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Role of Hydrogen Bonding in the Capture and Storage of Ammonia in Zeolites

Ammonia is an important chemical compound used in a wide range of applications. This makes its capture, purification and recovery necessary. In this work we combine experimental and molecular simulation techniques to investigate the adsorption of ammonia using zeolites. Adsorption isotherms were measured in several commercial pure silica zeolites (including MFI, FAU, and LTA topologies), showing their potential to be used in large scale processes with lower cost than current techniques. In addition, we performed molecular simulations to describe the adsorption mechanisms from a microscopic point of view. We carried out Monte Carlo simulations to calculate the adsorption isotherms and to this aim we first developed a transferable set of potential parameters to describe the interactions of ammonia with the zeolites. We analyzed the adsorption energy between the adsorbents and the fluid involved in the adsorption process and the effect of confinement on the microscopic structure of ammonia. This was compared with the liquid phase via radial distribution functions and hydrogen bond analyses. Here we describe the mechanisms that govern the adsorption of ammonia in zeolites as well as the effect exerted on the adsorption by the structural flexibility and by the presence of minimal amount of extra-framework species.

INTRODUCTION

The capture of ammonia is an important and challenging topic in industry and R&D due to the particular characteristics of this molecule. Ammonia is one of the most toxic, reactive, and corrosive gases used and produced at large scale in industrial processes.

Annual production of ammonia can be measured in million metric tons, making it one of the most used chemicals. [START_REF] Cussler | Ammonia Synthesis at Low Pressure[END_REF] The sustained exposition to high concentrations of ammonia could lead to severe health problems. [START_REF] Khan | Adsorptive removal of hazardous materials using metal-organic frameworks (MOFs): A review[END_REF][START_REF] Petit | Enhanced adsorption of ammonia on metal-organic framework/graphite oxide composites: Analysis of surface interactions[END_REF][START_REF] Blázquez | Performance, limitations and microbial diversity of a biotrickling filter for the treatment of high loads of ammonia[END_REF][START_REF] Bashkova | Effect of surface chemical and structural heterogeneity of copper-based MOF/graphite oxide composites on the adsorption of ammonia[END_REF] The high toxicity of this chemical compound is perceptible even at low concentrations. Despite this, many applications involve the use of ammonia. This compound is largely used in agriculture as fertilizer, being one of the main source of ammonia emissions. [START_REF] Zhang | Managing nitrogen for sustainable development[END_REF][START_REF] Bouwman | Scenarios of animal waste production and fertilizer use and associated ammonia emission for the developing countries[END_REF][START_REF] Sheng | Effect of agricultural land use change on community composition of bacteria and ammonia oxidizers[END_REF][START_REF] Altinbas | Ammonia recovery from high strength agro industry effluents[END_REF] It is also used to produce explosives, plastics, synthetic fibers and resins, and other numerous chemical compounds. [START_REF] Timmer | Ammonia sensors and their applications -A review[END_REF][START_REF] Vikrant | Metal-organic frameworks (MOFs): Potential and challenges for capture and abatement of ammonia[END_REF] Moreover, ammonia is employed in energy-related applications as working fluid in thermal batteries [START_REF] Critoph | Review of trends in solid sorption refrigeration and heat pumping technology[END_REF] or heat transfer processes [START_REF] Dunn | A review of ammonia-based thermochemical energy storage for concentrating solar power BT -SPECIAL ISSUE: The Intermittency Challenge: Massive Energy Storage in a Sustainable Future[END_REF][START_REF] Vasta | Adsorption Heat Storage: State-of-the-Art and Future Perspectives[END_REF][START_REF] De Lange | Adsorption-Driven Heat Pumps: The Potential of Metal-Organic Frameworks[END_REF] and as fuel in internal combustion engines. [START_REF] Godfrey | Ammonia Storage by Reversible Host-Guest Site Exchange in a Robust Metal-Organic Framework[END_REF] Several technologies are used to mitigate the emissions of ammonia to the atmosphere, thus reducing the environmental impact. These solutions include membranes, biological and catalytic processes, and purification processes, among others. [START_REF] Darestani | Hollow fibre membrane contactors for ammonia recovery: Current status and future developments[END_REF][START_REF] Decoste | Enhanced aging properties of HKUST-1 in hydrophobic mixed-matrix membranes for ammonia adsorption[END_REF] Adsorption processes have been proposed as a promising technique for the capture and storage of ammonia, and in this regard, nanoporous materials, such as metal organic frameworks (MOFs), zeolites, and activated carbons are used as adsorbents. Compared to activated carbons, MOFs and zeolites have shown higher affinity for ammonia. In the last years, MOFs have been largely studied for ammonia adsorption. [START_REF] Vikrant | Metal-organic frameworks (MOFs): Potential and challenges for capture and abatement of ammonia[END_REF][START_REF] De Lange | Adsorption-Driven Heat Pumps: The Potential of Metal-Organic Frameworks[END_REF][START_REF] Godfrey | Ammonia Storage by Reversible Host-Guest Site Exchange in a Robust Metal-Organic Framework[END_REF][START_REF] Decoste | Enhanced aging properties of HKUST-1 in hydrophobic mixed-matrix membranes for ammonia adsorption[END_REF][START_REF] Rieth | High and Reversible Ammonia Uptake in Mesoporous Azolate Metal-Organic Frameworks with Open Mn, Co, and Ni Sites[END_REF][START_REF] Rieth | Controlled Gas Uptake in Metal-Organic Frameworks with Record Ammonia Sorption[END_REF] However, despite the great adsorption capacities reported for MOFs, these materials suffer structural degradation after exposure to ammonia. [START_REF] De Lange | Adsorption-Driven Heat Pumps: The Potential of Metal-Organic Frameworks[END_REF][START_REF] Rieth | High and Reversible Ammonia Uptake in Mesoporous Azolate Metal-Organic Frameworks with Open Mn, Co, and Ni Sites[END_REF][START_REF] Rieth | Controlled Gas Uptake in Metal-Organic Frameworks with Record Ammonia Sorption[END_REF] Contrary to MOFs, zeolites exhibit greater stability towards ammonia adsorption, [START_REF] Schirmer | Adsorption of ammonia in zeolites and SiO2-molecular sieves. The distribution of adsorption energy in Na-X and NaH-Y zeolites[END_REF][START_REF] Liu | Ammonia Adsorption on Ion Exchanged Y-zeolites as Ammonia Storage Material[END_REF][START_REF] Mazloomi | Ammonium removal from aqueous solutions by natural Iranian zeolite in the presence of organic acids, cations and anions[END_REF][START_REF] Xue | Simultaneous removal of ammonia and N-nitrosamine precursors from high ammonia water by zeolite and powdered activated carbon[END_REF][START_REF] Huang | The Mechanism and Performance of Zeolites for Ammonia Removal in the Zeolite Packed Electrolysis Reactor[END_REF] making these materials an interesting alternative. Zeolites are composed by tetrahedral units formed by four oxygen atoms (O atoms) bonded to an atom of silicon, aluminum, or other metal (T atoms). In addition to their stability, it is remarkable to note that zeolites entail lower production costs and a several commercial zeolites are available.

Due to the toxicity and reactivity of ammonia, there are not many studies of adsorption of this molecule in zeolites. Kazuo et al. investigated the acidic properties of mordenite zeolite with various Si/Al ratio by calorimetric measurements of the heat of adsorption of ammonia. [START_REF] Tsutsumi | Differential molar heats of adsorption of ammonia on silicious mordenites at high temperature[END_REF] More recently Helminen et al. measured adsorption equilibrium isotherms of ammonia on 13X, 5A, 4A, and dealuminated faujasite zeolites showing interesting working capacities over a wide range of temperatures. [START_REF] Jarkko Helminen | Comparison of sorbents and isotherm models for NH3gas separation by adsorption[END_REF][START_REF] Helminen | Adsorption Equilibria of Ammonia Gas on Inorganic and Organic Sorbents at 298[END_REF] In these works zeolites containing cations showed stronger ammonia adsorption than pure silica structures at low pressure [START_REF] Jarkko Helminen | Comparison of sorbents and isotherm models for NH3gas separation by adsorption[END_REF][START_REF] Helminen | Adsorption Equilibria of Ammonia Gas on Inorganic and Organic Sorbents at 298[END_REF] . However, the hydrophobic nature of pure silica zeolites makes them better candidates in process involving humidity in order to avoid water competition.

The experimental investigation of ammonia capture is limited due to its hazardous nature. In this regard, molecular simulation is an excellent tool to gain insights on the adsorption mechanisms of ammonia, safe, and with low cost compared to experiments. Jaramillo et al. already explored the adsorption of ammonia in zeolite 4A using molecular simulation, providing a realistic force field that reproduces the adsorption in the zeolite. [START_REF] Jaramillo | Adsorption of Small Molecules in LTA Zeolites. 1. NH 3 , CO 2 , and H 2 O in Zeolite 4A[END_REF] Here, we study the ammonia adsorption capacity of several zeolites by combining experimental and computational techniques. We use pure silica zeolites with MFI, LTA, and FAU topologies. These structures differ in pore size and connectivity, which will be relevant on the analysis of the adsorption mechanism of ammonia. We measured adsorption isotherms of ammonia in the three structures at temperatures between 258 K and 298 K.

From the molecular simulation point of view there are not many studies of ammonia adsorption in zeolites, mainly due to the lack of force field parameters to describe the adsorbent-adsorbate interactions. Besides, the work of Jaramillo et al. focused in a zeolite 4A, where the interaction between ammonia and the extra-framework cations strongly affects the adsorption behavior. [START_REF] Jaramillo | Adsorption of Small Molecules in LTA Zeolites. 1. NH 3 , CO 2 , and H 2 O in Zeolite 4A[END_REF] In this work, we develop a transferable set of Lennard-Jones parameters to model the adsorption of ammonia in pure silica zeolites.

We describe in detail the adsorption mechanism and the effect of confinement on the structure of ammonia within the pores of the zeolites. The structures are usually considered rigid, though sometimes they can exhibit structural flexibility. A structural phase transition of MFI zeolite induced by the fluid is discussed. Commonly, studies refer to high silica zeolites as pure silica, which normally is an acceptable assumption.

However, due to the reactivity of ammonia, a small amount of extra-framework cations could have a noticeable impact on the adsorption. For this reason, we also study the influence of the presence of cations. Finally, we compare the microscopic distribution of adsorbed ammonia with the distribution in the bulk.

METHODOLOGY

We calculated the adsorption isotherms using Monte Carlo simulations in the Grand Canonical ensemble (GCMC, i.e. VT), where the average value of temperature (T), volume (V), and chemical potential () are fixed. The chemical potential directly relates to fugacity, and fugacity to pressure by the fugacity coefficient, through the Peng-Robinson equation of state. [START_REF] Frenkel | Understanding Molecular Simulations: From Algorithms to Applications[END_REF] MC moves involve translation, rotation, reinsertion, and swap from the reservoir. [START_REF] Frenkel | Understanding Molecular Simulations: From Algorithms to Applications[END_REF] Provided adsorption points are collected after running 200.000 equilibration and 20.000 production cycles, respectively. Each cycle includes a number of MC cycles equal to the number of molecules in the system, with a minimum of 20 steps. The simulations are performed using the molecular simulation software RASPA. [START_REF] Dubbeldam | RASPA: Molecular Simulation Software for Adsorption and Diffusion in Flexible Nanoporous Materials[END_REF][START_REF] Dubbeldam | On the inner workings of Monte Carlo codes[END_REF] Atomic interactions are modeled by electrostatic and van der Waals interactions. electrostatic interactions are taken into account with Coulombic potentials and using Ewald summations, while the van der Waals interactions are described by 12-6 Lennard-Jones potential. [START_REF] Frenkel | Understanding Molecular Simulations: From Algorithms to Applications[END_REF] The cutoff distance is set to 12 Å, where the interactions are truncated and shifted with no tail corrections applied and the periodic boundary conditions exerted in the three dimensions. [START_REF] Frenkel | Understanding Molecular Simulations: From Algorithms to Applications[END_REF] The described simulation conditions are commonly used to study adsorption in confined systems. 33,[START_REF] Garcia-Perez | A computational study of CO2, N2, and CH4 adsorption in zeolites[END_REF] The molecule of ammonia is modeled using TraPPE. [START_REF] Zhang | Development of the trappe force field for ammonia[END_REF] In this five-site model the repulsive and dispersive interactions are represented by a single LJ-site on top of the nitrogen atom.

Additionally, three positive partial charges are set on top of the hydrogen atoms and a compensating negative charge is located at an extra dummy atom site (M). This site is placed on the C3 molecular axis and displaced 0.8 Å from the nitrogen atom towards the hydrogen atoms. Adsorbate-adsorbate van der Waals interactions are taken into account by Lorentz-Berthelot mixing rules. [START_REF] Allen | Computer Simulation of Liquids[END_REF] To check the ability of the model of ammonia to reproduce its physicochemical properties, we calculated the vapor-liquid equilibrium (VLE) and the vapor pressure curves of the fluid. We obtain these properties using MC simulations in the Gibbs ensemble. [START_REF] Frenkel | Understanding Molecular Simulations: From Algorithms to Applications[END_REF] In these simulations two boxes mimic two microscopic regions within the bulk phases away from the interface.

During the simulation, temperature (T), total number of molecules (N), and system volume (V) remain constant. In order to fulfill the thermodynamic requirements for phase coexistence, each region should be in internal equilibrium and temperature, pressure, and chemical potential must be equal. These requirements are satisfied through a variety of MC moves including displacement of particles within and between the regions and volume fluctuations boxes. Figure S1 in the ESI compares the VLE and saturation vapor pressure of ammonia with experimental data taken from NIST. 37 We found excellent agreement between calculated and experimental values of the VLE.

This indicates that the model can reproduce the temperature dependence on the density of ammonia in the liquid and gas phases at saturation pressure. The saturation pressure is also calculated and compared to the experimental values and to the value predicted by the Peng-Robinson Equation of State (PREoS). The prediction of the saturation pressure from PREoS agrees with experiments and can be used to relate chemical potential and fugacity in Grand-Canonical simulations.

The adsorbate-framework Lennard -Jones interactions are defined by the oxygen atoms of the framework (O zeo ) with the atoms of the adsorbed molecules. The set of charges for the framework atoms has been taken from Garcia-Sanchez et al,. [START_REF] Garcia-Sanchez | Transferable Force Field for Carbon Dioxide Adsorption in Zeolites[END_REF] while the adsorbate-framework Lennard-Jones parameters have been independently fitted in this work to experimental adsorption data.

From the experimental side, the high silica zeolite with faujasite topology CBV901 (ratio Si/Al = 40) was obtained from Zeolyst International, while pure silica MFI and ITQ-29 (zeolite with LTA topology) were kindly supplied by ITQ (CSIC). Simulations were carried out using the pure-silica version of these zeolites as well as the aluminosilicate version of FAU with five extra-framework protons (H + ) covering the experimental Si/Al ratio = 40. To do so, we generated 50 structures with the aluminum/silicium substitutions in different positions and obeying the Lowënstein rule, keeping the most stable (energetically). To take into account the interaction of ammonia with the protons, we exchanged them by ammonium cations (NH 4 + ). Protons are modeled by a single point charge which compensates the negative charge of the structure resulting from the Si/Al substitutions to reproduce the experimental ratio. The Lennard-Jones parameters for the ammonium cations are taken from Jorgensen et al. [START_REF] Jorgensen | Monte Carlo Simulations of the Hydration of Ammonium and Carboxylate Ions[END_REF] , while the charges have been rescaled (Table 1) according to the set of charges for the framework atoms. [START_REF] Garcia-Sanchez | Transferable Force Field for Carbon Dioxide Adsorption in Zeolites[END_REF] During MC simulations, all frameworks have been considered rigid as it is known that the effect of the zeolite flexibility is usually minor on the adsorption of small molecules at the temperatures under study. [START_REF] Vlugt | Influence of framework flexibility on the adsorption properties of hydrocarbons in the zeolite silicalite[END_REF] However, we carried out energy minimization simulations to optimize the structures according to their most stable configuration. These simulations were performed by using the Baker's method [START_REF] Baker | An algorithm for the location of transition states[END_REF] and the core-shell potential of Sanders et al. [START_REF] Sanders | Interatomic Potentials for SiOa[END_REF][START_REF] Jackson | Computer Simulation Studies of Zeolite Structure[END_REF] which has demonstrated high accuracy for the structural zeolite description. [START_REF] Balestra | Understanding Nanopore Window Distortions in the Reversible Molecular Valve Zeolite RHO[END_REF][START_REF] Min | Stepped Propane Adsorption in Pure-Silica ITW Zeolite[END_REF] Structural properties such as surface area (SSA), void fraction, and pore volume (PV) were also calculated for further analysis and to compare with experimental results. SSA was obtained by rolling a helium molecule over the surface of the zeolite to estimate the amount of overlap with other framework atoms.

The SSA was obtained by multiplying the fraction of overlap by the area of the probe molecule over all framework atoms. The void fraction was measured using helium at room temperature and the Widom test particle insertion method. [START_REF] Widom | Some Topics in the Theory of Fluids[END_REF] The pore volume (PV) was calculated from the void fractions, multiplying by the volume of the unit cell.

Additional information about these methods can be found elsewhere. [START_REF] Frenkel | Understanding Molecular Simulations: From Algorithms to Applications[END_REF] The textural features (surface area and pore volume) were also experimentally calculated from high resolution nitrogen adsorption isotherms at 77 K, recorded in a volumetric analyzer (ASAP 2020, Micromeritics) provided with a turbomolecular vacuum pump and three pressure transducers for accuracy in the low pressure region. The zeolites were previously outgassed at 623 K (1 K min -1 ) overnight.

Figure 1 and S2 in the ESI show a representation of the pore space and the calculated pore size distributions (PSD) of the selected zeolites, respectively. The PSD is calculated geometrically by using the method of Gelb and Gubbins. [START_REF] Sarkisov | Computational structure characterisation tools in application to ordered and disordered porous materials[END_REF][START_REF] Gelb | Pore Size Distributions in Porous Glasses: A Computer Simulation Study[END_REF] Additional structural properties obtained from simulations and experiments are summarized in Table 2. The structure of MFI exhibits a phase transition depending on temperature and/or loading. [START_REF] Garcia-Perez | Unraveling argon adsorption processes in MFItype zeolite[END_REF][START_REF] Fyfe | Ultra-highresolution29Si solid-state MAS NMR investigation of sorbate and temperature-induced changes in the lattice structure of zeolite ZSM-5[END_REF][51] At values of temperature higher than 300 K MFI shows an orthorhombic structure with space group Pnma; while at lower values of temperature, it exhibits a monoclinic structure with space group P21/n.1.1. Here we use the crystallographic positions of the MFI zeolite taken from van Koningsveld et al. for the orthorhombic [START_REF] Van Koningsveld | On the location and disorder of the tetrapropylammonium (tpa) ion in zeolite ZSM-5 with improved framework accuracy[END_REF] and monoclinic [START_REF] Van Koningsveld | The monoclinic framework structure of zeolite H-ZSM-5. Comparison with the orthorhombic framework of assynthesized ZSM-5[END_REF] structures. In both cases, the topology of this zeolite consists of main straight channels limited by 10-membered (10MR) rings windows (xaxis), intersected by zig-zag secondary channels leading to a 3-dimensional system with limiting diameters of about 4.5 -4.7 Å. These two systems of channels can be seen in the PSD from Figure S2 (peaks at ca. 6 and 5 Å respectively). Calculated surface area and pore volume for MFI are in good agreement with experiments as can be observed in This difference is responsible of variations on the saturation capacity of about 20%.

However, using a correction factor of 0.79 in the calculated adsorption values, experimental and simulated isotherms match. In addition to MC simulations, we performed molecular dynamics (MD) to obtain the structural-related properties of ammonia in the liquid phase. The simulation box consists of a cubic box of 25 Å of side length containing 360 molecules of ammonia randomly placed by MC insertions. The starting system size is fixed to the experimental density of liquid ammonia at 273 K and 1 bar (652 kg/m 3 ). 37 We performed a first equilibration MD simulation in the NPT ensemble to relax the system in its equilibrium volume followed by a production run in the NVT ensemble.

The experimental adsorption isotherms of ammonia on the studied zeolites were carried out in a volumetric analyzer (ASAP 2010, Micromeritics) at temperatures near ambient conditions (ca. 258-298 K); the samples were previously outgassed at 623 K for 6 hours. The temperature was controlled using a thermostatic circulating oil bath. High purity ammonia (i.e., 99.95%) was supplied by Air Products.

RESULTS AND DISCUSSION

Zeolites not always obey generic mixing rules and in these cases, the interaction Lennard-Jones parameters with the gases need to be independently adjusted. [START_REF] Garcia-Sanchez | Transferable Force Field for Carbon Dioxide Adsorption in Zeolites[END_REF][START_REF] Krishna | Incorporating the loading dependence of the Maxwell-Stefan diffusivity in the modeling of CH4 and CO2 permeation across zeolite membranes[END_REF] Here we obtain the parameters that describe ammonia-zeolite interactions by fitting the simulation results to the experimental adsorption isotherm of ammonia in MFI zeolite at 288 K. We further validate the parameters for three additional temperatures spanning from 258 K to 288 K. In addition, we confirmed the transferability of the force field parameters to other zeolites, such as ITQ-29 and FAU.

Figure 2 shows the calculated and experimental adsorption isotherms of ammonia in monoclinic MFI, [START_REF] Van Koningsveld | The monoclinic framework structure of zeolite H-ZSM-5. Comparison with the orthorhombic framework of assynthesized ZSM-5[END_REF] while the fitted parameters are compiled in Table 1. The figure

shows an excellent agreement between calculated and experimental isotherms at the highest values of temperature (288 K and 273 K) for the full range of pressure. The agreement for the other values of temperature (258 K and 263 K) is also reasonably good up to medium-high coverage (around 3 mol•kg -1 ). However, at certain pressure (c.a. 25-50 kPa, depending on temperature), the experimental isotherms exhibit a sudden increase in the uptake. Such unusual effect is not observed in the calculated isotherms at low temperatures (e.g. 258 and 263 K); nevertheless, the agreement between the experimental and calculated isotherms at high temperature is excellent.

This behavior suggests that a phase transition occurs during the adsorption of ammonia, as already reported for MFI zeolite for nitrogen and argon adsorption at cryogenic temperatures. [START_REF] Zhang | Adsorption of water and ethanol in MFI-type zeolites[END_REF][START_REF] Yi | Preparation and characterization of vinyltriethoxysilane (VTES) modified silicalite-1/PDMS hybrid pervaporation membrane and its application in ethanol separation from dilute aqueous solution[END_REF][START_REF] Yang | Fabrication of SiO2@silicalite-1 and its use as a catalyst support[END_REF] The adsorbent and the adsorbate could endure phase transitions that would explain the experimental observations. Ammonia liquefaction inside the pores of the zeolite is possible as a consequence of confinement. However, attending to the shape of the experimental isotherm, this is not likely. In such case, one would expect the sharp rise of the uptake at lower values of pressure. Another explanation could be the structural phase transition of MFI upon ammonia adsorption, as already reported for other small probes (e.g., nitrogen, argon at cryogenic temperatures). [START_REF] Zhang | Adsorption of water and ethanol in MFI-type zeolites[END_REF][START_REF] Yi | Preparation and characterization of vinyltriethoxysilane (VTES) modified silicalite-1/PDMS hybrid pervaporation membrane and its application in ethanol separation from dilute aqueous solution[END_REF][START_REF] Yang | Fabrication of SiO2@silicalite-1 and its use as a catalyst support[END_REF] Figure 3 shows the adsorption isotherms of ammonia in MFI at the lowest and the highest temperatures studied (i.e., 258 K and 288 K, respectively) in the monoclinic and orthorhombic structures. The simulated isotherms for the monoclinic structure are in good agreement with experimental ones at 288 K and in the low-pressure regime of the isotherm at 258 K (up to 30 kPa). Interestingly, for the orthorhombic structure, the calculated isotherms are closer to the experimental values at pressures above 30 kPa (well beyond the Henry regime). This is an indication that the monoclinic form of MFI changes to orthorhombic upon adsorption of ammonia. As can be seen in Figure 2, the step on the adsorption isotherms appears at different pressures for 258 and 263 K, but at a similar loading, i.e. 2.8-2.9 mol/kg. On the other hand, the adsorption isotherms at 273 and 288 K do not show this effect. This could be attributed to i) the fact that the loading at these temperatures barely reaches the threshold of 2.8-2.9 mol/kg mentioned above, and/or ii) the increased mobility of the adsorbate at higher temperatures, that would decrease its density, thus reducing the interaction of ammonia with the walls of the zeolite. For this reason, the effect is only observed at low temperature, where the pressure induced by the confined adsorbate is higher. Unfortunately, such phase transition is a rare event that cannot be observed by classical simulations, since an accurate description of the adsorption processes in flexible structures is still challenging.

Previous studies about the phase transition of MFI have been reported in literature.

Grau-Crespo et al. [START_REF] Grau-Crespo | A free energy minimisation study of the monoclinic-orthorhombic transition in MFI zeolite[END_REF] studied the monoclinic to orthorhombic phase transition of the empty MFI against temperature using a free energy minimization method. In this work, we have performed energy minimization simulations at 0 K to relax the structures to their most stable configuration. We used the NPTPR ensemble where all the cell lengths and angles are allowed to vary independently. We did not find any structural change when the energy minimization calculation starts from the monoclinic structure.

However, starting from the orthorhombic structure we obtained the monoclinic form.

Figure S3

in the ESI shows the results of the adsorption isotherms calculated in the optimized structure (resulting from the geometric optimization of the orthorhombic structure) at 258 K, which are very similar to the results obtained in the original monoclinic MFI. We have proved that the orthorhombic to monoclinic phase transition is easy to reproduce by performing energy minimization simulations in absence of temperature. Several causes for the inverse phase transition, i.e. monoclinic to orthorhombic have been reported in literature. These causes are usually variations of temperature or pressure [START_REF] Grau-Crespo | A free energy minimisation study of the monoclinic-orthorhombic transition in MFI zeolite[END_REF][START_REF] Ardit | Monoclinic orthorhombic phase transition in ZSM 5 zeolite: Spontaneous strain variation and thermodynamic properties[END_REF] and T atoms substitution by trivalent or tetravalent elements [START_REF] Lopez | Temperature-induced monoclinic/ orthorhombic transition in germanium MFI-type zeolites[END_REF] . In this work, we show that adsorbed ammonia could also induce the phase transition. To check the transferability of the developed ammonia-zeolite interaction parameters, we compared the adsorption isotherm of ammonia in other topologies at several temperatures. Figure 4 shows the comparison for ITQ-29 zeolite, the pure silica version of LTA zeolite. Despite a slight underestimation of the loading in the low-pressure range, there is a good agreement between the experimental and calculated values. These differences on adsorption can be attributed to small imperfections of the zeolites particles, which could act as adsorption sites favoring the adsorption of the first molecules entering the structures. The crystals used for the simulations are ideal, which would explain the higher starting pressure needed for the molecules to be adsorbed.

However, the saturation capacity and the shape of the curves are well reproduced. In ITQ-29, the increase in the amount adsorbed at high relative pressures is not attributed to a phase transition, but rather to a nucleation of the fluid inside the big cavities of this zeolite. This fact will be discussed in detail later. The last zeolite under study is the commercial zeolite CBV-901 or high-silica FAU.

Figure 5 shows the calculated and experimental adsorption isotherms of ammonia in FAU at 258 and 263 K. We found discrepancies between experiments and simulations, which can be explained by two independent effects. As seen, both the experimental and calculated adsorption isotherms show an abrupt step at pressures between 40 and 60 kPa. The step of the calculated adsorption isotherms takes place at higher pressures than on the experiments. In addition, the experimental loading is underestimated in the calculated isotherms before the adsorption step and overestimated after that. As previously reported, [START_REF] Martin-Calvo | Transferable force fields for adsorption of small gases in zeolites[END_REF] the overestimation of the saturation loading is due to the large difference between the measured and calculated specific surface areas of zeolite CBV-901 used in the experimental assays, and pure silica FAU zeolite used in the simulation (see Table 1). The proposed correction factor of 0.79 only solves the discrepancies on the adsorption of ammonia at high pressure, while the underestimation of the loading in the low coverage regime is still not explained. To account for this behavior we must bear in mind that CVB-901 is a high-silica zeolite with a Si/Al ratio of 40, which means that it contains a low (but non negligible) amount of extra-framework protons. 64 This modifies slightly the electrostatic field inside the pores of the zeolite. This fact does not affect the adsorption of small gases or other non-polar molecules. However, ammonia is a very reactive compound that could interact strongly with impurities or extraframework cations present in the zeolite. To further verify this hypothesis, we performed GCMC simulations for ammonia in the FAU structure containing five Al atoms and five protons. Ammonia molecules react with protons providing ammonium cations (NH 4 + ), where the new covalent bond created is indistinguishable from the other N-H bonds. Unraveling the mechanism of this reaction is out of the scope of this work; however, a simplification can be done to study the effect of the possible ammonium cations formed during the adsorption process. We started the simulation with the structure loaded with five ammonium extra-framework cations, assuming that five protons react with five molecules of ammonia. These five molecules of ammonia (0.43 mol/kg) will be added to the total adsorption loading at the end of the simulation, though it has not significant effect on the adsorption. Figure 5 (bottom) shows the effect of having five protons or five ammonium extra-framework cations on the adsorption of ammonia at 258 K in FAU zeolite. The experimental adsorption isotherm can be better reproduced by the addition of either of them (and applying the 0.79 correction factor to the entire isotherm). As seen, the effect of the low number of cations is crucial in the low-pressure range which now agrees perfectly with the experimental data. The presence of cations also lowers the pressure at which the step appears in the calculated isotherms; however, it has a negligible effect on the saturation loading.

Based on the discussed results, we can confirm that the developed Lennard-Jones parameters for the interaction between ammonia and pure silica MFI zeolite are transferable to different topologies. However, unusual phenomena associated to adsorbate induced flexibility, or its interaction with low concentrations of impurities or extra-framework species should be carefully studied for an accurate description of the adsorption process. For applications related to capture of ammonia, zeolites showing high capacity are desirable. In addition to high capacity, it is convenient to choose zeolites with stepped adsorption isotherms. Common processes used in industry are pressure or temperature swing adsorption, therefore a stepped isotherm minimizes the temperature or the pressure lift when adsorption and desorption takes place, hence reducing the cost of the process. Taking this into account, we compared the adsorption isotherms of ammonia in the three selected zeolites (see Figure 6). As expected based on their differences in pore volume and surface area (Table 2), MFI exhibits the lowest adsorption capacity (about 4 mol/kg) compared to ITQ-29 and FAU (about 10-12 mol/kg). Moreover, ITQ-29 and FAU show stepped isotherms at 263 K that indicate the possible release of the 80% of the adsorbed ammonia by variations of pressure from 60 to 20 kPa. This fact, together with their relatively high capacity, stability, and commercial availability make these zeolites interesting candidates for the capture of ammonia by pressure swing adsorption processes. Similar yields can be achieved in a temperature swing adsorption process, with a working pressure of about 1 bar and varying the temperature from 263 to 298 K.

Usually, materials with large cavities adsorb light molecules at very high pressures compared to materials having smaller cavities. For energy-related applications such as heat transfer and heat pump devices where ammonia acts as refrigerant, a stepped adsorption is also desirable. Using adsorption/desorption cycles in a thermal energy storage process, energy can be produced and stored due to the exothermic nature of the adsorption process. The adsorption energy involved in the adsorption process is a key factor. The isosteric heat of adsorption is a magnitude that takes into account the strength of the interaction between the fluid and the adsorbent on adsorption processes. To study in detail the origin of these values of energy we analyzed the contribution of the internal energy to the heat of adsorption. Since the structures are modeled as rigid crystals, the potential energy involved in the process comes from the fluid-adsorbent and fluid-fluid interactions. Figure 8 shows the absolute value of the zeolite-ammonia and ammoniaammonia potential energy divided by the number of molecules of adsorbed ammonia.

As for the isotherms, ITQ-29 and FAU behave similarly, while differences are observed on MFI. The MFI-ammonia potential energy is almost constant for the entire pressure range. ITQ-29-ammonia and FAU-ammonia energies show two clear linear regimes with a reduction of 7-8 kJ/mol below 50 kPa. This pressure corresponds to the step of the adsorption isotherms. Close to saturation pressure, the zeolite-ammonia potential energy is constant and about 13 kJ/mol. The ammonia-ammonia energy agrees with the behavior found for the adsorption isotherm. The values of potential energy are almost twice for ITQ-29 and FAU than for MFI at saturation conditions, and they show the same step. This is an indication that the interplay between molecules of ammonia governs the adsorption process. In fact, the adsorption of ammonia in zeolites with large cavities is governed by the nucleation of these molecules. This is not very surprising since ammonia can form a hydrogen bond network similar to that found for water or light alcohols. A high nucleation level of ammonia implies a high energetic exchange, which can be used efficiently for energy-related applications. This nucleation depends on the topology of the zeolite, being more important for zeolites with large cavities such as ITQ-29 and FAU (see Figure 1 and S2 in the ESI). To gain insights into the nucleation process of ammonia within the pores of the zeolites, we analyzed the hydrogen bond formation among the adsorbed molecules. To this aim, we used a geometric criterion to estimate if two close molecules are bonded via a hydrogen bond. This criterion is related with the behavior of the RDFs between the ammonia atoms. Figure 9 shows the N-N, N-H, and H-H RDFs corresponding to ammonia confined in the cavities of the three zeolites at saturation conditions at 263 K.

We compared the results with the RDFs from MD simulations of ammonia in the bulk and the experimental data reported by Ricci et al. [START_REF] Ricci | Microscopic structure of low temperature liquid ammonia: A neutron diffraction experiment[END_REF] We observed a good agreement between the experimental RDFs and the calculated RDFs in the bulk, corroborating once more the accuracy of the model selected for ammonia. It is worth noting that experimental N-H and H-H RDFs show a series of first peaks not shown in the calculated RDFs. These peaks stand for the intramolecular N-H and H-H distances, while we discard the intramolecular distances. The behavior of confined ammonia is similar to this in the bulk, where the first peaks are in the same position but shifted to higher intensities. This indicates that the microscopic organization of confined ammonia is the same than in the bulk. The increase in the intensity of the peaks can be explained by the fact that in the bulk, one molecule is surrounded by other molecules in all directions, however in confinement, molecules close to the zeolite walls are surrounded by other molecules only in the opposite direction to the walls. This is taken into account in the RDF normalizing by the number of molecules into the coordination shell.

According to these RDFs we can extract information related to the hydrogen bonds involved in the adsorption process.

We used two criteria to estimate the existence of the hydrogen bond: i) if the N-H intermolecular distance is lower than 2.7 Å and ii) if the N-N distance is lower than 5 Å.

These distances are based on the respective RDFs and a previous work from the literature. Boese et al. [START_REF] Boese | From ab initio quantum chemistry to molecular dynamics: The delicate case of hydrogen bonding in ammonia[END_REF] reported a study of the liquid phase of ammonia with ab initio calculations. They used the same criterion that we are using, with a N-N cut off of 5.1 or 5.5 Å depending on the functional used, but accordingly to the first minimum of the N-N RDF. They reported that the N-H cut off distance cannot be determined in the same way, since there is no clear minimum that separates the hydrogen-bonded and nonbonded H atoms in the N-H RDF. However, the N-H RDF shows a shoulder in the first peak which is associated to the hydrogen-bonded H atoms. This shoulder merges into the broad and more intense peak corresponding to the non-bonded H atoms of the first solvation shell. They identified that this shoulder extends up to 2.7 Å and used this value as N-H cut off distance. Moreover, He et al. [START_REF] He | Study on properties of liquid ammonia via molecular dynamics simulation based on ABEEMσπ polarisable force field[END_REF] Figure 10 shows the nHB of confined ammonia as a function of pressure. We compare with the data obtained in the bulk by MD simulations and the value reported by He et al. [START_REF] He | Study on properties of liquid ammonia via molecular dynamics simulation based on ABEEMσπ polarisable force field[END_REF] . The nHB obtained from the simulation in the bulk are in excellent agreement with these obtained by He et al. [START_REF] He | Study on properties of liquid ammonia via molecular dynamics simulation based on ABEEMσπ polarisable force field[END_REF] via MD simulations based on a polarizable force field and with experimental and computational results for the study of liquid ammonia found in the literature. [START_REF] Ricci | Microscopic structure of low temperature liquid ammonia: A neutron diffraction experiment[END_REF][START_REF] Boese | From ab initio quantum chemistry to molecular dynamics: The delicate case of hydrogen bonding in ammonia[END_REF][START_REF] Chakraborty | Hydrogen bonded structure and dynamics of liquidvapor interface of water-ammonia mixture: An ab initio molecular dynamics study[END_REF] In the case of confined ammonia, we observed a behavior similar to the adsorption isotherms or ammonia-ammonia values of potential energy. This confirms that the adsorption of ammonia in pure silica zeolites is governed by the nucleation of this molecule inside the cavities. At saturation, ITQ-29 and FAU show that the nHB of confined ammonia is about 1.2, while the value in the bulk is about 1.6-1.7. This indicates that confinement slightly weakens the hydrogen bond network of ammonia, but it is still strong inside the large cavities of these zeolites. However, the nHB considerably decreases inside the interconnected channels of MFI up to a value of 0.6 at saturation. The structural information obtained from the analysis of the RDFs, the nHB, and the average occupation profiles explain the behavior of the adsorption process. The trends of the adsorption isotherms are linked to the nucleation of the adsorbates by the formation of hydrogen bonds. In this regard, the process of the formation of hydrogen bonds with increasing pressure entails an energetic exchange confirmed by the study of the heats of adsorption and the interaction energies. The results of this work show the connections between the microscopic structure of the fluid, the energy involved, and the adsorption of ammonia in pure silica zeolites.

CONCLUSIONS

We combined classical molecular simulations with experimental techniques to study the adsorption of ammonia in three commercial zeolites namely MFI, ITQ-29, and FAU.

We validated the model of ammonia by reproducing characteristic properties of the adsorbate in the liquid and the vapor phase, such as the VLE or the saturation pressure, and the microscopic structure of ammonia liquid based on hydrogen bonds and RDFs.

Using this model, we developed a transferable set of parameters for the interactions of ammonia with the zeolite that describes in detail the adsorption in pure silica adsorbents. The model is validated by comparison with experiments in the three zeolites at values of temperature ranging from 258 to 298 K. We also demonstrated that contrary to other small gases or non-polar molecules, the adsorption of ammonia could be influenced by distinct factors that should be analyzed in detail: a) the induced flexibility of MFI, which suffers a structural phase transition from the monoclinic to an orthorhombic structure, and b) the presence of small concentration of impurities such as extra-framework protons or ammonium cations, is a determining factor to reproduce the experimental measurements. The energetic and structural analysis of ammonia during adsorption confirm that the adsorption process is governed by the nucleation of the fluid. Based on the results of this work, it is possible to capture and release ammonia efficiently by pressure or temperature swing adsorption techniques using ITQ-29 or FAU zeolites. About 80% of the adsorbed ammonia could be released with small variations of the working conditions. The adsorption and desorption of ammonia in these two zeolites imply great changes in the energy involved in the process. This released energy can be utilized in energy-related applications, such as heat transfer processes. These results together with the relatively high capacity, stability, and commercial availability make these zeolites excellent materials for applications related to the adsorption of ammonia reducing the cost of the actual process. These findings can be extended to other similar systems containing large cavities.

  [START_REF] Martin-Calvo | Transferable force fields for adsorption of small gases in zeolites[END_REF] already found that the zeolite used in the experimental measurements (CBV901) has a surface area of c.a. 700 m 2 •g -1 , while the structure used for simulations has a surface area of c.a. 1000 m 2 •g -1 .

Figure 1 .

 1 Figure 1. Representative structure of (from left to right) MFI, ITQ-29 and FAU. Oxygen and silicon atoms are depicted in red and yellow, respectively.

Figure 2 .

 2 Figure 2. Calculated (closed symbols) and experimental (crosses) excess adsorption isotherms of ammonia in monoclinic MFI at temperatures between 258 K and 288 K.

Figure 3 .

 3 Figure 3. Calculated and experimental (crosses) excess adsorption isotherms of ammonia in monoclinic MFI (closed symbols) and orthorhombic MFI (open symbols) at 258 K and 288 K.

Figure 4 .

 4 Figure 4. Calculated (closed symbols) and experimental (crosses) excess adsorption isotherms of ammonia in ITQ-29 at temperatures between 263 K and 298 K.

Figure 5 .

 5 Figure 5. Calculated (closed symbols) and experimental (crosses) excess adsorption isotherms of ammonia in FAU (CBV-901) at temperatures between 258 and 263 K. The figure on the top contains simulation results for the pure silica version of FAU, while the figure on the bottom contains the results for the aluminosilicate FAU with 5 protons or 5 ammonium cations at 258 K. The values of this last figure are rescaled by a factor of 0.79 according to the work of Martín-Calvo et al.[START_REF] Martin-Calvo | Transferable force fields for adsorption of small gases in zeolites[END_REF] 

Figure 6 .

 6 Figure 6. Excess adsorption isotherms of ammonia in MFI, ITQ-29, and FAU zeolites at 263 K (top) and at 263 K (closed symbols) and 298 K (open symbols) in logarithmic scale (bottom). Dashed lines are eye guidelines.

Figure 7

 7 shows the absolute value of the isosteric heat of adsorption as a function of the adsorbed amount of ammonia in the three zeolites. The general trend shows an increase in the heat of adsorption when the loading of ammonia increases. MFI shows a linear trend from 20 kJ/mol at low coverage to 35 kJ/mol at saturation. ITQ-29 and FAU show similar trends, with a small decrease in the heat of adsorption at low coverage, followed by an increase from about 20 kJ/mol up to 35-40 kJ/mol at saturation conditions.

Figure 7 .

 7 Figure 7. Absolute value of the isosteric heat of adsorption as a function of the loading of ammonia in MFI. ITQ-29, and FAU. Dashed lines are eye guidelines.

Figure 8 .

 8 Figure 8. Absolute value of zeolite-ammonia (top) and ammonia-ammonia (bottom) interaction energy per adsorbed molecule at 263 K. Dashed lines are eye guidelines.

Figure 9 .

 9 Figure 9. Radial distribution functions of nitrogen-nitrogen (a), nitrogen-hydrogen (b), and hydrogen-hydrogen (c) from MC simulations at 263 K in the three zeolites. The radial distribution functions in bulk taken from MD simulations and taken from experiments reported by Ricci et al. 65 at 273 K are also included for comparison. Vertical dotted lines in (a) and (b) represent the cut off value considered for the calculation of hydrogen bonds.

Figure

  S4 shows the average occupation profiles of ammonia inside the cavities of the three zeolites at low, medium and high coverage from simulations corresponding to the lowest temperature (i.e. 258 K for MFI and FAU and 263 K for ITQ-29). The average occupation profiles represent the most probable positions of finding adsorbate molecules within the pores of the structures. The representation of the average occupation profiles is the projection over a given plane of the center of mass coordinates of the molecules. The positions of the atoms are recorded during the whole simulation and averaged over 10 3 configurations. Figure S4 shows that the ammonia molecules form clusters in the large cavities of ITQ-29 and FAU, and at the intersections of MFI. The most probable binding sites of ammonia in ITQ-29 and FAU are the planes formed by the rings at the big cavities. These binding sites allow the nucleation of the fluid in the cages for increasing pressure via the formation of hydrogen bond network. Figure 11 shows an example of this hydrogen bond network. The figure contains representative snapshots of ammonia molecules forming hydrogen bonds in the bulk and confined in the three zeolites. Ammonia in ITQ-29 and FAU is organized in three dimensions, similarly than in the bulk. The narrow channels of MFI only allow forming hydrogen bonds in a linear network along the interconnected two-dimensional channels system.

Figure 10 .

 10 Figure 10. Average number of hydrogen bonds per molecule as a function of the pressure taken from simulations at 263 K. The value of the average number of hydrogen bond in bulk phase

Figure 11 .

 11 Figure 11. Representative snapshot of the molecules of ammonia bonded via hydrogen bonds in a cubic region of the bulk of 10 Å side length (a), and confined in MFI (b), ITQ-29 (c), and FAU (d).

Table 2 .

 2 ITQ-29 and FAU, have cubic cells of 11.87 and 24.26 Å, respectively. We used the crystallographic positions reported by Corma et al. (ITQ-29),[START_REF] Corma | Supramolecular self-assembled molecules as organic directing agent for synthesis of zeolites[END_REF] and Hriljac et al. (FAU).[START_REF] Hriljac | Powder neutron-diffraction and si-29 mas nmr-studies of siliceous zeolite-Y[END_REF] ITQ-29 and FAU show two types of interconnected cages (as can be seen

from the two mains picks in the PSD in Figure

S2

). In FAU, big cages (-cages) are accessible through 12MR windows, with a limiting diameter of around 7.1 Å; while in ITQ-29, LTA-cages are accessible through an 8MR window, resulting on a lower limiting diameter (4.1 Å). -cages or sodalities, from the two structures, are not accessible for most molecules due to the narrow windows that connect them with the cages (4-and 6-membered-rings, respectively). However, the small size of ammonia allows this molecule to enter in the sodalities cages. Regarding the surface area, experimental and simulated values for ITQ-29 are in agreement, with less than 10% of discrepancy. However, in the case of FAU, Martin-Calvo et al.

Table 1 .

 1 Lennard-Jones parameters and point charges of the adsorbates and the zeolite.

	Atom 1 ε/k Adsorbed Molecules / Extra framework cations Atom 2
	N(NH 3 )	N(NH 3 )	185.000 3.420	0.000
	H(NH 3 )	H(NH 3 )	-	-	0.410

B (K) σ (Å) Charge (e-)

Table 2 .

 2 Structural properties of the zeolites.

	Zeolite	Si/Al ratio	Surface area	Pore Volume
			m 2 g -1	cm 3 g -1
		Simulations		
	MFI (orthorhombic)	∞	548	0.160
	MFI (monoclinic)	∞	548	0.151
	ITQ-29	∞	947	0.327
	FAU(SI)	∞	1088	0.360
	FAU(NH4 + )	40/1	1009	0.344
		Experimental		
	MFI	∞	383/491*	0.180
	ITQ-29	∞	802	0.330
	CBV-901 (FAU)	40/1	706	0.300

*The SSA values correspond to the calculations before and after the phase transition in the N2 adsorption isotherm.
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