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Compositional and structural study of partially exchanged on Na*, K*, Mg*
and Ca*" natural heulandite
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Single crystals of natural heulandite (HEU) from Iskra deposit (Bulgaria) are the initial material for this study.
Four parts of this material were selected and were subject to partial ion-exchange on Na*, K*, Mg* and Ca™ ions.
The chemical composition of the natural and the exchanged samples was obtained by EDS analysis and the derived
crystal chemical formula for this HEU is Na, K, ,,Ca, o,Sr, )AL ;5S1,, 0.,.0H,0. Weight losses associated with ze-
olitic H,O in the channels were obtained by TG. The single crystal X-ray structural refinement revealed the topology
of the framework and located the positions and site occupancies of the exchanging cations and water molecules in
the channels A and B running along [010] and channel C along [001]. Initial heulandite crystals (natural HEU from
Iskra deposit) contain predominantly Ca?* as framework counter ion and some amounts of Na*, K* and Sr**. Sodium
and strontium ions are positioned Sr and Na/Sr positions in channel A. It was found out that in this early stage of Ca-
exchange that Ca?" replaces Na* from their mixed Na/Sr position. The K*-exchange leads to surplus of the positive
charge, which removes indirectly Na* without affecting Sr?*. In the Na*-exchanged form the sodium content increases
in the mixed Na/Sr and Na position and small amount of Na* is detected in the calcium position in channel B. The
data obtained from EDS and structural refinement show that for the employed procedure Mg?* ion exchange is not
observed and its position at the center of the large channel A remains empty.

Key words: Heulandite, ion exchange, structure refinement, EDS.

INTRODUCTION plete the cation coordination, or can be trapped in
the zeolites pores.

The capability of zeolites to exchange the extra-
framework cations with other cations (e.g. ion-ex-
change) is their most important feature for practi-
cal applications [4]. The exchange capacity and

Natural zeolites are porous crystalline materials
(aluminosilicates) obtained either by hydrothermal
processes most commonly in cavities of basaltic lava
flows, or through sedimentation and zeolitization of

voleanic tuffs, ete. [1, 2]. The description of their  ejectivity of zeolites are function of the Si/Al ratio
crystal structure generally refers to two distinctive ;)4 the types of framework pores. The HEU group
parts: a rigid negatively charged alumino-silicate  jjc|ydes heulandite and clinoptilolite (CPT). The
framework producing two- and three-dimensional  ¢ryta] structures of the two zeolites are monoclinic,
channels [3] and extraframework cations and water > /m, with iso-structural spatial arrangement of the
molucules residing in the channels. The latter are  gj/A] framework. They differ between each other
metal cations compensating the negative charge of by Si/Al ratio, which is < 4 for HEU and > 4 for

the framework and H,O molecules that may com- CPT. Because of this, both structures have differ-
ent amount of charge balancing cations and water
molecules located into the framework channels. The
most common positions occupied by different extra-
* To whom all correspondence should be sent: framework cations have been described in several
E-mail: Louiza. Dimova@gmail.com studies [5—8 and references within]. As heulandite
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very often contains Na and Ca charge balancing
cations their positions are named C1 (channel A)
and C2 (channel B) respectively [5]. Potassium is
also frequently detected and its position is named by
Khobaer et al., 2008 [7] as K3 (in channel C). The
general positions (C1, C2, K3) may be occupied si-
multaneously by different cations and their location
within the channels can vary (be shifted) depend-
ing on the type of cation (bigger, smaller etc.). As
a prominent illustration in full exchanged strontium
heulandite [8] Sr is distributed in positions close to
the C1 and C2 [10].

The crystal structure of HEU [9] features three
sets of intersecting channels. Two of the channels
are parallel to the c-axis as follow: the larger A
channels are formed by strongly compressed ten-
membered tetrahedra rings (aperture 3.0 x 7.6 A)
and the smaller B channels are confined by eight-
membered tetrahedra rings (aperture 3.3 x 4.6 A).
The C channels are parallel to the a-axis and are
also formed by eight-membered tetrahedra rings
(aperture 2.6 x 4.7 A). Thus, the structure is a pseu-
do-layered with layers in ac-plane, parallel to (010)
[10—13]. The ion-exchange properties of HEU have
been studied theoretically [14, 15] and were experi-
mentally confirmed [16-24]. However, most of the
research work was focused on kinetic aspects. Our
opinion is that there is an insufficient knowledge on
the process of cation exchange and the structural
features and chemical composition of exchanged
forms of HEU and CPT minerals. In this study we
purposely performed a partial exchange of natural
HEU with four cations: Na, K, Ca and Mg in an at-
tempt to investigate its initial stage and to assess the
structural and compositional characteristics of the
exchanged forms.

EXPERIMENTAL

lon exchange

Heulandite crystals from Iskra deposit, Haskovo,
Eastern Rhodopes, were exchanged with Na*, Ca*",
K* and Mg?" ions. The crystals with size around
1 mm?® were selected and gently crushed to sizes
of approx. 100—500 pm. Four portions of the crys-
tals (each one of ~100 mg) were placed in Teflon
autoclaves and mixed with 20 ml 1M solution
of relevant metal nitrates: Na-, K-, Ca- and Mg.
The autoclaves were agitated four times per day
with frequently refreshed solutions. The pH of the
used solution (before refreshing) was > 4.7. The
exchange procedure was carried out for seven
days. The exchanged crystals were thoroughly
washed with distilled water and dried at room
temperature.

X-ray single crystal structural
refinement

The data collection was carried out on an Agilent
SupernovaDual diffractometer equipped with Atlas
CCD detector using micro-focus Mo/Ka radiation
(AL=0.71073 A) at 290 K. The determinations of the
unit cell parameters, data collection and reduction
were performed with CrysalisPro software [25].
The structure was solved by direct methods ShelxS
[26] and refined by the full-matrix least-squares
method with the ShelxL-2013 programs [26]. All
non-hydrogen atoms, including water molecules,
were located successfully from Fourier maps and
were refined anisotropically. Complete crystallo-
graphic data for the structure reported in this pa-
per have been deposited in the CIF format with the
FIZ Karlsruhe as supplementary publication No.
CSD: 428990 (natural-HEU) for natural heulandite,
428991(Na-HEU) for Na* exchanged heulandite,
428992(K-HEU) for K*-exchanged and 428993(Ca-
HEU)" for Ca?" exchanged.

Scanning and transmission electron
microscopy (SEM)

SEM analyses were performed on a JSM 6390
electron microscope (Japan) in conjunction with en-
ergy dispersive X-ray spectroscopy (EDS, Oxford
INCA Energy 350) equipped with ultrahigh reso-
lution scanning system (ASID-3D) in regimes of
secondary electron image (SEI) and back scattered
electrons (BEC) mode. All samples were cleaned
and completely dried before attempting SEM char-
acterization. The samples were Carbon coated with
time of coating ~20 sec. The accelerating voltage
was 20 kV, 1 ~65 pA. The pressure was of the order
of 10 Pa.

Differential scanning calorimetry (DSC) and
thermo-gravimetric (TG) analyses

The thermal effects and mass losses were ob-
tained by DSC/TGA analyses in a temperature
range of the 20-420 °C. Small amount (10 £0.2 mg)
of the crystals from each sample were placed in
alumina crucibles and the data were collected at
constant heating rate of 10° min' in an air flow of
~35 ml/min on a SETARAM, LABSYS EVO.

* Further details on the investigated cation-exchanged HEU-structures
can be obtained from Fachinformationszentrum Karlsruhe, 76344
Eggenstein-Leopoldshafen, Germany (fax: (+49)7247-808-666; e-mail:
crysdata@fiz-karlsruhe.de; http://www.fiz-karlsruhe.de/request_for de-
posited data.html).
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RESULTS AND DISCUSSION

The DSC-TGA curves of the samples (Fig. 1)
disclose the typical thermal behavior of HEU with
expected release of the extra-framework water at
relatively wide temperature range (70-170 °C).
The amounts of released water vary slightly around
8.1 wt.% (natural-HEU), 7.1 wt.% (Na-HEU), 5.7%
wt. (K-HEU) and 8.5% wt. (Ca-HEU). The destruc-
tion of the Si/A framework occurs at about 350 °C
and is not associated with weight losses as the relat-
ed high-temperature Al-Si-O compounds are stable
at this temperature.

The chemical composition for all samples was
calculated based on 72 framework oxygen. The re-
sults are given in Table 1. The composition of natu-
ral HEU shows that it is dominantly Ca-form con-
taining some Na', K* and Sr** as well.

The chemical composition of the natural and par-
tially exchanged HEU obtained from single crystal
structures refinement (for the exchanging cations)
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Fig. 1. DSC and TG curves of natural heulandite and ex-
changed forms
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Table 1. Chemical composition of natural and
exchanged heulandite (EDS)

Sample Crystal-chemical formulae
natural HEU (Na, K, ,Ca, 4Sr, (Al 35Siy, (O,
Na-HEU (Na, K, 5,Ca, ¢St o)Al (,Siy, 40,,
K-HEU (Na 5K, osCa, 558, 1) Al 4S5, 7,05,
Ca-HEU (K, 4Ca, 555t )AL 4Siy, 5,05,

and by EDS (for Si and Al) are given in Table 2.
It is worth to note that the cations amounts evalu-
ated by EDS are lower than the ones assessed from
single crystal structural data. Given the intrinsic
limitations of EDS analysis due to its local sample
probing and shallow surface penetration (1-2 pm),
we choose to use the cations contents and their site
occupancies derived from single crystal structural
refinement.

The chemistry of the other three ion-exchanged
samples shows different degree of partial ion ex-
change for Na*, K* and Ca?', which will be dis-
cussed below.

The purpose of the single crystal structure re-
finement was to review and compare the structural
features of ion-exchanged HEU samples to these of
the natural one. The crystal structures of all 4 sam-
ples with located positions of the cations and H,O
molecules are displayed on Fig. 3, while Table 3
show the evaluated site occupancies for all partici-
pating exchanging cations.

In the natural HEU, which is dominantly a cal-
cium form, almost all amount of Ca?" cations is
located in the split Ca-position Ca2 (C2 accord-
ing to Alberti, 1973 [5]) in the smaller channel B.
Potassium is located in its usual position K (K3 ac-
cording to Khobaer et al., 2008 [7]) at the intersec-
tion of channels A and C (Fig. 3 and Table 3).

It is interesting that the regular Na-position (C1
according to Alberti, 1973 [5]) in channel A in the
structure of the natural-HEU is transformed to one
mixed Na/Sr and one — Sr. In fact, they are located
so close to each other that could be considered as a
single crystallographic site with a complex cation
occupancy. A clear separation of the two sub-sites
is visible on Fig. 3 due to the difference in their ion-
ic radii and scattering power. This complex cation
site accommodates the initial amounts of Sr** and
Na*and even some extra Ca?".

The detected water molecules are distributed
amongst five positions. Three of the positions are
located in channel A: Owl, Ow2 and Ow3 [6, 7].
Water molecules are in positions (Owl, Ow2) sit-
ting on the mirror plane coordinating Na and Sr
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Fig. 2. SEM morphology of A) natural HEU, B) Ca-HEU, C) K-HEU and D) Na-HEU

Fig. 3. Cation and H,O positions in natural heulandite end exchanged forms. A) natural-HEU, B) Ca-HEU, C) K-HEU
and D) Na-HEU
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Table 3. Occupancy of the cation positions as displayed on Fig. 3

Cation

Occupancy of the cation positions

o Cationpositions

Channel positions (Fig. 3)

(references) nat-HEU Ca-HEU Na-HEU K-HEU
A C1[5] Na/SrCa/SrNa 0.29/0.3 0.18/0.32 0.4 0.09/0.36
A CI1[5] Na 0.18
A C1[5] Sr 0.05 0.32
B C2[5] Ca2 0.47 0.47 0.45 0.45
B C2[5] Na 0.06
C K3[7] K 0.36 0.32 0.1 0.54

cations. Water molecule Ow3 is positioned on two
folder axis and coordinate Na/Sr position. Waters
molecules Ow4 and Ow5 [6, 7] are located in
channel B participating in Ca coordination (posi-
tion C2).

It was found out that at this early stage of cation
exchange, Ca-HEU (Fig. 3-B) does not provide sig-
nificant changes in the structure. As expected, the
Ca content increases twice and because the occu-
pancies of the Ca-sites in channel B are almost full
(0.47), the excess of Ca*>" completely replaces Na in
the mixed Na/Sr position as it is transformed to a
Ca/Sr one. The located in the channels water mole-
cules (positions Ow1, Ow2, Ow4 and Ow5) remain
at the same positions as in the natural HEU, while
Ow3 is split in two causing a decrease of occupan-
cy from ~1 to 0.5 apu. Probably the split is due to
the presence of two bivalent cations in the mixed
Ca/Sr position.

The partial exchange on K in the K-HEU
(Fig. 3-C) increases the K™ content in the unit cell
from 1.3-1.4 to 2.18 apu. While the contents of
Ca?" in Ca2 position and Sr** in the mixed Na/Sr
position are not quite affected, the extra K* ions
are filling up to the limit the position in channel
C (K3 according to Khobaer 2008 [7]). Due to the
requirement that the sum of K, Sr and Na should
not exceed 1, this leads to indirect displacement of
Na* from its Na/Sr position decreasing 3 times of
its content in the unit cell. The five water positions
(Ow1-5) remain unchanged.

In the Na-HEU, Na" increased its content in the
unit cell twice. Na and Sr cations are distributed
in three disordered positions close to the Na one
(C1 according to Alberti, 1973 [5]). These posi-
tions are indicated as Na, Na2 and Sr on Fig. 3 and
their combined occupancies are close to 1 (full
occupancy). This causes an indirect displacement
of K* in its position in channel C, which content
dropped down more than 3 times — from 1.44 to
0.4 apu. Ow3 water position is splitting by two

creating 4 crystallographic sites positioned closer
to the two Na-enriched positions in channel A.
Potassium shared its position with H,O mole-
cule named Owo6. (Table 3-D and Fig. 3). Small
amount of Na* is detected in Ca position in chan-
nel B. Small amount of Na* is detected in Ca po-
sition in channel B.

Finally, both EDS and structural refinement of
Mg-HEU, could not register the presence of Mg?".
The refinement of the so called Mg-HEU samples
(two single crystal experiments on different crys-
tals were performed) established that the assumed
Mg position M4 [13] located in the center of the A
channel is empty. This finding correlates with the
results from EDS analysis and ultimately proves
that the Mg*" ions do not participate in the ex-
change under the applied exchanging conditions.

CONCLUSIONS

The performed DSC/TGA analyses, chemical
analyses (EDS) and single crystal structure refine-
ments presented in this study aimed to bring some
light on the effect of partial cation exchange with
K*, Na*, Ca?* and Mg*" of natural heulandite from
Iskra deposit. The natural HEU is Ca-HEU form
although some amounts of Na, K and Sr cations
are also detected in its structure. It was found out
that for the employed conditions no Mg ion-ex-
change is observed. The single crystal structural
refinement of the Na- K- and Ca-exchanged HEU-
forms shows that at the early stage of ion-exchange
(up to seven (7) days) only cations located in the
large channel A are affected except the Sr** one.
The amounts of Ca?" in channel B remain almost
unchanged.

Acknowledgments: This work was supported by
ESF Grant BG051P0O001-3.3.06-0027 and NSFB
grant DRNF02/1.
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CBCTAB 1 CTPYKTYPA HA YACTUYHO OBMEHEH HA Na*, K*, Mg**
1 Ca>* TIPUPOJIEH XEMJIAHJNT

JI. Iumoma'*, U. IMupoera?, C. AtanacoBa-Baagumuposa?,
b. llluBaues', C. [Terpos’

! Unemumym no Munepanoeus u Kpucmanoepaghus, bvieapcka Axademus na Hayxume,
yia. ,,Akao. I'eopeu Bonues ™, 6n. 107, Cogpus 1113, Bvreapus
2 Unemumym no usuxoxumust, bvreapcka Axademust na Hayxume, ya. ,, Axao. I'eopeu Bonueg *,
on. 11, Cogus 1113, bvreapus
3 Xumuuecku paxynmem, Ynusepcumem ¢ Topoumo, yu. ,, Cetinm [orcopoc* 80,
Topoumo, ON, M5S 3H6 Kanaoa

[Noctrenuna nexkempu, 2014 r.; npuera stuyapu, 2015 r.
(Pestome)

W3non3BaHuAT MaTepual € MOHOKpPHUCTAICH MPUPOJieH XeinanauT ot Haxonuiue Vckpa (bearapus). M3xomuure
MOHOKPHCTAJIM Ca pa3jiejieH! Ha YE€THPH YacTH U € OChInecTBeH HoHooOMeH Ha Na*, K*, Mg?" u Ca?". XuMuuHusAT
ChCTaB Ha W3XOIHUS MPUPOJCH M HOHOOOMEHCHHTE XCHIaHAUTHH (HOPMHU € HANpaBeH Ype3 CHEPTUHHO IUCIIep-
CHOHHA PEHTI'CHOBA CIIEKTPOCKOINMS KAaTo MOJydeHara KpUCTAIOXMMHUYHA (opMyla 3a MPUPOAHUS XCHIAHIUT €
(Na, ;K ,,Ca, oSt ;)AL 5581, (O,,.nH,0. TernoBuure 3aryou, CBbp3aHH ChC 3€0IUTHATA BOJA B KAaHAIUTE, Ca IOy~
YEeHU 4Ype3 TepPMO-TPaBUMETPUYEH aHAIN3. MOHOKPUCTATHUAT PEHTTCHOCTPYKTYPEH aHaJIN3 Pa3KpHUBa TOMOJIOTHATA
Ha 3COJINTHHS CKEJIET, MO3ULMUTE U 3a€TOCTTa HAa HAMMpPAIUTE Ce B KaHAJIUTE KaTHOHM, BOAHHU MOJIEKYJIH HA MpH-
poanata 1 oomenenn Qopmu. Kpucranure Ha npupogaHus xeinanauT (ot Haxoauiie VMckpa) chabpxaT MpeanMHO
Ca> u mo-manku koiuuectsa ot Na’, K u Sr’* kaTHOHH, KOUTO KOMIIEHCHpAT HeraTUBHUS 3apsia Ha Al/Si ckener.
HatpueBure u cTpoHIMEBH HOHU ca MO3UIMOHUpaHU B KaHa! A. YacTnunusT Ca-00MeH MOKa3Ba, ue B IbPBOHAYAIHO
Ca? m3mectBa Na* ot obmrata Na/Sr mosuius B kanan A. KanueBusit #OHOOOMEH BOJIH 10 U3JHIIBK Ha TTOIO0KHUTE-
HUS 3apsi/I, KATO TOBA BOJIM JI0 MHIMPEKTHO H3MecTBaHe Ha Na', 6e3 1a ce 3acsra KomnuecTBoTo Ha Sr*. [pu HaTpue-
BUSI HOHOOOMEH ce yBelMuaBa ChAbPKAHUETO Ha HATpUil B oOmmarta Na/Sr nosunus xaro Na“ ce mo3uiuoHupa u B
kanan B, nomsnBaiiku Ca?". JlaHHWUTE, MOJTYYCHH OT CHEPTUIHO MUCIEPCHOHHATA PEHTICHOBA CIICKTPOCKOITHS H OT
CTPYKTypHaTa pa3mm@poBKa Ha MarHe3ueBo 0OMEHEH NPUPOJICH MOHOKPUCTAN OT HaxoxawMiue Mckpa, mokaspar, ue
HoHo0OMeHBT ¢ Mg?" He ce Hab/Iro1aBa, KaTo MO3KIUTA B ICHTBPA Ha ,,eonemus A kanai' 0cTaBa mpasHa.
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