N

N

Insights into cation exchange selectivity of a natural
clinoptilolite by means of dielectric relaxation
spectroscopy
Gerardo Rodriguez-Fuentees, Sabine Devautour-Vinot, Sekou Diaby, Francgois

Henn

» To cite this version:

Gerardo Rodriguez-Fuentees, Sabine Devautour-Vinot, Sekou Diaby, Francois Henn. Insights into
cation exchange selectivity of a natural clinoptilolite by means of dielectric relaxation spectroscopy.
Physics and Chemistry of Minerals, 2011, 38 (xx), pp.613.  10.1007/s00269-011-0433-4 .  hal-
00607969

HAL Id: hal-00607969
https://hal.science/hal-00607969

Submitted on 11 Jul 2011

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00607969
https://hal.archives-ouvertes.fr

INSIGHTS INTO CATION EXCHANGE SELECTIVITY OF ANATU RAL
CLINOPTILOLITE BY MEANS OF DIELECTRIC RELAXATION SP  ECTROSCOPY

Gerardo Rodriguez-FuenfesSabine Devautour-VingtSekou DiabYand Francois
Henr?

#Instituto de Ciencia y Tecnologia de Materialesiviérsidad de La Habana,
Zapata y G s/n, Vedado, La Habana 10400, Cgdyrardo@imre.oc.uh.cu

* corresponding author

P Equipe Physicochimie des Matériaux Désordonnéetux, Institut Charles Gerhardt, UMR
5253 CNRS, Université Montpellier 2, Place EugéraabBlon, 34095 Montpellier cedex 5,

Francedevaut@Ipmc.univ-montp2.fr

¢ Laboratoire de Chimie-Physique, UFR-SSMT (Unité Eermation et de Recherche en
Sciences des Structures de la Matiere et Techr@)logi

22 BP 582 Abidjan 22, Université de Cocody-Abidj@dte d’'loire. sekoudiaby@yahoo.fr

ABSTRACT.

Purified natural clinoptilolite from the Tasajerdsposit, Cuba, and some of its metal exchanged
forms are studied, at the dehydrated state, by sne&rDielectric Relaxation Spectroscopy
(DRS) using two different modus operandi: Complmpédance Spectroscopy and Dielectric
Dynamic Thermal Analysis. Data analysis yieldsdik&rmination of the extra-framework cation
(EFC) population into the various possible crysigdaphic sites of the zeolitic framework as
well as of the activation energy characterizingltwalized hopping mechanism of EFC. First, it
is shown that the DRS responses obtained here matthvith the previous reported data which
were previously localized EFCs in positions clasétl and M2 sites when the clinoptilolite is
modified to almost homoionic form. From this outaant can be concluded that all EFCs are in
the same crystallographic situation regarding sawaeor, in other terms, that no steric effect can
be taken into account to explain cationic seleggtibecond, based on the assumption that the
activation energy for EFC hopping is directly cocieel to the EFC/framework interaction and
on simple thermodynamics consideration, we show ithieraction does not govern the EFC



exchange reaction. So, it is emphasized that EFC/idteraction is the key factor for cation

exchange selectivity.
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1 Introduction

Cationic exchange is one of the most relevant ptmse of zeolites [1,2]. However,
understanding of the microscopic mechanisms redplentor this property is still under debate
and many questions remain posed. For instance n@eask whether the localization of the
extra-framework cations (EFC) at the inner-surfatéhe considered zeolites plays a key role
into the cation selectivity. If so, it can be duther to i) steric effects, i.e. water molecules
cannot solvate some given EFCs because of geomresidction or the coordination sphere
corresponding to the solvated cation is too laogerdss some of the framework doorways, or to
i) energetic factors, i.e. depending on their posisome EFC are too deeply trapped at the
zeolites surface so that their solvation is notrgetecally favorable. In the later case, cationic
exchange is therefore driven by the competitionowbeth EFC/framework and EFC/water
interactions. In order to answer these questiong, meeds to get deeper insights into EFC
location at the surface and EFC/framework intecacti

Dielectric Relaxation Spectroscopy (DRS) was shtavhe a powerful tool for investigating
charge dynamics in ionic solids. In these solitds, dielectric response arises from the dipolar
reorientation associated with the thermally acédaionic hops occurring between neighboring
ionic positions. In zeolites, it has thus been wedtablished that dielectric relaxation is
associated with the localized displacement of Eé¢ated at the surface in the microporosity of
the crystalline structure [3]. It can then be expddhat the dielectric relaxation properties of a
given zeolite is strongly dependent on its framdwfmatures, i.e. crystallographic structure,
Si/Al ratio and localization of the Al atoms, and the nature of EFC. DRS thus appears as a
spectroscopy well adapted to characterize zedki@sires along with XRD, Neutron diffraction,
Infra-Red and NMR. More specially, it can be useestimate the EFC localization among the
various possible crystallographic ionic positiotiee energy barrier associated to EFC hopping,
later referred as the de-trapping energy, and,dyghe energy depth of the cationic sites.

Furthermore, it was shown that DRS is also vergiige to the presence of guest molecules
adsorbed in the nanoporosity where EFC sit [3-RjsTis particularly true when the adsorbed
molecule is small and polar, e.g. water, and camseidy when its interaction with EFC is
significant. DRS is thus well suited to investigatater adsorption in zeolites. In that case, one
of the key questions is to determine the preciseptayed by EFC in regards to other important

parameters such as confinement in the zeolite manepy and interaction of the adsorbed



molecule with the non-cationic part of the innerfage. The competitive interplay between the
EFC/zeolites framework and the EFC/guest moleautleractions thus appears essential. This is
particularly true when considering the zeolite mndigs and its Cationic Exchanged Capacity
(CEC) in aqueous electrolytes. To that respect, RR&vs us to qualitatively compare the
energy depth of the cationic sites that can berated at the dry state with that of the cation
solvation energy, and consequently to hierarchicdibtinguish the role played by the various
interactions taking place upon hydration and ioekchange. Besides, most of the dielectric
studies carried out on zeolites have been conductsghthetic types with high-symmetry. Only
a few have been performed in natural ones as ifah@ite-clinoptilolite [8], though this zeolite
has lower symmetry and suffers from structural geandue to thermal effect and the evolution
of the EFC locations. The dielectric response afatural clinoptilolite from the Tasajeras
deposit, Cuba, was studied by A. Delgati@l. [9]. They found that two dielectric relaxations
take place at room temperature at about 34 Hz BAckBlz and that they could be associated to
two different types of ionic hops.

In this paper, we aim at investigating the dieleatelaxation properties of a purified natural
clinoptilolite Nat - Cli and of its metal-exchanged forms, i@*", Mg?*, K* and Na*. DRS
data are analyzed in terms of EFC de-trapping gnangl of cationic population in the various
crystallographic sites of the clinoptilolite framesk. For that purpose, two DRS experimental
procedures can be used: i) dielectric losses vdrsgsency under isothermal conditions and ii)
dielectric losses at a given fixed frequency urttiermal ramping. The later is called Dielectric
Dynamic Thermal Analysis (DDTA). As already repalrt§4,10], the isothermal procedure
allows us to determine the de-trapping energy, edeerthe second one is more suitable for
analyzing the shape of the dielectric signal. Tegrdpping energy and the crystallographic EFC
position are thus confronted to previous data abkthifrom structural investigations [22,23].
Finally, the cation de-trapping energy is compabeth to that of the water solvation and to
cationic selectivity.

The paper is constructed as followed. In sectioth@ description of the samples studied here
is given. A brief recall of DRS principle, data §sss and experimental procedure is provided in
section 3. DRS results are discussed in sectiorhdrevthey are compared to the structural
information provided by previous investigations, ttee energy for cation solvation and to

cationic selectivity. Conclusion is given in seati.
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2 Description of the studied samples
The natural zeolite from the Tasajeras depositlaVllara province, Cuba, has been well

characterized elsewhere [11]. This zeolite is aogtilolite, heulandite -I[UPAC code HEU-.

The exchanged forms of the purified natural clifiofite Nat -Cli —Ca?®", Mg?*, K* and

Na*— are obtained by the hydrothermal exchange pracsiag 1.0 mol.L} aqueous solution of
each metal. The zeolite powder is poured and thiered in the electrolyte during 144 hours
providing that the electrolyte was entirely repth@very 12 hours. The powder is washed with
bi-distilled water until no trace of the electr@yis detected. The cationic exchanged samples are
noted: Ca-Cli, Mg-Cli, K-Cli and Na-Cli. The chemical formula of each sample is
determined by energy dispersive spectrometry ugihgnk System coupled to a JEOL 100CX
electron microscope with ASID 4D scanning attachiméihe crystallographic framework
symmetry C2/m is used for the calculation by fixing oxygen atoms [12]. Chemical formulas

thus obtained are reported in table 1.

3 Brief recalls of DRS principle, data analysis an@xperimental procedure

3.1 Basic principle and data analysis

Hereafter, DRS consists of measuring the sampleors® to an ac electrical field. The basic
principles can be found in text books [13].

When a dipole relaxes because of local atomic naagements, i.e. localized ionic hop in our
case, the relaxation time associated to this momémse

_ AE
T=1, ex;{ﬁ} (1)

where k is the Boltzmann constanT, the temperature)AE the activation barrier and,the
inverse characteristic vibration which is typicélbtomic frequency, i.e. 18s™.

Thus, following a first order relaxation mechanisine dielectric loss spectrum (f,T) which
characterizes the ac response measured at a givgetaturel and frequency is given by:

2xf Ne

’ (f’T):1+(27zf)212

(@)

where A¢ is the so-called dielectric strength of the dipole.



However, most of real systems are not charactebyea single type of dipole and consequently
by a dielectric signal corresponding to eq.2. ladietheir dielectric response can be analyzed
assuming there are different types of dipaledose the respective populations can be described

by a distribution functiorG(z;) . Eq. 2 can thus be written:

£(f,T)= I:G(ri).l 27t Aé, 3)

Ll
For a population of dipoles which corresponds taddops involving the same type of ions and
of framework, 7, and As; can be assumed to be constant and equg| &nd Ae respectively.
Ac can then be factorized ar@®(z; replaced, according to eq.1, by a distribution cifvation
energiesG(AE;) :

27f

1+ (27 )z[fo.exp(_ AR kT)T |

£ (f,T)=Ac. j: G(AE,). 4)
G(AE;) characterizes the system under study and, in tegept case, can be related to the
various crystallographic sites in which EFC areated [4, 10, 14] and around which they can

hop. The fit ofe (f,T) with eq. 4 is an inverse and ill-posed problem 185 so that no unique

solution for G(AE; ) can be extracted. However, a “guess&{AE; fungtion can be input into

the minimization procedure based on some assungptiemived from the knowledge of the
crystallographic structure of the studied zeolifEse minimization allows us to check whether

the initial G(AE;) fits well with the dielectric signal and, if s@ tefine it. WhenG(AE;) is

refined, it gives us access to the mean activagmergy and the relative population
characterizing each different types of ionic hopisTprocedure was proved to be productive in

many zeolites [4, 10, 14].

3.2 Experimental procedure
The zeolite powder is pressed to form disk-shapetsevhose diameter and area are 1mm
and 133mr respectively. The zeolite pellet is sandwichedveen two insulating layers [17],

i.e. PTFE 1Qum thin film, and placed between the metallic plaiethe sample holder which is



maintained under a continuous dry flow. Prior to DRS measurements, the pellet iatedin-

situ at 220°C for 18 hours. So, it can be assumed ttiatstudied sample remains totally
dehydrated during the course of the experiment.

Ac permittivity is measured with a broadband digiecspectrometer (Novocontrol BDS 4000),
by using two experimental procedures (nb: the coatibn of two experimental procedures
reduces the number of variables in the fitting pchaoe and, hence, makes it more reliable). In

the first case, named Complex Impedance SpectrgS€oi®) hereafter, the imaginary part of
the permittivity, a}(f), is measured, under constant temperature rangpny220°C to 70°C, as

a function of the ac electric field frequency ire th0> Hz-1& Hz domain. In the second case,

called Dielectric Dynamic Thermal Analysis (DDTAhe temperature evolution of the dielectric

loss, &, (T) is measured at a fixed frequenéy, while the temperature is ramping at a constant

heating rate, i.e. 3°C.niin from -50°C to 220°C. The fixed frequency is chgseccordingly to

the sample response, so that th€T) peak is entirely scanned in the explored tempegatu

domain. In the present study,turns out to be around 0.1 to 10 Hz.

4 Results and discussion
4.1 Analysis of the samples CISand DDTA response

Figure 1a reports a typical example of CIS sigohltained in the case dfla—Cli. & (f)
exhibits a rather broad peak, accompanied at leguency by a signal increase. The later
corresponds to the so-called Maxwell Wagner Silidfsct which results from the accumulation
of ionic charges at the sample/insulator layerrfatee and, hence, does not correspond to an
intrinsic dielectric relaxation phenomenon. As ectpd from eq. 4, the dielectric relaxation peak
shifts towards higher frequency upon increasingpenature. The same trend is observed for all

the clinoptilolite samples studied in the preseatky

L. The Arrhenius plot ofr

max» 1€

The ¢; (f) peak maximum corresponds tq,,, = (2f ., )

vs 1/T (see figure 1b), can then be used to deterrﬁiﬁe(eq.l) the activation energy

max)

Ln(r
of the most probable EFC hop (figure 1b). TablesgsIthe values ofAE for our different
samples. The following classification can thus e&le

AE(K -Cli) = AE(Mg - Cli) > AE(Nat - Cli) = AE(Ca~-Cli) > AE(Na-Cli) (5)



It means thatNa® cations are less deeply trapped at the surfacehef dehydrated
clinoptilolite framework thank * ones are, or in other words that the interacticergynbetween
the zeolite framework and the cation is lower fga* than fork *. It can be also underlined that

there is no direct correlation between the catlentec charge and the value aF .

It has already been pointed out thkt-Cli is more stable tharNa-Cli under high
temperature treatment becaulk€ cations maintain the channel open upon dehydratidiie
Na* cations do not avoid the channel breakdown [18,I8is observation is in accordance with
the classification obtained from our DRS measuraéméey.5), which shows tha¢™* are deeper
embedded thamNa®. K™ cations motion is therefore less responsive tqtrature. Moreover,
it has also been reported that thia*-framework bond is weaker than that of the otheCEF
[20].

G(AE,) is determined from the fit of the DDTA signal,.i& (T), which was shown to be
more reliable than the fit of; (f ) obtained from the isothermal CIS method [4,10,Zh value

of AE determined from CIS (see fig.1b), allows us twwdate the pre-exponential, value

max?
from the maximum of thee, T( peak and then to initiate the fitting proceduretied whole
signal.

The £, (T) signal obtained on the dehydrat&h-Cli is reported in Figure 2. The

increase ofe, T )at high temperature also corresponds to the $eecBaxwell-Wagner-Sillar

effect as already mentioned in the caseb‘;f)ﬁ‘f)(ﬁg. 1a). It is not an intrinsic feature of the
sample and, hence, must not be taken into accautiei experimental data analysis. First, we

consideredG(AE;) as a simple Gaussian function whose the maximuoevedrresponds to the

value of AE obtained from CIS. As the output was fairly potive addition of one more
Gaussian function int@(AE; qppeared unavoidable. Figure 3 illustra®@E, objained for
all samples. The shape and position G{AE); differ according to the considered cation
exchanged clinoptilolite samplé&(AE; characterizingNat —Cli is very similar in shape and

position to that ofCa —Cli . This result is consistent with the fact that améme clinoptilolites



studied here, the chemical composition@d - Cli is the closest to that of the natural sample
Nat —Cli (table 1)

In all cases, two Gaussian functions are necedsargcover the experimental data. This
means that, independently on EFC, DDTA signal aislyeveals the presence of two distinct

dipole populations. Table 3 compiles the parameieiS(AE; ) obtained from the fitting of each

zeolite DDTA signal.

As described in figure 4, the possible cationiesih a non-dehydrated natural clinoptilolite
are noted M1, M2, M3 and M4. The M1, M3 and M4 sigge located in the 10 members ring
cavity, while M2 is in the 8 members one. The oeatign of these sites was experimentally
determined from DRX by Koyama and Takeushi [22] &tdr by Alberti and Vessalini [23]. It

was then concluded thafa® cations are located in MXGa®" in M2, K* in M1 and M3 and
Mg?"in M4, each of these cations having different numbiewater molecules in their first

coordination shell. Furthermore, it was shown [t dehydration induces a displacement of
the cations from M1 and M4 to M3 sites which issepbto the framework wall, meaning that in
the dehydratedNat — Cli only the M2 and M3 sites are occupied. The excenf two distinct
cation locations as determined from all the DDTénsils is therefore in agreement with these
former structural investigations.

In the case of the exchanged samples, the existdrteeo Gaussians function is also consistent
with previous experimental works [22,23] and withmputational simulations carried out by
A.R. Ruiz-Salvadoet al. [20,25,26]. In every case, the most occupied sitesM1 and M2 in
dehydrated samples, with more accuracy in sitesecko these experimentally determined
position.

The relative area of each Gaussian function yidh#srelative population of cationic site, cf
equation 4 [4, 14, 21]. Providing the incertitudeeoth to the experimental signal and to the
fitting modus operandi, it can be concluded (sé&et8) that, independently on their nature, the
cations are equally distributed in these two sitéss important outcome also implies that during
the exchange procedure, M1 and M2 sites being eedup the same proportion, all EFC can be
solvated in the same way without geometric resbrctSo, there must be no steric effect due to

the size of the cation hydration shell.



As reported for the dria—Cli, the coordination number of the sodium cation wlith oxygen
atoms of the zeolite framework is lower for M1 thfan M2 [25], i.e. the de-trapping energy is
lower for M1 than for M2 cations. Therefore, it che assumed that the Gaussian function
characterized by the highest activation energy esponds to EFC embedded in M2 sites
whereas the second one is related to M1 sites.

4.2 Relationship between the exchange selectivity and the de-trapping energy

Since the de-trapping energy measured from DRSréstty related to the EFC/framework
interaction, a correlation between its value arelERC selectivity of the clinoptilolite could be
anticipated. Indeed, it could be thought, at faigihts, that the stronger is the EFC/framework
interaction, the more difficult the cation extracti and, hence, the higher its selectivity.
However, this too simple prospect does not take actount the fact that EFC are exchanged via
the aqueous solution and, consequently, that sessmm of solvation/desolvation steps are also
involved. So, if we put apart steric effects, itlee accessibility of a given cation site, ionic
selectivity must result from the competition betwethe EFC/framework and EFC/ME
interaction. The comparison of both can therefazeubeful for a better understanding of the
cationic selectivity.

As reported in the literature [12,27], the exchaselectivity of Clinoptilolite is as follows:
K*>Na">Ca* >Mg? (6)

Eq. 6 means that, in the natural clinoptiloliteisitmore difficult to exchangé&* than Mg?*.

For K™ the situation is unambiguous since oy are present in the K-Cli sample (see table

1). For the other exchanged clinoptilolites, inist possible to achieve such a high degree of

cationic exchange. Again, according to the chendoatposition reported in table 1, we can note
that Ca** and to a less extenklig®* are easily replaced bia*, while Ca - Cli and Mg —Cli

still contain Na™ . All these data are in full agreement with eq.6.

The question is now to correlate eqs 5 & 6, i.echteck whether there is a correlation between

cationic selectivity and cation de-trapping enempasured at the dry stat€.” appears to be the
most deeply trapped cation (eq.5) at the dehydratatt and the less exchangeable one in
agueous solution (eq.6). At first sights, this omte seems consistent if we assume that it is

energetically favorable to exchange an ion by arotine having stronger EFC/framework
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interaction, i.e. higher de-trapping energy. Howeveonsidering the other cations, the
comparison of eqs.5 & 6 does not provide clearevie that this simple assumption is valid.
Indeed, cation exchange also involves solvationrggnso that it is likely to rely on the
competition between EFC/framework and EF&BHnteractions. A comparison between these
two types of interaction appears therefore necgssar

According to theNat —Cli chemical formula (table 1), EFC which can be exgeanfor the

greater part ar€a®" and Na*. Then, the EFC exchange in aqueous solution cdadbered by
the two following chemical reactions:

(Na*), -Cli + Y™(H,0); = (Y™)-Cli + nNa*(H,0); AH  (79)

exch(Na/Y"*

(Ca**)-Cli + %Y”*(HZO)6 = (Y™),-Cli + Ca® (H,0), AH

n

(7b)

exch(Ca/Y"™)

for the Na* and Ca*" exchange, respectively. In eqsfKl,, is the corresponding exchanged

reaction enthalpy.Y™ (H,0), represents the solvated cation, with= Na*,K *,Mg?* or Ca*
and the cation valence, i.e. n = 1 or 2. To maksintple, we assume that, in solution, the
solvated cation is hexa-coordinated to water mdésgcuwvhatever its nature.

Noteworthy, we refer here thH ., and not to the free enthal@yG,, since it can be assumed
that the entropy variatiom\S, ,, related to the cation exchange reaction is atheusame for all

EFC studied in this work. Therefore the chemicalildgrium symbolized by eqs.7 can be

investigated using onlAH .

The reaction enthalpgH (eqs.7) can be writen:

exch
Hexch(Na/Y”*) = H(Y”+)—Cli +nH Na*(H,0)s H(Na+)n—CIi - HY”+(H20)6 (8a)
AH =H +H -H _2 H 8b
exch(Ca/Y™) — (Y™),=Cli Ca®* (H,0)s (Ca?")-cli ﬁ Y™ (H,0)e (8b)
: n+ n+
whereHYm(Hzo)6 and H(Y'”)—cn correspond to the hydration &f"" and to theY" /Framework

interaction, respectively. Finally, egs. 8 can dimpformulated:

AH o, =AH; + AH, 9)
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where AH, and AH, represent the difference of EFC solvation enthapg EFC/framework

interaction respectively between tiNa* and Ca®* native and the exchangad™ EFC. Thus,

combining eqs (8) and (9YAH,and AH,can be expressed for thda® and Ca®" exchange

reaction:
BH, naryy = M 0y, ™ Hvregoye 304 BH vy = Hiynry i = Hinary -ci (102)
AHl(Ca/Y”*) - HCaz*(HzO)e - 2/nHY”*(HzO)e and AH 2(Caly™) ~ H(Y”+)-Cli - H(Ca2+)—CIi (10b)

AH,; can be determined from computations reported biowarauthors [29]. Howevel\H,
cannot be directly evaluated from our DRS experiimand, as far as we know, has never been
computed in the cases studied here.

The energy barrier measured from DRS, AE (table 2), is expected to increase with the

strength of the EFC/Framework interactidﬂw(w [14]. In other words, the variation of the

)-Cli

H )i Must follow the same trend as the variation of ¢bHesponding—AE(Yn+) (nb: the

minus sign means that the lower is H the larger AE(Yn ).

(Yn+)—C| )

Consequently, we can establish the following qatlie connection betweedE and AH,:

DH i O (BE,,., - ~A(AE) (11a)

E(Na*)) = (Na*/Y™)

DH i,y O~ (AE,., ~A(AE) (11b)

AE(c.a\*)) = (Ca* 1Y™)
Table 4 resumes the values Mfi, and of —A(ZE) for all the possible cationic exchange
reactions.

AH, reported here are extracted from ref. 28 where tiveye calculated using the DFT
(B3LYP/6-311++G(3d,3p)) method. Noteworthy, othelues of AH, can be found in the

literature [see Tables | and Il of ref 28] thougk gualitative trend remains the same.

From eqgs.10, it can be concluded that the highé&Hs , the more favorable the hydration of

Y™ with respect toNa* and Ca®*, meaning that the substitution of the later with"is not

encouraged. Likewise, egs.11 indicates that thleelni'g;—A(EE) the less favorable the trapping
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of Y™ at the surface of the zeolite framework. So, E@esponding to higher values of
AH,; and of—A(EE) are expected to be the less capable to substitetedtive EFC.

We can now attempt to establish a qualitative camepa with the cation selectivity. First of all,

we observe that in both cases, iMa* and Ca** exchange reaction, the lowest value of

AH, is obtained forK ¥, meaning thak * hydration is not favored at all compareda® or
Ca*". Likewise, we note thatA(EE) is lower for K*, i.e. K* is deeper trapped at the

clinoptilolite surface. Therefore both energy cimitions point out thatNa® or Ca* can be

easily exchanged byK*. Secondly, we can see thalg® hydration is always the most

preferential one whilst its corresponding values—dj(EE) is equivalent to that oK ™. Thus,

taking into account the chemical formula bfg - Cli and, to a less extent, that dla-Cli,
K - Cli and Ca-Cli which show thatMg?" is the EFC that is the less easily trapped at the

clinoptilolite surface, it can be emphasized that main factor foMg?* exchange selectivity is
the hydration enthalpy and not the EFC/Frameworteraction. Finally considering the
competition betweerNa* or Ca?* cations, we can also observe that the exchangeisly

governed by the cation hydration enthalpy and nothe EFC/framework interaction. Indeed,
though Ca®* is more deeply trapped at the surface tiNai at the dehydrated clinoptilolite

surface, i.e.—A(ZE) =-20 kJ.mol-1, theCa?*/H,O interaction is so high compared to that of

Na*,i.e. AH, =141 kJ.mol-1, that alCa®* are replaced byNa*, the opposite being not true.
It can be then concluded that, in all the casesstigated here, the cation exchange reaction

enthalpy (egs.7) is mainly governed b&H the difference of hydration enthalpy. The

exch
differences in de-trapping energy between the uari&FC examined in this work are not
sufficient to drive the EFC exchange selectivitypy 3um up, it means that, in our case, the
EFC/framework interaction given by eq.5 cannot bmgared to the cation selectivity featured
by eq.6.

4 Conclusion

A series of metal exchanged clinoptilolites is s&ddby means of Dielectric Relaxation
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Spectroscopy (DRS). The signal analysis is showpetan accordance with previous structural
studies which emphasized the existence of twondistypes of extra-framework cation (EFC)
position, i.e. close to M1 and M2 crystallograplsites, at the clinoptilolite inner-surface.
Furthermore, analysis of the DRS signals makesilpesthe determination of the activation
energy associated to the localized re-orientationation of EFC. This activation energy is
proportional to the ionic trapping energy and, leerfeatures the EFC/framework interaction.
Cationic exchange capacity and cation selectivippprties of zeolites can be represented by a
pseudo-chemical reaction (eq.7). It can then besuraed that, apart from specific steric effects,
this chemical equilibrium is governed by the contmet between the EFC/framework and
EFC/HO interactions. The former is extracted from DR&lgsis while the later can be
determined from first principle computations alrgadported in the literature. Then, according
to the experimental data reported on the catioalecsivity and to the chemical composition
obtained for our sample after various cationic @xge (section 2), it turns out that EFQZH
interaction is the predominant parameter for caticexchange in the clinoptilolite zeolites
investigated in this work.
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Table 1. Chemical formula of the purified natural clinoptite and of its cationic exchanged
forms.

Nat —Cli : Nap 47Ce 11K 0.9aMJo.41F € 93 (Al6.865132.6:072) 22H0
Na —Cli: Nas 71Ko.6qVQo.1d .41 (Al6.985133.16072) 25H0
Ca-Cli: Na2Las2K0.78Vgo.14~€ 51 (Al g 94520 58072) 22H,0
K =Cli: Ke.7d .36 (Al7.085I53.6€072) 23H,0

Mg —Cli: N&.11Ca.9Ko0.6dVg4.3F€0.84 (Al6.955129.10072) 26H,0
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Table 2. Activation energy of the hopping process obtaiftech the Arrhenius plot for all

AE in (kJ.mol™) 2

samples
samples Na-Cli | Ca-Cli | Nat—-Cli | K-Cli | Mg-Cli
AE in (eV) + 002 0.78 0.99 0.99 1.06 1.06
75 95 95 102 102




Table 3. Parameters of6(AE; determined the fit of the experimental DDTA signéh eq.4,
assuming thaG(AE; )s the summation of two Gaussian function& is the energy value at

the Gaussian maximum and “Occupancy” is the atl@#ive to the global distribution function

G(AE).
1% Gaussian 29 Gaussian
Sample | AE+0.02 | Occupancy| AE +0.02 | Occupancy
[eV] [%] [eV] [%]
Nat —Cli 0.99 49 0.90 51
Na - Cli 0.78 53 0.70 47
Ca-Cli 0.99 60 0.88 40
Mg —Cli 1.06 53 0.93 47
K-Cli 1.06 46 0.93 54
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Table 4. AH,and AH, (egs. 9 & 10) for the exchange reactionNd*and Ca® by Y™ ions,
with Y = Na*, K*, Mg? or Ca*. AH, are determined from ref 27 (see tables | andnll i

[28]). AH , is calculated using eqgs.11 from the valuedBf reported in table 1

e (Na*),-Cli + Y™(H,0)y = (Y™)-Cli + nNa'(H,0),
AH(na) _A(AE)(NaWY“*)
(kd/mol) (kJ/mol)
K* + 104 -27
ca’ +141 -20
Mg** + 446 _27
(Ca?*)-Cli + 2/nY"(H,0)s = (Y")y,-Cli + Ca®(H,0),
AH 1(Na) _A(AE)(CaZ*/Y”*)
(kJ/mol) (kd/mol’
Na' -141 +20
K* - 341 -7
Mg?* + 304 -7
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