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Abstract

The structural and energetic properties of metal catiens adsorbed on Clinoptilolite has
been theoretically studied by means of the Hartree-Fock (HF) and density functional theory
(DFT) at B3LYP/6-31G(d) level of calculation. The structure of Clinoptilolite (HEU) had been
represented by 20T quantum cluster model. The adsorptions of Na™ and K™ were considered for
inspecting the efficiency of cation adsorption in the framework of natural zeolite. We found
that the structural and energetic properties of adsorption complexes depend strongly on the
atomic charges and size. The adsorption energies of Na' and K' ions were calculated to be
142.3 and 128.1 kcal mol™, respectively. Moreover, the distances between Na' ion and oxygen
atoms of zeolite framework are closer than those of K ion due to the smaller ionic radii. The
adsorption of NH3 was also investigated as well as the transfer of acidic proton from zeolite to
ammonia molecule, yielding the ion-paired complex. This proton transfer process is an

exothermic process corresponding to the energy of 13.5 kcal mol.
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~Clinoptilolite(HEU) type zeolites have been widely uscd in many,
applictions such as catalysis,, soil ‘amendment, contaminant
reméQiation, and nuslear waste treatment. To undersiand chemical
processes involving clinoptilolites” in - both nature and applied
technologics, their thermodynamic data are indispensable. In this

work, we focus on' the structural and energetic properties of

adsorption complex between NH, molecule and clinoptilolite.
Also, the adsorption of cations, Na* and K*, are investigated for
exploring the adsorption efficiency.

The calculations were carried out by the density functional
theory (DFT) at B3LYP/6-31G(d) level of calculation. A 20T
cluster model (Si,AlO H,,) was uscd to represent the structural
framework of c.lmopulohtc. The 20T cluster’model used in this
study has already_faken intor account the essential short- -ringe
§ffects of the c]pc!ro:muc potential from zeolite framework. For
the geometry optimization jand the adsorption studies,. the
terminatcd H atoms were kept Tixing thro
retaining the zeolite framework.

Figure 1. Cluster model representing the zlinoptilolite structures:
(a) a unit cell of clinoptilolite; (b) a 20T cluster model with substi-
tuted Al atom.

Figure 2. (a} Adsoprtion complex presenting the location of cation
in the zeolite framework: {(b) Optimized geometry of ion-paired
complex.

The adsorption energies of Na™ and K~ ions are mlculatud tu be
1423 keal mol”! and 128.1 kcal mol at B3LYP/6-31G(d) level for
Na* and K, respectively. The adsorption of Na™ ion s sironger
than that pf K* because of the smal ler of ionic Tadii. These results
agree with the distance between cation and O atoms. The distances
between Na* and the closet‘?m\«gcn atoms obtained from an ad-
sorption complex are 227, 230 and 2 30 pm. While such cation dis-
tances observed from the adsorption complex of K* ion are longer.

For ammonia adsorption complex, we found that the nitrogen
atom of ammonia interacts with acidic protlon of zeolite with 163
pm of N-H distance. The calculated adsorptior &nergy of NH, is

- 25@ keal moFY at B3LYP/6-31G(d) level. The acidic proton from

zeolite transfers tesammonia molecule and forms the jon-paired
complex. The ammonium ion (NH_') locates imzeolite framework ™
with the distance of 171 and 185 pm from oxygen atoms8f zeolile
framework. These hydrogen bonds and the electrostatic interaction
between two species play an impértant role for stabilizing the ion-
paired complex in zcolite framewaork.

hout the studics for - REINR RN parameters of the cations-zeolite adsorption

complexes, ZOH-M™ (M = Na and K).
Na*
(A-O), pm 174
(M*-0), pm 227,230,230
Oy 0.33 ;
E,, keal mol’ 142.3

The interaction of calion and zéolite depends on the size of
cation. For the univalent cation, e.g. Na' and K*, the smaller cation
interacts strongly with O atom of the zeolite framework. Conse-
quently, the calculated adsorption energy of Na™ ion is stronger
than that of K* ion. For ammonia adsorption, the acidic proton of
zeolite transfers 10 ammonia molecule and forms the ion-paired
complex, €.g. ZO-and NI1,"). The hydrogen bonds and the clectro-
static interaction between the ammonium ion and zeolite play an
important role for sm‘mhzmn the ion-paired complex in zeohte
framework.
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7he Na*, K* and NH4* Adsorptions on a Natural Zeolite — Clinclptilolite: A

First—Principles Theoretical Study
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Summary

A theoretical investigation on structural and energetic properties of ammonia adsorption on Clinoptilolite has been studied by
using density functional theory (DFT) at B3LYP/6-31G(d) level of calculation. A Clinoplilolite structure is represented by 20T
quantum cluster model througiiout the study.The adsorptions of metal cations, Na' and K’, are also considered to elucidate
the efficiency of cation adsorption in the framework of natural zeolite. The adsorption energies of Na* and K" ions are
calculated to be 142.3 and 128.1 kcal mol”, respectively. The distances between Na' ion and oxygen atoms of zeolite
framework are closer than those of K* jon due to the smaller size of ionic radii. For NH; adsorption, the nitrogen atom of
ammonia interacts with acidic proton of zeolite by the distance of 163 pm. The calculated adsorption energy of NH; on zeoclite
is 25.2 kcal mol™'. The acidic proton from zeolite transfers to ammonia molecule and forms the ion-paired complex. This
profon transfer process is an exothermic process corresponding to the energy of 13.5 keal mol™. Our results are in good
agreement with the periodic calculation and experimental TPD data.

Keywords : Clinoptilotite, Density Functional Theory (DFT), ammonia adsorption, computational nanotechnology.

INTRODUCTION

Clinoptilolite (HEU) is a natural zeolite comprising & micropcrous arrangemiant of silica and alumina tetrahcdral. It
has the complex formula: (Na,K,Ca)2.1Al3(Al,Si).Si13036' 12(H20). Use of clinoptilolite in industry and academia focuses
on its ion exchange properties having a strong exchange affinity for ammonia (NH3)." It increases the flow ability of
feeds. It allows better performance of the intestinal micro flora. It improves faces consistency and reduces diarrhea.
Also, it binds mycotoxins and aflatoxins in the feed and the digestive system.‘”a However, these applications require a
detailed knowledge of both the framework and the extra-framework structure of such material. Indeed, most of the
chemical properties strongly depend on the incorporation of Al atoms and the charge-compensating extra-framework
cations. Nowadays, first-principles electronic structure calculations enable one to explore separately governing factors
and to provide complemeatary knowledge for improving our understanding of any properties of zeolite.” In previous
study,® the location of substituted Al atom were found to be the T10 site of the 20T cluster model. However, the
efficiency of cation adsorption is not yet reported in the system of such cluster.

In this work, we focus on the structural and energetic properties of adsorption complex between NH; molecule and
clinoptilolite. To elucidate the most stable georetry of adsorption complex, the location of substituted-Al atom with in
the framework has been studied. Also, the adsorption of cations, Na* and K, are investigated for exploring the
adsorption efficiency. '

COMPUTATIONAL DETAILS

The calculations were carried out at the density functional theory (DFT) combined with hybrid exchange-
correlation functional B3LYP *'® implemented in Gaussian 03."" We employed the 6-31G(d) basis set which contained
the polarized function for the heavy atoms. A 20T cluster model (Si;sAlO4sHs3) represented the structural framework of
clinoptilolite (HEU) as shown in Figure 1. The 20T cluster is considered to be large enough for exploring the
adsorption of cation within the zeolite framework rather than the previous 5T and 10T cluster. The oxygen atoms were
terminated by H atoms in the same direction with Si atom presented in the zeolite from work. For the geometry
optimization and the adsorption studies, the terminated H atoms were kept fixing throughout the studies for retaining
the zeolite framework. The 20T cluster model used in this study has already taken into account the essential short-
range effects of the electrostatic potential from zeolite framework. This electrostatic potential plays an important role in
stabilizing the ionic complexes.
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Figure 1. A 20T of quantum cluster model used for representing the clinoptilolite framework.

RESULTS and DISCUSSION

We present our results in three sections. First, the calculated structure of 20T cluster model of clinoptilolite is
summarized. We then discuss the location and distribution of cations within the 20T cluster. Finally, we report the
adsorption of ammonia in the clinoptilolite relevant to the structural and encrgetic properties.

1. The quantum cluster model of clinoptilolite

In the first section, we show the proper quantum cluster model for representing the clinoptilolite structure. Table 1
lists the optimized parameters of the different cluster models. We found that the calculated properties are in
agreement wiih experimenital data'? and other groups.”® The changes of the optimized structures can be neglected for
the Si-O and Al-O distances. In particularly, the structural properties of acidic proton which govern the efficiency of
cationic exchange for all three systems are similar. The changes of the O-H distance and Si-O-Al angle are really
small, only 1 pm and 1 degree for the O-H distance and Si-O-Al angle, respectively.

In spite of the optimized structures of these three different models are close together, the proper model should be
fit with all systems in this study. As we focus on the study the location and the adsorption of NH3 molecule in the frame
work of zeolite, therefore the 20T cluster model which is large enough for describing the pore and any event in the
pore of clinoptilolite framework.

Table1. Calculated structural parameters of different sizes of iie quantum cluster model of clinoptilolite. Al calculations were done at
B3LYP/6-31G(d) level.

parameters Cluster model Experimental data'2'?
20T (SitsAlO4sHz) 10T (SigAlOa1H1s) 5T (SicAlOeH )
| rag(Si-0),2 pm 162 163 167 160-170
{Si-0).b pm 171 171 170 -
rALQ), pm 194 193 194 -
{O-H), pm 99 93 100 -
Z(Si-0-Al, © 140 140 139 -

? the average o distances f Si-O distances.
® the distances of Si and O atom which connects to acidic proton.

2. Adsorptions of Na* and K* ions

We devote this section to explore the efficiency of cations adsorptions on clinoptilolite. Both of Na® and K' cations
were considered here. The extra-framework locations of Na* and K' ions were studied as well as the energetic
properties. Figure 2 shows the adsorption complex of Na* and K* with 20T cluster. We found that the catinns locate
close to oxygen atom nearby the Al. From the Mulliken population analysis, the cation and Al atoms possess positive
charges while the oxygen atom shows negative charges. It implies that there is electron transfer from Al atom to
cause the negative oxygen atom. Therefore, the cationic species prefer to attack at the oxygen atom. Moreover, the
charges of cation are less positive in the adsorption complex. However, there is no evidence concerning the electron
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At the beginning of the reaction, the NH; interacts with the Br@nstead acid site of zeolite. We found that the
adsorption compiax of NH; and zeolite presents the interaction of nitrogen with acidic proton of zeolite by 163 pm. By
using the B3LYP/6-21G(d) level of calculation, the calculated adsorption energy of NHj; is 25.2 kcal mol’. The
nitrogen atom forms a bond with acidic proion by using the lone paired electron. From our study, the geometry of
zeolite changes during the adsorption of NHs. The AI-O and Si-O distances shorten by 6 and 4 pm due to the
increasing of electron density over Al atom. Consequently, the bonding of oxygen atom and the neighbor atoms, Al
and Si, in zeolite framework is stronger. Not only the bonds shorten, but also the corresponding change of Si-O-Al
angle is found. This angle is changed from 147 to 139 degrees after the deprotonation of zeolite.

The reaction energy of reaction 1, the formation of NH." ion, is 34.5 kcal mol" with respected to the isoiated
species of NH; and 20T cluster. Then, the product was formed by the transfer of proton from zeolite to NH; molecule
and lead to the formation of NH4" ion. This process is an exothermic reaction corresponding to the energy of 13.5
kcal mol”. The NH," species presents within the framework by the interaction of two H atoms to oxygen atcms of
zeolite. The acidic proton bonded with nitrogen by 106 pm and interacts with oxygen atom by 171 pm. Moreover,
another H atom of NH," interacts with oxygen atom of zeolite by 185 pm. It is also worth to note that the H bonding
between the NH," ion and zeolite play an impaortant roie for this complex as wa!l as the electrostatic interaction. These
effects stabilize and retain the ion-paired complex within zeolite framework.

Based on the thermodynamic observable, the most abundant form of the ammonia adsorption complex is the ion-
paired form, ZO™~NH,". This result agrees with the work of P. Ugliengo et al. ™ using the ONIOM2 scheme. They
found the adsorption of NH; in acidic chabazite takes place through an ion pair (Nid¢~CHA") structure with the
computed adsorption energy being -32 kcal mol”. Moreover, our estimated energy of 144 kJ mol ™ is in good
agreement with the values of -154 to -164 kJ mol”" based on Beyer et al.'s TPD data.™

§ / #
3 \} i .
.‘ .‘.\: /,/{—‘ - -
s & % ‘
s / ) k
(3a) (3b)
Figure 3. lllustration of NHs adsarplion in zeolite framework; (3a) an adsorption complex of NH«*-20T cluster

model inside the framework, (b) selecled structural geomelry of adsorption complex.

CONCLUSION

A theoretical investigation on structural and energetic properties of ammonia adsorption on clinoptilolite (HEU) has
been studied by using the density functional theory (DFT) at B3LYP/6-31G* level of calculations. A Clinoptilolite
structure is represented by 20T quantum cluster model throughout the study. In this work we focus on the adsorption
of ammonia in the clinoptilolite relevant to the structural and energetic properties. Also, the location and distribution of
cations within the 20T cluster is studied as well as the optimized structure of 20T cluster model of clinoptilolite. We
found that the substitution of Si atom by Al atom is favorable at the T10 sites within the framework of 20T cluster
model. Consequently, the br@nstead acid site which is an active site of 20T cluster is formed at oxygen atom nearby
such Al atom. This acid size shows the optimum structural properties with the OH distance of 99 pm and the angle
between Si-O-Al of 137.3 degree. Moreover, the efficiency for the cations adsorption of clinoptilolite was studied by
Na* and K'. We found that the adsorption energies of Na" and K* ions are strong. The calculated energies at
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B3LYP/B-31G* level are 142.3 kcal mol™ and 128.1 kcal mol™, for Na* and K respectively. The adsorption of Na* ion
is stronger than that of K" because of the smaller of ionic radii. These results agree with the distance between cations
and O atoms. The dictances between Na® and tiie closet oxygen atoms of adscrption complex are 227, 230 and 230
pm. While the distances betwez2n K" and the closet uxygen atoms are larger than those of Na' complex (273, 287 and
237 pm). For ammonia adsorption complex, we found that the nitrogen atom of ammonia interacts with acidic proton
of zeolite by 163 pm. The calculated adsorption energy of NH3 is 25.2 kcal mol™ at B3LYP/6-31G(d) level. The acidic
proton from zeoiite transfers to ammonia molecule and forms the ion-paired complex. This process is exothermic
corresponding to the energy of 13.5 kcal mol”™. The ammonium ion (NH,") locates in zeolite framework with the
distance of 171 and 185 pm from oxygen atoms of zeolite. These hydrogen bonds and the electrostatic interaction
vetween two species play an important role for stabilizing the ion-paired complex in zeolite framework. This ion-pzired
form of adsorpiion complex is also found by the periodic calculation and experimental TPD data.
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