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Structural study of Tl-exchanged natural clinoptilolite
using Rietveld refinement
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This study presents the exchange of thallium cations in the clinoptilolite channels. Used material is clinoptilolite
tuff from Beli Plast deposit, Bulgaria. Fully exchanged thallium forms of HEU—type zeolites have not been reported so
far. Here, the ion exchange procedure was performed at 90 °C with IN solution of TINO, for 3 days. The EDS analysis
detected major thallium content and small amounts of Ca and Mg. Structural details obtained by PXRD Rietveld re-
finement reveal thallium positions in the three channels of clinoptilolite microporous structure. Thus, thallium cations
are located in three sites: T11, (TI2 and TI12' — close to each other), and TI3 in the channels. Site T11 is in the 10-mem-
ber ring channel A and is occupied by 0.78 TI cations. This position is shifted towards the centre in comparison with
the original sodium position in the channel A. Site T12 is in the centre of the §-member ring channel B, where H,O
molecule usually stays and is occupied by 1.18 Tl cations. A small amount of T1 cations (0.72) are located in site T12'
close to TI2 (distance — 2.42 A). Site TI3 with occupation of 2.80 TI cations is in the 8-member ring channel C near

to the original potassium position.
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INTRODUCTION

The mineral group of natural zeolites has a poten-
tial for large application and also it is of great interest
for crystal-chemical studies related with porous ma-
terials [1-3]. The ions exchange is among the impor-
tant and promising peculiarities of the zeolite porous
structure [4]. The spectrum of applications of these
minerals covers various branches of industry, ecol-
ogy, medicine [5-10]. In the exchange process the
cations are replaced one another and the incoming
ones are integrated and adjusted themselves in vari-
ous positions into the channel systems. The modified
zeolites commonly retain unaffected their micro-
porous structures. The ion-exchanging process in
zeolites is typically carried out by replacing Na*, K,
and Ca?" with different ions, such as Ag*, K*, Cs*
and Sr?*, etc [11-13]. One of the main methods of
purification of toxic and radioactive waste is adsorp-
tion deactivation. The most abundant and effective
natural zeolite which is used for toxic and radioac-
tive waste-treatment is clinoptilolite. Clinoptilolite
has been a focus of researchers for its applications

* To whom all correspondence should be sent:
Email: Louiza.Dimova@gmail.com

in environmental protection, chemical and other in-
dustries because it is stable up to ~650—700 °C and
more, and remains unaffected over a wide pH range
[14, 15]. Clinoptilolite also has a great potential to
keep in its structure toxic and radioactive elements.
Different ion-exchanged clinoptilolites are obtained
and studied so far [16—23]. Thallium is an extremely
toxic metal which contaminates soils and is readily
taken up by plants [24]. Fully exchanged thallium
forms of HEU—-type zeolites have not been reported
so far. Detailed description of thallium positions is
reported for ZSMS [25].

The purpose of the present study is to perform
structural investigation on the distribution of T1 cat-
ions in the structure of ion-exchanged clinoptilolite
in order to consider the potential of this zeolite for
collector of dangerous polluting cations like T1" and
to provide additional crystal-chemical information
about the ion-exchange properties of clinoptlolite.

EXPERIMENTAL

The used material is clinoptilolite from Beli
Plast deposit, East Rhodopes, Bulgaria.

Ion exchange: 1 g of clinoptilolite, 50 ml 1IN
TINO, solution were placed in a Teflon autoclave
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and heated at 90 °C for 3 days. The autoclave was
shaken 5 times daily and the solution of 1N TINO,
was renewed every day. The Tl-exchanged material
was filtered, washed with distilled water (6x200 ml)
and dried at room temperature. This Tl-exchanged
clinoptilolite was labeled as Tl-cpt.

The chemical composition of natural clinoptilo-
lite was obtained by Inductively Coupled Plasma
optical emission spectroscopy (ISP-OES) on a Vari-
an Vista MPX CCD.

The chemical composition of Tl-cpt was deter-
mined by EDS microanalysis using a ZEISS SEM
LS 25 equipped with an EDAX Trident system. The
material under study was preliminary pressed into
pellet and then coated with carbon. Series of area
EDS analyses were performed in a scanning area
regime at acceleration voltage of 15 kV. Sanidine
(for Al and Si), diopside (for Ca and Mg), hema-
tite (for Fe) were used as standards. There was a
problem to find appropriate standard for thallium.
In this study, the pure intensity for TIMa line in the
standard file was calculated using linear approxi-
mation (R>=0.99) of the relationship between the
pure intensity of Ma line and atomic number of the
neighbour to Tl elements in the periodic table - Au,
Hg, Pb and Bi. For these calculations, preliminary
measurements of intensity of AuMa, HgMa, PbMa
and BiMa lines were carried out in metal Au, cin-
nabar (HgS), galena (PbS) and bismuthinite (Bi,S,),
respectively.

The obtained analyses were normalized to 100%
in view of the uncertainty of water content as deter-
mined by the applied method. Then, the obtained

compositions were averaged into one average nor-
malized composition which was further used for
processing of X-Ray diffraction data and structural
refinement of Tl-cpt.

Powder X-ray analyses: Powder X-ray diffrac-
tion (PXRD) data were collected at room tempera-
ture on a PANalytical X’Pert MPD diffractometer
equipped with a Cu X-Ray source (40 kV/40 mA)
and an X’Celerator detector. Automatic divergence
slits and 0.02 radian soller slits were used. Patterns
were collected from 5 to 80° 26 with a step size of
0.016° 26/step at 5 s/step.

The Rietveld method was applied for structural
refinement of the sample Tl-cpt. The unit-cell pa-
rameters and the atomic coordinates of extra frame-
work cations and H,0 molecules were refined using
Bruker AXS Topas v. 4.0 [26] suite of programs.
The background was fitted by a Chebyshev poly-
nomial with 20 coefficients and the pseudo-Voigt
peak function was applied for peak modelling. The
refinement was conducted with the clinoptilolite
structural model of ICSD #37061 [27]

RESULTS AND DISCUSSION

The comparison between natural clinoptilolite
powder pattern and Tl-cpt (Fig. 1) reveals that the
intensity change of the 020 reflection decreased
and approached a negligible value. The line 020 is
the most influenced one by cation exchange as it
was discussed by Petrov 1995 [28]. The lowering
of {F(020)}? can be achieved if clinoptilolite under-
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Fig. 1. PXRD patterns of natural (down) and Tl-exchanged clinoptilolite (upper).
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goes ion exchange with heavy cations. It was calcu-
lated that Tl exhanged cations lower the peak 020
toward zero value of the intensity. Due to the incor-
poration of Tl cations in the channels other notable
differences in intensity of peaks are also observed
in the pattern like 001, 311 and 402 which decrease
(peaks become invisible), while 130, 021, 111, 040,
201, 331, 420 and others increase their intensity.

The obtained chemical formulae for natural
clinoptilolite using ICP OES data is:

(Na023cal483K1A52Mg0A46)A16,3 lFeOAO7Si29A6SO72 x 20 HZO

The EDS analysis shows the following compo-
sition of the Tl-exchanged clinoptilolite (in wt.%,
normalized to 100% without water): SiO, — 44.94,
AlO, — 11.64, CaO - 0.90, T1,O0 — 42.00, MgO —
0.20, Fe,O, — 0.32. This composition gives the fol-
lowing crystal chemical formulae of the phase:

(T15447ca0.44Mg0A 14)FeO. 1 1A16A328i2957072 XHZO‘

There is a possibility that Mg and Fe are related
to mechanical inclusions of other phases. Exclusion
of these elements gives the following formulae of
the Tl-exchanged clinoptilolite:

(T15.49ca0A44)A16.34Si29,66072 XHZO‘

Thus the intensity changes in the PXRD pattern
of Tl-cpt and EDS analysis shows that Tl cations
almost fully exchange the original cations in clinop-
tilolite channels.

The structural refinement of clinoptilolite for
sample Tl-cpt was performed in several consecutive
stages. The first stage of refinement used Tl cati-
ons in the extra-framework positions of the model.
The framework atomic coordinates were kept fixed.
During the next stage of the refinement the extra-
framework atomic coordinates were refined and
were gradually adjusted to the occupancy obtained
from the running refinement and the chemical data.
Then, H,O sites were located and their coordinates
and occupancies were also refined. Several times
extra-framework and H,O positions (atomic coor-
dinates) and occupancies were refined and fitted to
the experimental data. During the final stage of the
refinement isotropic displacement parameters are
also refined: first framework positions, then cations
and H,O molecules.

The sites, Wyckoff positions, atomic coordi-
nates, occupancies and isotropic displacement pa-
rameters for sample Tl-cpt are listed in Table 1.

The reliability factors and a difference plot
showed good agreement between the experimental
data and the refined model (Fig. 2, Table 2).

Table 1. Sites, Wyckoff positions, atomic coordinates, occupancies and isotropic displacement parameters Tl

exchanged clinoptilolite sample Tlcpt

Site Wp X y z Atom Occ. Biso.
Tl 8j 0.1794 0.1686 0.0978 Si* 1 1.4(3)
T2 8j 0.2146 0.4108 0.5063 Si*t 1 1.5(3)
T3 8j 0.2083 0.1912 0.7161 Si*t 1 1.3(3)
T4 8j 0.0668 0.2983 0.4176 Si*! 1 1.5(4)
T5 4g 0 0.2173 0 Si*t 1 1.6(3)
(0] 4 0.1981 0.5 0.4565 o~ 1 1.1(3)
02 8j 0.2330 0.1213 0.6144 o~ 1 1.7(6)
03 8j 0.1882 0.1535 0.8902 o~ 1 1.8(4)
04 8j 0.2304 0.1008 0.2473 o~ 1 1.6(4)
05 4h 0 0.3257 0.5 o~ 1 1.5(3)
06 8j 0.0805 0.1614 0.0499 o~ 1 1.8(5)
07 8j 0.1226 0.2296 0.5515 o~ 1 1.8(5)
08 8j 0.0142 0.2709 0.1891 o~ 1 1.7(6)
09 8j 0.2153 0.2492 0.1928 o~ 1 1.8(4)
010 8j 0.1208 0.3708 0.4225 o~ 1 1.8(6)
Tl1 4i 0.548(1) 0 0.182(2) T 0.194(3) 1.5(6)
TI2 2d 0 0.5 0.5 T 0.593(4) 1.4(5)
TI2® 4i 0.515(2) 0 0.190(2) T 0.180(4) 2.4 (3)
TI3 4i 0.229(3) 0 0.310(2) T 0.701(3) 1.1(3)
012 4i 0.412(2) 0.5 0.287(2) o~ 1.003(5) 2.6(4)
013 8j 0.430(3) 0.085(3) 0.106(3) o~ 0.501(2) 2.2(5)
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Fig. 2. PXRD difference plot of TI clinoptilolite.

Structure description and crystal-chemical
features of Tl-cpt

Three cationic positions are located in the chan-
nels of sample Tl-cpt, namely TI1, TI2 (T2 and
TI2" are close to each other) and TI3 (Fig. 3, Fig. 4).
Position TI1 is in the 10-member ring channel A.
This position is shifted toward the centre of the
channel in comparison with sodium positions (M1)
[29] in the clinoptilolites. The occupation is 0.78 Tl

Table 2. Agreement factors space group and unit cell parameters

of Tl-cpt
R, 6.59 SG C2/m
R,, 7.84 a[A] 17.696(1)
R, 5.78 b[A] 17.949(1)
R, 4.01 A 7.412(1)
GOF 1.19 BT 116.224(2)
DW 1.12 VA] 2112.1(2)

Fig. 3. The tetrahedral framework, positions of cations and H,O molecules in channel A and B of Tl-exchanged clinoptilolie.
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Fig. 4. The tetrahedral framework, positions of cations and H,O molecules in channel C of Tl-exchanged clinoptilolie.

cations per unit cell. The distances between Tl po-
sitions and H,O molecules as well some of frame-
work oxygen positions are represented in Table 3.
The H,0O molecule named O12 (4 molecules per
unit cell) coordinate TI1.

Position TI2 takes 1.18 TI* per unit cell and lo-
cates in the centre of channel B where H,O mol-
ecule usually stays [29]. The H,0O molecules in
appropriate distance O13 coordinate position TI2.
Small amounts of T1* 0.72 per unit cell are detected
in site TI2' close to TI2 (at a distance of 2.42 A)
and mutual occupation of T12 and T12' is forbidden.
Position T12’ is coordinated by framework oxygens
Ol and O10.

Comparison of ion-exchanged zeolites is impor-
tant both from fundamental point of view sorption

(structural modification) and utilization properties
(sorption of polluting cations in nature). In the case
of Cs exchanged clinoptilolite in channel B, Cs
cations are located almost close to the centre [30,
31], or just in the centre [32]. Thallium and cesium
are large monovalent cations and they tend to show
similarity when occupy the channel B.

Position TI3 is near to site M3 [29] (channel C)
where potassium is usually situated and it is the
most occupied by thallium cations (2.1 per unit cell)
position. Position T13 is coordinated by H,O mol-
ecules in positions O12 and O13 (amounting 4 mol-
ecules per unit cel).

The Tl-cpt formula obtained by the refinement is:

(T1545C30442 )Al6.3SSi29,65072 x8.1 HZO

Table 3. Selected bond distances between positions of thallium cations, H,0 molecules and

framework oxygen

Atoml Atom2  No d(A) Atoml Atom2  No d(A)
T T Ix 253924) T o1 Ix  2956(28)
012 Ix  2.953(43) 010  2x  2.999(34)
06 2x 3.155(23) 013 2x 3.162(58)
TI2 Ti2' 2x 2.426(22) TI3 012 1x 2.942(30)
013  4x  3.03538) 013 2x  2.961(54)
05 2x 3.128(31) 03 2x 3.053(32)
TI2' 013 2x 2.042(49) 04 2x 3.058(29)
T2 Ix  242525)  OI3 08 Ix  2.906(38)
TI2® 1x 2.628(39) 013 1x 3.062(68)
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CONCLUSIONS

Ion exchange of thallium cations in the clinop-
tilolite channels is studied on clinoptilolite from
Beli Plast deposit, Bulgaria. The exchange pro-
ceeds almost totally — 5.5 TI* replace about 90%
of the original cations in the channels of clinoptilo-
lite. Structural details obtained by PXRD Rietveld
refinement reveal thallium positions in the three
channels of clinoptilolite microporous structure.
Thallium cations are located in three sites: TI1 (in
channel A), TI2 and TI2' in channel B, and TI3
in channel C. Such structural investigation on the
distribution of Tl cations in the structure of ion-
exchanged clinoptilolite is important to consider
the potential of this zeolite for collector of danger-
ous polluting cations like TI" and to provide addi-
tional crystal-chemical information about the ion-
exchange properties of clinoptlolite towards large
monovalent cations.
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CTPYKTYPHO U3CJIEABAHE HA TI-OBMEHEH ITPMPOJAEH KJIMHOIITUJIOJIUT
C U3IIOJI3BBAHE METOJIA HA PUTBEJI/]

JI. T. Aumoga*, O. E. Ilerpos, M. I1. Tapacos, M. K. Kanuiicku

! Unemumym no Munepanoeus u Kpucmanoepagus, bvieapcka Akademus na Hayrxume,
yia. ,,Akao. I'eopeu Bonues ™, 6n. 107, Cogpus 1113, bvreapus

IToctbnuna okromBpu, 2016 r.; npuera nexemspu, 2016 .
(Pestome)

W3cnenBan e 0OMEH Ha TaJMEBU KATUOHH B KaHAJIMTE Ha KIMHONTWIONUTOBATA CTPYKTypa. V3non3BanusT mare-
pHai € KIMHONTUIIONHUT OT Haxoauile ,,.benn ruact®, bbearapus. Jlanau 3a HaNbJIHO OOMEHEHU Ha Tanuii GopMu OT
HEU—THIT 3¢0/THTH He ca cho0IaBany gocera. MonuusT odMen e nposeaes npu 90 °C, ¢ u3nomssane Ha 1N pa3tBop
Ha TINO, B npoxbkenue Ha 3 nuu. Ilpu EDS ananu3a € ycTaHOBEHO 3HAYMTEIHO KOJIMYECTBO TAJIUH U MAJIKU Chb-
nbpxanns Ha Ca u Mg. CTpykTypHUTE AaHHU ca yTouHeHH upe3 PXRD mo merona Ha PutBenn. AHanu3bT mokasa
TaJIMEBUTE MO3UIMH B TPUTE TUMA KaHAJIH Ha KIMHONTUIOIUTOBATa MUKPOIIOpeCcTa CTPYKTypa. TanueBure KaTHOHU
ca pasznonioxkenu B Tpu nozunmu: TI1, (T12 n TI2' 6am30 eqna no npyra) u T13. [Mozunms T11 e B kanan A, usrpaaeH
ot 10-unennu npberenu U e 3aeta ot 0.78 Tl katnonu. [Ipu cpaBHeHHe ¢ HaTpreBaTa MO3UIMs (KaHal A) B IPUPOJ-
HUTe KinHonTHiIonuTH, T11 ce n3mecTBa B mocoka KbM LeHThpa Ha kaHaua. [lo3unus TI2 e B neHTbpa Ha kaHan B,
U3rPajICH OT 8-uJICHCHHU MPHCTCHH, KbICTO OOMKHOBEHO 3aCTaBa BOJIHA MOJICKyJa, U ¢ 3acta oT 1.18 Tl katuonu.
Manko kosnuuectso ot Tl katuonu (0.72) ce Hamupa B nonoxenue T12', 6nuso 10 nosumus TI2 (pascrosuue — 2.42 A).
[Mozunus TI3 e cbe 3aeroct 2.80 Tl katronu. Tst e B kanan C, U3rpajieH oT 8-wIeHeHHU NPBCTEHN U ce Hamupa 01130
JIO KaJreBaTa MO3UIHs IPU MPUPOIHUTE KINHONTHIIONUTH.
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