within 3% as shown in the 

Supporting Information Figure S1. The density-derived electrostatic and chemical method 

(DDEC3) was used to assign atomic point charges based on electronic densities from DFT 

calculations.86,87 Spin-polarized calculations were used to model zeolites containing Mn or Fe and 

the magnetic ordering was assumed to be ferromagnetic. Ab initio molecular dynamics (AIMD) 

calculations were performed at 300 K with a 0.1 fs timestep. 

2.3 Cation-Zeolite Force Field 

The force fields for cation-framework interactions were fit to reproduce the energies of 

PBE+D2 calculations following the procedure of Fang et al.57,88 The validity of the force fields 

derived in this work was demonstrated by the fact that they accurately predict the distributions of 

extra-framework Na and K in zeolites. The parameters of Na-Oz were taken directly from work 

by Fang et al.57 This work used a Buckingham + Coulomb potential to describe cation-framework 

interactions (EFF) 

𝐸𝐹𝐹(𝑅𝑖𝑗)  = 𝐴𝑖𝑗𝑒−𝐵𝑖𝑗𝑅𝑖𝑗 −
𝐶𝑖𝑗

𝑅𝑖𝑗
6 +

𝑞𝑖𝑞𝑗

𝑅𝑖𝑗
 (1) 

where Rij is the distance between atom i and atom j. Aij, Bij, and Cij are fitted Buckingham 

potential parameters, and qi and qj are the point charges on atom i and atom j. To maintain 

consistency with the work of Fang et al.57 across all species of extra-framework cations, the 

DDEC3 method was used to assign point charges for the remaining cations (Ca, Mn, Fe). 

LTA zeolites with Si/Al = 3 were used for fitting cation-framework interactions due to the 

high symmetry of LTA, as well as the small unit cell size (< 80 atoms). When fitting cation-

framework interactions for Ca2+, Mn(II), and Fe(II), the experimental atomic coordinates for 

framework (Si, Al, O) atoms in Ca-LTA from Pluth and Smith89 were used. Initially, three extra-

framework cations were placed in the centers of three different 6-membered rings, which has been 

shown experimentally to be the most favorable location for divalent cations.89 Starting from these 

initial configurations, the positions of extra-framework cations were relaxed using DFT, while 

holding the positions of framework (Si, Al, O) atoms fixed. When generating a training set for 

cation-framework interactions, each distinct cation position was selected and 500 random 



6 

translation moves were performed with a maximum displacement of 1 Å from the site while 

holding all other cations fixed in their equilibrium positions, as in Boulfelfel et al.90 . The energy 

of each configuration was then computed using PBE+D2. 

To avoid performing calculations in frameworks with net charges during the fitting process, 

the force field was fit to reproduce relative PBE+D2 energies, using the initial framework and 

equilibrium positions as the reference state. Coulomb energies were also computed relative to the 

reference configuration using DDEC3 point charges for framework atoms and extra-framework 

cations. The Coulomb energies were then subtracted from the relative PBE+D2 energies to give 

relative van der Waals (vdW) energies, which were used to fit the parameters of the Buckingham 

potential. Parity plots showing a comparison between force field and DFT energies are shown in 

Figures S2-S4 of the Supporting Information. Force field parameters for cation-framework 

interactions are shown in Table S1. A comparison of predicted cation distributions with 

experimental data is shown in Section 3.1 as well as in Tables S2 and S3 of the Supporting 

Information. 

2.4 Adsorbate-Zeolite Force Field Models 

Available force fields for boric acid interacting with a wide range of cationic zeolites were 

limited to generic force fields such as UFF63 and Drieding64. Therefore, PBE+D2-derived force 

fields (D2FFs) for adsorbate-zeolite interactions were fit using a cyclical procedure similar to the 

methodology in Findley et al.67, in which force fields were fit to predict CO2 and H2O adsorption 

in AlPO4 and GaPO4 zeolites. Dispersion-corrected density functional theory based force fields 

have shown success in predicting experimental adsorption isotherms in porous materials without 

relying on experimental data as an input.54,88 Force fields derived based on various ab-initio 

methods using this cyclical method have been developed for gas adsorption and diffusion in 

zeolites and metal-organic frameworks (MOFs),54,57,67,70–74 

First, an initial set of 1000 configurations for a single adsorbate molecule (H2O or H3BO3) 

in a zeolite with (CHA, Si/Al = 3.5 for H3BO3 and LTA, Si/Al = 3 for H2O) were generated using 

NVT Monte Carlo in RASPA91 at 300 K with 105 trial moves. The relatively small unit cell of 

CHA allowed for effective sampling of the repulsive region of the Lennard-Jones potential as well 

as the interactions of H3BO3 with multiple cations at once. (See Figure 1.) The initial adsorbate-

zeolite parameters came from applying Lorentz-Berthelot mixing rules between adsorbate models 

and adsorbent atoms. The Dreiding force field64 was used for initial Lennard-Jones parameters for 

adsorbent atoms and extra-framework cations.  
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Figure 1: The unit cell of Ca-CHA (Si/Al = 3.5) used to train force field parameters for 

boric acid - Ca interactions is shown. The image includes atoms outside the periodic boundaries 

to more clearly present the 8-membered rings present in this structure. To ensure a robust sample 

of H3BO3-Ca distances, two Ca ions were placed in 8-membered rings (yellow), while the 

remaining two Ca ions were placed in 6-membered rings (purple). 

 

The energy for each configuration in the training set was computed using DFT. Interaction 

energies were computed by taking the single point energy of the adsorbate+adsorbent and 

subtracting the values of the empty adsorbent and isolated adsorbate. Coulombic energies were 

calculated using the Ewald summation method. Next, vdW energies were obtained for each 

configuration by subtracting the Coulomb energies from the DFT energies. These energies were 

fit to either a Lennard-Jones potential or a Buckingham potential if the Lennard-Jones potential 

could not provide a good fit. Parity plots comparing DFT and force field adsorbate-zeolite 

interaction energies are shown for the final iteration of force field fitting in Figures S5-S13 of the 

Supporting Information. Root mean squared errors (RMSEs) for boric acid-zeolite interactions 

ranged from 3.45 kJ/mol to 10.3 kJ/mol. RMSEs for water-zeolite interactions ranged from 2.42 

kJ/mol to 6.41 kJ/mol. These values are comparable to the force field fitting errors observed for 

C2H6 - zeolite (4.3 kJ/mol) and C3H8 - zeolite (4.8 kJ/mol) interactions in Fang et al.75; their fitted 

parameters were subsequently used to accurately predict adsorption isotherms. A justification for 

why the Buckingham potential outperformed the Lennard-Jones potential for Ca-H2O interactions 

is shown in Figure S14 of the Supporting Information. To reduce potential bias from the initial 

force field, the newly-fit force field was used to generate a new set of 1000 configurations and the 

same procedure was repeated until force field parameters converged to within 10% between 

previous and subsequent iterations. The fitted D2FF force field parameters are shown in Table S4. 
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2.5 Adsorbate Models 

For calculations involving water, the SPC/E model was used because of the model’s 

compatibility with validated zeolite oxygen forcefield parameters.80 The boric acid model 

geometry was taken from the work of Otkidach and Pletnev and was also used to describe boric 

acid - boric acid interactions.92 However, a new model was fit in this work to describe H2O - H3BO3 

interactions. The iterative procedure described in Section 2.4 was performed for a single H3BO3 

molecule in a box containing 100 H2O molecules. The H2O positions were equilibrated using NVT 

Monte Carlo at 300 K and then held fixed to reduce the number of DFT calculations required for 

force field fitting. Next, the cyclical procedure described in Section 2.4 was applied to fit H2O - 

H3BO3 interactions. The results of this fitting are shown in the Supporting Information Figure 

S15. 

2.6 Monte Carlo Simulations 

All Monte Carlo simulations in this work were performed using RASPA.91 In all simulations, the 

positions of framework (Si, Al, O) atoms were held fixed. This rigid framework approximation 

has been demonstrated to be appropriate for adsorption simulations in zeolites based on previous 

work by Daou et al.93 and Vlugt and Schenk.94 Electrostatic energies were calculated using the 

Ewald summation method. A 10 Å cutoff was used for vdW interactions; all unit cells were 

constructed to ensure that each lattice parameter was greater than 20 Å, satisfying the minimum 

image convention. Lennard-Jones potentials were truncated with a tail correction.  

2.6.1 Widom Insertion 

In contrast to most reported adsorption calculations, the calculations performed in this work 

model adsorption from aqueous solution rather than gas phase. Following the method of Xiong et 

al.95, we calculated the adsorption of boric acid from aqueous solution by calculating the fugacity 

of a dilute solute using the following equation (1): 

𝑓𝐴 = 𝜌𝑘𝐵𝑇(𝑒
(

𝜇𝐴
∞

𝑘𝐵𝑇
)
)𝑥𝐴 (1) 

where fA is the fugacity of component A, ρ is the number density of the solvent, kB is 

Boltzmann’s constant, T is the temperature, μA
∞ is the excess chemical potential of the solute, and 

xA is the mole fraction of the solute. 

Widom insertion96 calculations were used to calculate the excess chemical potential of 

boric acid in aqueous solution at infinite dilution (μ∞
H3BO3). For these calculations, a cubic box 

with a side length of 24 Å was filled with 459 molecules of SPC/E water to match the density of 

SPC/E water predicted by NIST.97 This was followed by 25000 cycles of NVT Monte Carlo at 300 

K to generate an equilibrated configuration of H2O molecules. To avoid convergence issues 

associated with low acceptance probabilities of insertion/deletion moves95, a Continuous 

Fractional Component Monte Carlo (CFCMC) scheme was used. CFCMC was developed by Shi 

and Maginn98 to overcome the challenges of insertion and deletion of molecules in dense systems. 
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The CFCMC-Widom Insertion calculations used 50000 equilibration cycles followed by 100000 

production cycles. Thermodynamic properties were averaged over these production cycles. To 

ensure convergence, these calculations were repeated ten times with different random number 

seeds, and the final value was an average of these ten different calculations. 

2.6.2 Parallel Tempering 

The distribution of extra-framework cations has a strong effect on the adsorption properties 

of zeolites. Because of the presence of many deep local minima on the cation-framework potential 

energy surface, it is necessary to use a replica-exchange Monte Carlo technique called Parallel 

Tempering to equilibrate the positions of these cations.81 These simulations were carried out using 

RASPA. Following the work of Fang et al.57,88, nine structural replicas were used at T = 300 K, 

390 K, 507 K, 659 K, 857 K, 1114 K, 1448 K, 1882 K, and 2447 K.81 

2.6.3 Grand Canonical Monte Carlo 

Grand Canonical Monte Carlo (GCMC) simulations were used to predict adsorption 

equilibrium for H2O and H3BO3 in cationic zeolites using RASPA91. In these simulations, the 

positions of the framework atoms (Si, Al, O) were held fixed, while the extra-framework cations 

were allowed to move because the locations of extra-framework cations can have a significant 

effect on adsorption isotherms.57,80,99,100 

Single-component water adsorption isotherms were computed in Na-FAU and Na-LTA to 

compare model predictions to experimental data. Adsorption isotherms were computed using 

GCMC in RASPA. The moves performed on water molecules were translation, rotation, 

reinsertion, insertion, and deletion with equal probability. Simulations were initialized with 104 

Monte Carlo cycles followed by 104 production cycles. Loadings were computed using block 

averages. The component loading confidence intervals were observed to be < 10% of the simulated 

loading at most pressures. The zeolite framework coordinates (Si, Al, O) were taken from 

experimental data by Olson for Na-FAU101, and Pluth and Smith for Na-LTA.102 Both LTA and 

FAU zeolites have sodalite cages, which are inaccessible to adsorbates such as CO2 and CH4.
103,104 

However, the relatively small H2O molecules may be able to access these cages, so sodalite cages 

were not blocked in H2O adsorption calculations. The SPC/E water model does not correctly 

predict the saturation pressure for water. Therefore, the horizontal axis was expressed as P divided 

by the saturation pressure, P0, where P0 for simulations was the SPC/E value (1.017 kPa) and the 

P0 for the experimental measurements was the experimental value (3.533 kPa).105 

For two-component mixed H2O/H3BO3 simulations, the fugacity of H3BO3 was calculated 

using Equation (1) for each concentration studied. The saturation pressure of SPC/E water at 300 

K computed by NIST97 was used as the fugacity of H2O in the simulations. Mole fractions of each 

component in solution were selected to correspond to 1 ppm, 5 ppm, 10 ppm, 15 ppm, and 20 ppm 

levels of H3BO3, which are typical levels for impoundment sites.2 The large number of water 

molecules in zeolite pores results in a low acceptance probability of insertion/deletion moves using 

a conventional growth scheme. Therefore, it was necessary to apply CFCMC to obtain a 
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statistically robust sample. CFCMC-GCMC simulations were initialized over 10000 cycles 

followed by 5000 equilibration cycles over which the CFCMC weights for individual lambda 

values were determined. Thermodynamic properties were then averaged over 90000 production 

cycles. Properties were determined by block averaging using 5 blocks and error bars were based 

on a 95% confidence interval. These simulation parameters typically gave error bars < 15% of 

loadings. Better convergence could be obtained by increasing the number of production cycles, 

but it would have significantly slowed the screening process due to the large number of adsorbates 

present. 

3. Results and Discussion 

3.1 Force Field Validation 

3.1.1 Cation - Framework Interactions 

Comparisons between cation positions determined via experimental data and force field-

based parallel tempering simulations were used for validation of the cation-framework force field. 

Predictions of adsorption isotherms, particularly those of quadrupolar molecules such as CO2, are 

known to be sensitive to the equilibrium positions and motion of extra-framework cations.80,88,100 

Therefore, it is important to have an accurate model for cation-framework interaction energies 

when predicting adsorption of polar molecules such as H2O
69,106 and H3BO3. 

The distribution of extra-framework cations in Zeolite A has been well-studied for many 

different cationic species.89,102,107,108 Figure 2 illustrates the three main types of cation positions 

in the LTA zeolite; 4-membered ring sites are shown in green, 6-membered ring sites are shown 

in yellow, and 8-membered ring sites are shown in blue. Using parallel tempering simulations, the 

distribution of cations was predicted in four LTA zeolites with various cations. Table 1 shows a 

comparison between experimental and simulated cation distributions for Na-LTA (Zeolite 4A)102, 

Na/Ca-LTA (Zeolite 5A)107, Ca-LTA89, and Mn/Na-LTA108. In these four zeolites, calcium and 

manganese show a strong preference for the 6-membered rings where they can be stabilized by 6 

nearby framework O-atoms, each carrying a partial negative charge. They are rarely observed in 

8-membered ring sites, likely because of the larger ring size. Sodium can be found in either 8-

membered rings, 6-membered rings, or 4-membered rings in Na-LTA (Zeolite 4A)102, but is 

typically found only in 6-membered rings in LTA zeolites containing Ca and Mn.89,108 Our 

predictions for the distribution of Na/Ca-LTA, Ca-LTA, and Na/Mn-LTA match the 

experimentally-observed distribution perfectly, and our predictions for the distribution of Na-LTA 

are in good agreement with the experimentally-observed distribution. The number of cations 

located in the 6-membered rings in Na-LTA was predicted perfectly and the majority of remaining 

cations were also located consistent with experimental results. A minor discrepancy for Na-LTA 

is that in the simulation, there are 31 total Na+ in 8-membered rings, while experiments show 24. 

This difference can be attributed to a few cations located in 8-membered rings instead of adjacent 
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4-membered rings. No 6-membered rings were doubly occupied. A similar result was previously 

reported in a study in which the same force field for Na-zeolite interactions was employed.88 

Additional validation for CHA and FAU zeolites is shown in Tables S2 and S3 of the Supporting 

Information. 

 
Figure 2: The crystallographic sites for cation locations in the LTA zeolite are shown. 

Cations are typically found in either 8-membered ring sites (blue), 6-membered ring sites (yellow) 

or 4-membered ring sites (green). 

 

Zeolite Cation Number in 6-MR Number 

in 8-MR 

Number in 4-MR 

Na-LTA Na 64 (64) 31 (24) 1 (8) 

Ca-LTA Ca 48 (48) 0 (0) 0 (0) 

Na/Ca-LTA Ca 32 (32) 0 (0) 0 (0) 

Na/Ca-LTA Na 32 (32) 0 (0) 0 (0) 

Mn/Na-LTA Mn 36 (36) 0 (0) 0 (0) 

Mn/Na-LTA Na 24 (24) 0 (0) 0 (0) 

Table 1: shows a comparison between experimental and simulated cation distributions for 

Na-LTA88,102, Ca-LTA89, Zeolite 5A107, and Mn/Na-LTA108. The numbers in the table indicate the 

number of cations in each distinct type of site per simulation cell. The experimental values are 

shown in parentheses. 
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3.1.2 H3BO3 - Zeolite Interactions 

An important limitation of classical ‘non-reactive’ force field models is that they typically 

cannot handle bond-breaking or bond-formation phenomena. To apply a classical non-reactive 

force field to this problem, we must ensure that the probability of bonds being formed or broken 

during the adsorption process is low. DFT optimizations were used to examine the likelihood for 

H3BO3 proton dissociation to one of the zeolite framework oxygens. The calculations show that 

there is no energy barrier for a dissociated proton from H3BO3 to hop back to the parent molecule. 

For these calculations, Na-exchanged LTA (Si/Al = 3) was examined with a loading of 10 H2O 

molecules and 1 H3BO3 molecule. Next, AIMD trajectories were used to investigate the likelihood 

of proton hopping at finite temperature. All AIMD runs started with dissociated H3BO3 molecules 

and the protons quickly hopped back to the undissociated state. The details of these calculations 

are presented in the supporting information in section S6.  

3.1.3 H2O - Zeolite Interactions 

Parameters for H2O - cation interactions were fit using the procedure described in Section 

2.4, and the accuracy of the force field was evaluated via a comparison of simulations to 

experimentally-measured water vapor adsorption isotherms. To ensure transferability between 

high Si/Al and low Si/Al zeolites, the O (zeolite) - O (H2O) interaction parameters were taken from 

a first-principles force field by Findley et al.109 This force field was able to predict correctly water 

intrusion in pure-silica MFI. Adsorbate-cation interactions for Na and Ca were described using a 

Buckingham + Coulomb potential. When examining the minimum adsorbate-cation distance vs. 

vdW contribution, it was observed that all values were positive, requiring the use of a fully-

repulsive Buckingham potential (C=0) to get an accurate fit to PBE+D2 interaction energies. 

Figure S14 in the Supporting Information shows the values of rmin vs. Evdw in a training set for 

Na - H2O interactions. Fe and Mn both had a mix of positive and negative vdW contributions. 

Therefore, Mn - H2O and Fe - H2O interactions were modeled using a Lennard-Jones + Coulomb 

potential. All parameters are shown in Table S4. 

Force fields fit for H2O were compared to experimental data in two well-studied zeolites, 

NaY (FAU topology) and 4A (LTA topology). Starting from sets of experimental framework 

coordinates, Na positions were predicted using Parallel Tempering. Next, GCMC simulations were 

used to predict water vapor adsorption isotherms, computed without blocking sodalite cages. 

Comparison with experimental data and predictions made by two existing (experimentally-

derived) force fields69,106 are shown for LTA (Figure 3a) and FAU (Figure 3b). The experimental 

data for the LTA zeolite shown in Figure 3a exhibits a large spread in the interval 0.001 < P/P0 < 

0.8, but the experiments are mostly reproducible for pressures outside of this region. The 

differences between the experimentally measured isotherms in this region may be caused by 

structural differences in the samples, such as defects. When comparing the new D2FF predictions 

with experimental data, agreement was best at low loading and near saturation. The pressures 

corresponding to these regions are shown in green and blue respectively. The low-pressure (P/P0 

< 0.001) simulations are accurate because the DFT calculations used while fitting this model 
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contained 1 H2O per unit cell. Therefore, D2FF energies would be the closest to DFT energies at 

low loadings of H2O. At high pressures (P/P0 ≈ 1), the H2O-H2O interactions dominate, and the 

SPC/E water model has been shown to accurately predict the density of liquid water.97 At 

intermediate pressures (0.001 < P/P0 < 0.8) there is poor agreement which could be attributed to 

the water-zeolite energies being fit to DFT, while the water-water interaction energies were 

described based on the SPC/E model. It was noted by Castillo et al.69 that polarizable force fields 

may be necessary to accurately predict adsorption in this regime. For the purpose of this work, 

accurate performance for the high-pressure region is the most important because fugacities in the 

saturation region are comparable to that of liquid water. Accurate predictions of adsorption at low 

pressures demonstrate accuracy of H2O interaction energies with the cationic adsorption sites. 

Additionally, the D2FF predictions without blocked sodalite cages agree well with experimental 

data near saturation pressure of H2O. This indicates that these small cages are likely accessible to 

H2O, which has also been suggested in the literature.69,110 For the H2O vapor adsorption isotherms 

in Na-LTA, the D2FF performed better than the experimentally-derived force field of Fuchs et 

al.106 but worse than the force field from Castillo et al.69 This is a result of the force field of Castillo 

et al.69 being fit to reproduce experimental isotherms in Na-LTA. The positions were reversed for 

simulations in Na-FAU (NaY), where Fuchs et al.106 fit a force field to that set of experimental 

data. Overall, the D2FF was more transferable than either of the experimentally-derived force 

fields, indicating that the D2FF could be suitable for screening applications. 
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Figure 3: Shows a comparison between experimental (open symbols) and simulated (filled 

symbols) water loading in Na-LTA (Si/Al = 1) (a) and NaY (Si/Al = 2.45) (b). The D2FF force 

field fit in this work (red) was benchmarked against two force fields69,106 that were parameterized 

based on experimental data (blue, black). The D2FF was more transferable across zeolite topology 

than either experimental force field.  
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3.1.4 H3BO3-H2O Interactions 

Calculations involving the adsorption of boric acid from solution require an accurate 

description of the chemical potential of the reference state. To validate the description of dilute 

boric acid in water, Widom Insertion simulations were performed using the CFCMC method.98 

From these calculations, it is possible to determine the excess chemical potential of infinitely-

dilute boric acid, as well as the Henry’s Law constant for boric acid in water. The computed 

Henry’s Law constant of 1.29*10-7 Pa*m3/mol was in agreement with the reported value from the 

Hazardous Substances Data Bank, which is 2.65*10-7 Pa*m3/mol. 

3.2 Predictions of H3BO3 Adsorption from Aqueous Solution 

It is important to assess the transferability of the force field parameters for different zeolite 

compositions and topologies. It is important to verify the force field performance for zeolites with 

lower Si/Al ratios because any error in pairwise adsorbate-cation interactions will be more 

noticeable. To validate the transferability of force field parameters, the performance of parameters 

was tested in zeolite Ca-LTA (Si/Al = 3), Na/Ca-LTA (Si/Al = 1.7), and Mn-LTA (Si/Al = 3) by 

comparing DFT-predicted adsorption energies with force field-predicted adsorption energies. 

These energies were also benchmarked against energies computed using a combination of UFF 

Lennard-Jones terms and DDEC3 point charges. The results of these comparisons are shown in 

Figure 4. 

For Si/Al = 3 LTA, a single LTA cage was used for faster DFT calculations. However, to 

distribute Al in a manner that satisfies Löwenstein’s rule for LTA (Si/Al = 1.7), a 1x1x2 supercell 

was necessary. All cation positions were initialized using parallel tempering and then optimized 

using DFT. In the case of Na/Ca-LTA, an equal number of Na and Ca ions were present. Next, 

boric acid configurations were determined using a NVT Monte Carlo simulation. To reduce the 

number of required DFT calculations, extra-framework cation positions were held fixed during the 

NVT Monte Carlo simulation. Adsorption energies were calculated by subtracting the energy of 

the empty zeolite and isolated adsorbate from the energy of the zeolite with boric acid. 
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Figure 4: Comparisons between D2FF in blue (this work) and UFF in green and DFT 

adsorption energies for boric acid are shown for LTA to assess force field transferability to H3BO3 

adsorption in zeolites with various cation identities, Si/Al ratios, and a different topology, LTA. 

The force field for H3BO3 was fit using DFT data calculated on CHA, Si/Al = 3.5. The results are 

shown for Ca-LTA (Si/Al = 3) (a), Na/Ca-LTA (Si/Al = 1.7) (b), and Mn-LTA (Si/Al = 3). The 

root mean square errors (RMSEs) for both force fields are shown at the top of each figure and 

indicate that the D2FF shows roughly half the error compared to the UFF force field. 

 

The strongest interaction energies for the Si/Al=1.7 zeolite (b) were nearly 30 kJ/mol 

stronger than that of the Si/Al = 3 zeolite, which highlights a difficult challenge for the force field 

with regard to transferability as well as the importance of multi-cation adsorption sites. A similar 

type of adsorption has been observed for CO2 in cationic zeolites80,111, where both oxygens in CO2 

can interact with a distinct cation, resulting in “dual cation” sites. Following this nomenclature, it 

is possible for boric acid to adsorb on single, dual, and triple cation sites. It should also be noted 

that the interaction energies for both LTA zeolites are significantly lower than those of the CHA 
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zeolites used for training. The cation positions in the original force field training were selected in 

a manner that allowed for shorter boric acid-cation distances due to the positions of 8-membered 

ring cations. However, in both cases, LTA cations are “shielded” by negatively charged oxygen 

atoms, resulting in weaker electrostatic interactions between boric acid and the zeolite. The 

interaction for these “multi-cation” adsorption sites is dominated by electrostatics. The good 

agreement between energies calculated using D2FF and DFT for the most negative configurations 

indicates the accuracy and transferability of the DDEC3 point charges used in this model. 

Our goal is to screen the entire material space of zeolites. Due to the computational expense 

of DFT calculations, the force field presented here was trained on a selected zeolite topology and 

Si/Al ratio. DFT calculations are computationally tractable only for zeolite frameworks that can 

be modeled with a small unit cell containing relatively few atoms. Despite this limitation, the force 

field energies for the most favorable H3BO3 configurations for zeolite topologies and Si/Al ratios 

outside the training set were typically within 10% of the energies calculated using DFT. This level 

of accuracy holds even when mixed cation zeolites were evaluated in the case of Figure 4(b). 

These errors are not unexpected in the application of an interatomic potential to a wide and diverse 

material space and an error on this order of magnitude was considered reasonable for a screening 

study. Additionally, the RMSEs for the D2FF force field (between 2 and 14 kJ/mol) compare 

favorably against the UFF force field, (RMSE between 15 and 34 kJ/mol), which has been widely 

used for screening in porous materials, such as MOFs and zeolites, demonstrating that the D2FF 

is sufficiently accurate for screening purposes. Identification of promising zeolites from the large 

material space using a screening-quality force field could be followed by more detailed studies 

using a topology-specific custom-made force field or machine learned force field.  

3.3 Screening of Zeolites 

Adsorption simulations were performed for a set of Na-, Ca-, Mn-, and Fe-exchanged 

zeolites, as well as 3:1, 1:1, and 1:3 binary mixtures of each distinct cation pair. Cation positions 

were predicted using Parallel Tempering as in Fang et al.57 Next, adsorption simulations were 

performed for 1 ppm, 5 ppm, 10 ppm, 15 ppm, and 20 ppm concentrations of boric acid. Because 

of the hydrophilic nature of cationic zeolites, multicomponent GCMC was used to account for 

adsorption of both boric acid and water. Fugacities of boric acid in the liquid phase were calculated 

in a similar manner to the method of Xiong et al.95 However, in this work the excess chemical 

potential of dilute boric acid was calculated using the CFCMC Widom Insertion method rather 

than the Expanded Ensemble method. 

3.3.1 Single Cation 

The boric acid uptake of zeolites containing a single cation species (Na, Ca, Mn, or Fe) is 

shown in Figure 5, which shows the associations between boric acid loading and the mole fraction 

of aluminum on zeolite tetrahedral sites. In Figure 5(a), data points are color-coded based on 

topology, while in Figure 5(b), they are color-coded based on cation species. Both figures 
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demonstrate that as the fraction of T-sites occupied by Al (low Si/Al ratio) increases towards 0.5, 

the maximum boric acid uptake increases. The xAl value of 0.5 corresponds to Si/Al = 1, which is 

the maximum Al content allowed by Lowenstein’s Rule. The top-performing zeolite topologies 

were CHA, PHI, and LTA. A visualization of these three topologies is shown in Figure S19 of the 

Supporting Information. All of these zeolites have been previously synthesized from fly ash.15 

Figure 5(b) shows that zeolites containing Ca (blue) performed best. This is likely caused by the 

high charge density on the Ca2+ cation, which leads to strong electrostatic interactions with boric 

acid molecules. Figure 5(c) shows that both the identity (charge) and the number of cations 

influence boric acid uptake. Including more cations per unit volume increases boric acid uptake 

for a given cation species because the cations act as boric acid adsorption sites. However, 

monovalent cations balance out the charge for one Al atom, while divalent cations (Ca, Mn(II), 

and Fe(II)) balance out the presence of two Al atoms. Therefore, a zeolite with a given Si/Al ratio 

can contain twice as many monovalent cations as it can divalent cations. This increase in possible 

adsorption sites led to higher performance for Na-exchanged zeolites over some of their Mn and 

Fe-exchanged counterparts as shown in Figure 5(b) and (c). This tradeoff between cation number 

and cation charge indicates that it may be useful to study the performance of mixed-cation zeolites. 

Mn-and Fe-exchanged zeolites were predicted to have the lowest uptake for two possible reasons. 

First, the point charges on Mn (+1.28) and Fe (+1.09) were closer to Na (+0.99) than to Ca (+1.72), 

resulting in significantly weaker adsorbate-adsorbent interactions than Ca but with fewer sites than 

Na-exchanged zeolites. Additionally, Mn (72 pm), Fe (69 pm) are the smallest cations included in 

the study. They have been shown through experiments and in this work to preferentially occupy 

6-membered ring sites. However, their small size allows them to locate closer to the plane of the 

6-membered rings, causing the framework oxygen atoms to “shield” these cations more from 

adsorbates. This is consistent with the XRD experiments of Yanagida et al.108 

While there are strong associations between composition and boric acid uptake, Figure 

5(d) shows that there is no strong correlation between boric acid uptake and the ratio of largest 

cavity diameter (LCD) to pore-limiting diameter (PLD) in this set of zeolites. There was also no 

correlation observed with any other common geometric descriptors such as PLD, LCD, accessible 

volume, or accessible surface area. The boric acid uptake does depend on topology, as shown in 

Figure 5(a). However, it is likely that scalar descriptors, such as PLD and LCD, do not contain 

enough topological information to produce strong correlations with boric acid uptake. 

The optimal single-cation zeolite for boric acid uptake from 10 ppm solution is Ca-

PHI(Si/Al = 1), according to Figure 5, which has a boric acid uptake of approximately 1.31 

mol/kg. This corresponds to approximately 80.8 mg/g, which is approximately 5 times larger than 

the experimental results of Ulatowska et al. (16.14 mg/g) for fly ash.14 This indicates that 

optimization of zeolite topology and composition can significantly improve zeolite performance 

for boron removal from water. 
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Figure 5: A detailed relationship between cation composition and boric acid uptake from 

10 ppm boric acid solution is shown, which is the lowest concentration included in this study. The 

loadings as a function of aluminum content are shown color-coded by IZA topology (a) and cation 

identity (b). The dependence of boric acid uptake on the number of cations per volume is shown 

in (c) and the dependence on the ratio of LCD to PLD was shown in (d). 

3.3.2 Mixed-Cation 

The tradeoff between cation number and cation charge shown in Figure 5(c) indicates that 

both the charge of the cation and the number of cations per unit volume play a role in boric acid 

uptake. Therefore, adsorption simulations for all possible pairs of Na, Ca, Mn, and Fe were 

performed. The ratio of each species varied from 1:3, 1:1 and 3:1. The results for mixed cation 

zeolites are shown in Figure 6 for zeolites containing Na(a), Ca(b), Mn(c), and Fe(d). 

 In the case of Na, Ca, and Mn, it is found that mixing cations can enhance performance 

over the original zeolite. For Na, adding Ca greatly improves performance because the point charge 

assigned to Ca using the DDEC method is significantly larger than the charges assigned to the 

other three cations. This results in stronger electrostatic interactions. In the case of Mn and Ca, 

adding Na improves boric acid uptake by adding more cations than would be present in the zeolite 

containing only Mn or Ca. This allows boric acid molecules to interact with more cations at once. 
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Mixing Fe with an amount of Ca improved performance, but it never exceeded the uptake of the 

pure Ca-exchanged zeolite. This is likely caused by the low partial charge on Fe compared to the 

other two divalent cations. After introducing mixed cations, the new optimal zeolite is Na/Ca-CHA 

with Si/Al = 1 and a Na:Ca ratio of 1:2. The predicted uptake is 1.44 mol/kg, which is almost 0.3 

mol/kg higher than pure Ca-CHA with Si/Al = 1. 

 
Figure 6 Shows a comparison between mixed cation zeolites and single-cation zeolites. 

The graphs are color coded based on the secondary cation. Na is shown in red, Ca in blue, Mn(II) 

in black, and Fe(II) in green. 

 

3.3.3 Concentration Dependence 

Figure 7 shows the boric acid uptake dependence on concentration in CHA, PHI, FAU, 

and LTA zeolites with Si/Al = 1 that are exchanged with Na, Ca, or a mixture of the two. The 

concentration range of 1 - 20 ppm was selected as representative of actual impoundment sites2. 

Most zeolites, especially Ca-exchanged zeolites, exhibited very little concentration dependence on 

boric acid uptake in this regime. The results from the GCMC simulations indicate that for Ca-

exchanged zeolites, all or nearly all Ca atoms are within 3 angstroms of a boric acid molecule. 

Therefore, cationic sites are effectively saturated by boric acid. The non-monotonic dependence 
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on concentration is likely caused by the stochastic error involved with simulating a 

multicomponent system with one component near saturation. 

This is not the case for some Na-exchanged zeolites, especially in Na-PHI and Na/Ca-CHA 

(75% Na), where there is a noticeable uptake increase with concentration over the 1 - 20 ppm 

range. This is likely because the smaller charge on Na leads to less selectivity for boric acid over 

water on the individual adsorption sites. Therefore, increasing the boric acid concentration has a 

larger effect on the boric acid uptake. This indicates that Na-exchanged zeolites may be optimal at 

high concentrations of boric acid. 

 
Figure 7: Dependence of boric acid uptake on boric acid concentration for CHA(a), 

PHI(b), FAU(c), and LTA(d). All zeolites in this figure had Si/Al = 1 and mixtures of Na/Ca. The 
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combinations of cations were shown for 100% Na (green), 75%Na, 25%Ca (peach), 50%Ca, 

50%Na (orange), 25%Na, 75%Ca (light blue), and 100%Ca (dark blue). 

 

Zeolites CHA, PHI, and LTA all had significantly higher uptakes than FAU regardless of 

composition in Figure 7. Based on these results, there was little to no selectivity for boric acid 

over water in FAU. To examine this effect, the cation-cation radial distribution functions (RDFs) 

were computed and shown in Figure 8 for the same four zeolites. 

Figure 8 shows the cation-cation radial distribution functions for CHA, PHI, FAU, and 

LTA. Peaks appear in the 6-8Å range for each of these zeolites except for FAU, which also showed 

the lowest boric acid uptake. This 6-8 Å spacing is characteristic of dual-cation sites, which 

promote CO2 adsorption53,80,111. The O-O intramolecular distance for the H3BO3 molecule (2.36 

Å) is comparable to that of the CO2 molecule (2.32Å), suggesting that this spacing of cations may 

also enhance the adsorption of boric acid. To confirm the existence of dual cation adsorption and 

validate the force fields used, DFT calculations were used to determine the optimal adsorption 

configuration and energy for H3BO3 in three LTA zeolites with Si/Al = 1 (100% Na, 1:1 Na:Ca, 

and 100% Ca-exchanged). The results are shown in Figure S16 and Table S5 of the Supporting 

Information. All three zeolites showed multi-cation adsorption configurations, with Na-LTA 

adsorbing H3BO3 in a triple cation site, while Na/Ca-LTA and Ca-LTA adsorbed H3BO3 with a 

dual cation site. All cation-cation distances in the adsorption complex were between 6Å and 8Å, 

which is consistent with the force-field-based RDF peaks. The DFT energies of the three optimized 

adsorption configurations are all larger than 200 kJ/mol, which is roughly twice as large as the 

interaction energies computed by DFT for the force field training shown in Figures S10-S13. 

Based on these observations, multi-cation adsorption sites are predicted based on both force field-

based RDFs shown in Figure 8 as well as by DFT calculations described in Figure S16 and give 

zeolite selectivity for boric acid over water. This is consistent with the strong relationship between 

Si/Al ratio and boric acid uptake shown previously in Figures 5a and 5b. Additionally, the 

presence of mixed monovalent/divalent cations gives more opportunities for the higher charge 

cations to interact in the form of multi-cation sites, causing improved performance for mixed-

cation zeolites. 

Based on experiments112,113 and the simulations performed for Table 1, 6-membered 

windows are the optimal locations for Ca2+ cations. In the FAU topology, these sites are located 

between the sodalite cages and the supercage and between the hexagonal prism units and the 

sodalite cages. The sodalite-supercage sites are spaced too far apart in the pores to form dual-

cation sites, while the hexagonal prism units and sodalite cages are inaccessible to boric acid 

molecules. The PHI topology also does not have 6-membered rings, so all Ca2+ was observed in 

the 8-membered ring sites during our simulations. Cations in the 8-membered rings in PHI are 

located between 6Å and 7Å from each other, which is an ideal distance for multi-cation adsorption, 

resulting in high uptake in PHI zeolites. CHA also has effectively fewer possible 6-membered ring 

sites for Ca2+ than LTA caused by the presence of hexagonal prism building units. The increased 
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accessibility of 8-membered ring cations, caused by less shielding by the zeolite framework, also 

resulted in a high uptake in CHA at low Si/Al ratios. 

 
Figure 8: The cation-cation RDFs are shown for Na- and Ca-exchanged CHA (a), PHI (b), 

FAU (c), and LTA (d) with Si/Al = 1 for a range of 4 Å - 10 Å.  

 

4. Data Availability and Reproducibility Statement 

4.1 Data available in the Supplementary Materials 

Several types of data were produced in this work. Density functional theory data was 

produced in this work according to methods described in the methods section of the manuscript 
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and further details are presented in the Supporting Information file. Density functional theory 

output files (OUTCAR files) are provided in the supplementary material zip file 

(SI_FF_BoricAcid.zip). (Figure 1) Also produced in this work are force field parameters; the force 

field definition files as used in the RASPA code are provided as part of the supplementary material 

zip file (SI_FF_BoricAcid.zip). Also provided are the RASPA input files for the continuous 

fractional component Monte Carlo simulations and all zeolite structural files for zeolites (including 

point charges) included in the study (SI_FF_BoricAcid.zip). Water adsorption isotherms, boric 

acid adsorption energies, calculated boric acid sorption, and cation-cation radial distribution 

functions are tabulated and provided as part of the supplementary material (SI_FF_BoricAcid.zip). 

(Figure 3-8). 

4.2 Steps Taken to Ensure Reliability and Reproducibility 

To ensure reproducibility of simulations, input files for RASPA simulations and output 

files for DFT calculations were provided. When determining final force field parameters using the 

iterative approach described in Section 2, Lennard-Jones parameters were considered converged 

when they varied by < 10% between training cycles. To ensure converged results for Monte Carlo 

simulations, adsorption properties were computed using block averages with 5 blocks. Error bars, 

which corresponded to 95% confidence intervals, were typically < 15% of the loading. 

5. Conclusions 

In conclusion, D2FF force fields were fit to predict cation distributions, boric acid 

adsorption, and water adsorption in aluminosilicate zeolites containing Na, Ca, Mn, and Fe. To 

assess the transferability of the D2FF models, they were compared to PBE+D2 energies for boric 

acid adsorption in zeolites of a different topology and composition from the original force field 

training data. This comparison was benchmarked against the performance of the generic UFF 

model. RMSEs for the D2FF were between 2 and 14 kJ/mol while those for the UFF force field 

were between 15 and 34 kJ/mol), showing that the new D2FF force fields represent a large 

improvement in accuracy compared to previously available methods. The improved accuracy and 

transferability of the D2FF model demonstrates that it is suitable for screening purposes. These 

force fields were used to predict the equilibrium adsorption uptakes of boric acid and water for a 

concentration range that is typical of impoundment ponds. 

The boric acid uptake was shown to be controlled primarily by cation number, which is 

determined by the Si/Al ratio, the cation oxidation state, and the cation point charge. Higher 

numbers of cations (lower Si/Al) resulted in significantly higher boric acid adsorption, and higher 

cation charges (Ca) also enhanced adsorption due to strong electrostatic interactions. The tradeoff 

between higher cation charge versus more cations of lower charge was examined by simulating 

mixed-cation zeolites. It was observed that partially exchanging zeolites with a mixture of +1 and 

+2 cations, such as Na/Ca, resulted in improved adsorption of boric acid. The DFT-optimized 
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structures for H3BO3 in Na, Ca and Na:Ca-LTA illuminate a multi-cation adsorption motif in 

which the OH groups of the H3BO3 interact with several extra-framework cations simultaneously. 

The multi-cation adsorption motifs are consistent with the force field based radial distribution 

function results which exhibited peaks in the 6-8Å range known to be associated with multi-site 

adsorption. The presence of Ca2+ in 8-membered rings in PHI and low Si/Al CHA gave those two 

topologies the highest uptake of H3BO3. 

Based on this dataset of approximately 6000 points, it should be possible to train a machine 

learning model to tailor sorbents to individual impoundment sites based on crystal structure and 

composition-based descriptors. This would allow for more efficient composition optimization as 

well as predictions for a larger set of zeolite topologies, many of which have not yet been 

synthesized from fly ash. Future work can also involve targeted predictions for individual high-

performing zeolites, such as Na/Ca-PHI and Na/Ca-CHA, based on DFT methods or machine-

learned force fields. These methods could also be applied to fitting interactions of the zeolites with 

other contaminants such as arsenic, selenium and mercury. 
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