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a b s t r a c t

Cubic analcime and analcime-zirconia composite with the Si/Al ratio of 2.04 and 2.16, respectively, was
synthesized by hydrothermal treatment of coal fly ash cenospheres (Si/Al ¼ 2.7) at 150 �C. The scanning
electron microscopy with energy dispersive spectroscopy (SEM-EDS), powder X-ray diffraction (PXRD),
X-ray photoelectron spectroscopy (XPS), synchronous thermal analysis (STA) methods were used to
study the morphology, composition and structure of the products. Two main types of analcime bearing
particles were obtained, such as hollow microspheres with attached analcime icositetrahedra of 5
e50 mm in size and individual analcime crystals of a narrow particle size distribution (Dm ¼ 41 mm) with
incorporated zirconia (4.8 wt% Zr). The high quality of the crystalline fractions allowed an accurate full-
profile PXRD analysis of complete analcime crystal structure and composition including anisotropic
displacement parameters of all atoms and H-positions of water molecules.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Analcime (ANA) is a natural occurring zeolite with a tetragon-
trioctahedron habit which has a typical unit cell composition of
Na16[(AlO2)16(SiO2)32]$16H2O with a Si/Al molar ratio of 1.8e2.8
[1,2]. For its synthetic analogs the Si/Al ratio varies in a more wide
range (1.5e3.0) depending on the cation nature, Si and Al sources,
and conditions of synthesis [3]. Analcime has a 3-dimensional
system of non-intersecting channels with the pore openings of
2.6 Å composed of four-, six- and eight-membered oxygen rings.
High symmetry icositetrahedral morphology of analcime crystals is
attractive for designing novel materials of a regular polyhedron
form [4e6].

Due to minimal pore entrances compared to other zeolites,
analcime is useful in separation of light gas/hydrocarbon mixtures,
e.g. H2/C3H8, based on the molecular sieving effect [7]. Synthetic
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analcimes, pure and metal (Mn, Ti, V) modified in T-positions, are
efficient in a heterogeneous catalysis, e. g. cyclohexene oxidation in
a liquid phase [8], and an ion exchange for removal of heavy metals
from wastewater [9]. Analcime is the object of some studies in
relation to the problem of nuclear waste disposal [10e14]. This
narrow-pore zeolite can be used in nuclear waste burial as a
sorptive barrier for radioactive elements because of its ability to
bind actinide cations (U4þ, Th4þ) by sorption irreversibly providing
the reliable immobilization of toxic metals [10]. The similarity of
framework topology of analcime and pollucite, (Cs1-n,Nan)(H2O)-
n[AlSi2O6] [2], is the basis of methods for incorporation of radio-
active 137Cs in ANA phases resulting in pollucite or pollucite-
analcime solid solutions [11e14].

Numerous studies are concerned with transition metal modified
(exchanged/impregnated) zeolites as precursors of aluminosilicate-
based ceramics including electronic ceramics [15] and ceramic
bodies for electromagnetic shielding [16]. Zr bearing zeolites are of
particular interest because they can be converted to refractory
zirconia-aluminosilicate ceramic materials [17] having a potential
as a chemically stable radioactive waste form [18]. Two kinds of Zr
bearing zeolite precursors can be considered, such as zeolites
modified at an atomic level by Zr4þ incorporation in T-sites or

mailto:tatiana_ver@mail.ru
mailto:ekaterina_kutikhina@mail.ru
mailto:ekaterina_kutikhina@mail.ru
mailto:leosol@icct.ru
mailto:snv@icct.ru
mailto:len.mazurowa@yandex.ru
mailto:yaninachernyh@yandex.ru
mailto:yaninachernyh@yandex.ru
mailto:anshits@icct.ru
http://crossmark.crossref.org/dialog/?doi=10.1016/j.micromeso.2017.09.011&domain=pdf
www.sciencedirect.com/science/journal/13871811
www.elsevier.com/locate/micromeso
https://doi.org/10.1016/j.micromeso.2017.09.011
https://doi.org/10.1016/j.micromeso.2017.09.011
https://doi.org/10.1016/j.micromeso.2017.09.011


T.A. Vereshchagina et al. / Microporous and Mesoporous Materials 258 (2018) 228e235 229
cation positions, and zeolite based composites with Zr bearing
matter embedded in the zeolite body. As for the analcime based
precursor, the incorporation of large Zr atoms (R ¼ 0,72 Å) in the
dense analcime lattice and extra-framework positions is hardly
probable due to the restrictions of bond lengths [1]. The Zr incor-
poration in the analcime body as a Zr bearing matter has not been
reported yet.

Traditionally hydrothermal methods are applied to synthesize
zeolites of different topologies starting from alkaline solution of
pure chemicals (e.g. sodium silicate, sodium aluminate) [19]. As it
was reported by Fang et al. [5], the lower rate of glass dissolution
compared to that of gel or fine chemicals provides large analcime
crystallites of up to 600 mm by hydrothermal treatment of sodium
aluminosilicate glass at 150e210 �C.

The cost-effective synthetic routes to analcime are based on
conversion of available natural and technogenic rawmaterials, such
as clay minerals (Si/Al ¼ 1.4) [8], coal fly ash (Si/Al ¼ 1.6) [20],
natural clinker (Si/Al ¼ 2.5e3.0) [21], quartz syenite (Si/Al ¼ 3.7)
[22], and volcanic glass perlite (Si/Al ¼ 4.6) [23]. However, most of
the sources didn't provide a high purity of the analcime product
containing the additional zeolite phases (GIS, CAN, FAU, etc.).

Recently, coal fly ash cenospheres (CFAC) were considered for
synthesis of low-siliceous zeolites without seeding and templating
as an alternative aluminosilicate source of the sphere shaped
morphology and glassy structure with the appropriate silica-
alumina composition (Si/Al ¼ 1.1e2.9) [24e26]. The CFAC proper-
ties have been found to be suitable for their use as a template core
and a Si and Al source in the zeolite synthesis. The advantage of this
approach is possibility to use CFAC of required chemical and phase
composition provided by separation of a CFAC concentrate on the
basis of differences of individual globules in size, density, and
magnetic properties [27e29]. In most cases the direct trans-
formation of the CFAC material, in dependence on reaction pa-
rameters (temperature, duration, alkaline concentration, solid-to-
liquid ratio), results in zeolitic phases of different structural types,
such as NaX (FAU, JCPDS 12e0228), NaA (LTA, JCPDS 43e0142),
NaP1 (GIS, JCPDS 40e1464), chabazite (CHA, JCPDS 12e0194),
analcime (ANA, JCPDS 19e1180), and/or hydroxysodalite (JCPDS
11e401) [25]. Among them, only zeolite NaP1 was shown to crys-
tallize as an individual phase under certain conditions
(T ¼ 100e120 �C, 1.5e2.5 M NaOH) [25,26]. As it has been noted by
Vereshchagin et al. [25], analcime crystallized at elevated temper-
atures (T > 150 �C) but detailed results on zeolite formation from
CFAC under temperatures higher than 120 �C were not reported
anywhere.

In this paper, we report the hydrothermal synthesis of analcime
and zirconia bearing analcime at 150 �C starting from CFAC with Si/
Al ¼ 2.7, characterization of their structure, composition and
morphology by PXRD, SEM-EDS, XPS and STA.
2. Experimental

2.1. Chemicals and materials

Chemicals used in this work were of reagent grade quality ob-
tained from the commercial supplier (OOO “Reactiv”, Russia) and
used without further purification.

The CFAC material used for the analcime synthesis was
fraction �180 þ 80 mm having a bulk weight of 0.38 g cm�3 and a
specific surface area of 0.2 m2 g�1 which was provided by the
separation procedure of a CFAC concentrate resulted from com-
bustion of Kuznetsk coal (Russia) at Tom-Usinskaya power plant
(Kemerovo region, Russia) as it was reported earlier [27]. Chemical
and mineral compositions of the initial CFAC material are
summarized in Table 1. A total overview of the CFAC globules is
shown in Fig. 1.

2.2. Synthetic procedures

Analcime was synthesized by hydrothermal treatment of a re-
action mixture comprising of 10 g CFAC and 133 mL 1.5 M NaOH
with 1.0 SiO2/0.18 Al2O3/0.89 Na2O/65 H2O molar composition and
liquid-to-solid (L/S) ratio of 5/1 (v/v). The reaction mixture was
crystallized in a Teflon-lined stainless steel autoclave at 150 �C for
68 h under stirring by rotation of the autoclave (30 rpm). The grey
solid phase (GS) was then washed several times with distilled
water, filtered and dried at 65 �C for 24 h. The output of the solid
calculated relative to the mass of initial CFAC was 81%. The subse-
quent separation of the GS product by particle sizes was done using
sieves with apertures of 36 mm, 71 mm, 100 mm and 224 mm. Sam-
ples GS > 224 mm, GS 100e224 mm, GS 71e100 mm, GS 36e71 mm
and GS < 36 mmwere isolated by sieving the GS product with yields
of 1.4, 49.0, 18.9, 28.5 and 2.2%, respectively.

Zirconia bearing analcime was synthesized by hydrothermal
treatment of CFAC in sodium alkaline solution in the presence of
zirconium (IV) citrate ammonium complex used as a Zr source. In a
typical synthesis, 5 g zirconium (IV) citrate ammonium complex
was added to 133 mL 1.5 M NaOH solution upon stirring at room
temperature followed by addition of 10 g CFAC resulting in the
reaction mixture of 1.0 SiO2/0.18 Al2O3/0.89 Na2O/0.15 ZrO2/65 H2O
molar composition with L/S ratio of 5/1 (v/v). The mixture was
transferred into the Teflon-lined stainless steel autoclave for crys-
tallization by heating the suspension at 150 �C for 48 h under
stirring by rotation of the autoclave (30 rpm). The white-and-grey
solid (Zr-WGS) product was separated by filtration, washed with
distilled water several times until neutral reaction of a supernatant
occurred followed by centrifuging the suspension. Two layers were
visually identified in centrifuge test tubes as white (Zr-WS) and
grey (Zr-GS) solids, each of which was recovered and then dried at
65 �C for 24 h. The outputs of the Zr-WS and Zr-GS solids calculated
relatively themass of initial CFACwas 32 and 10%, accordingly. Each
layer was additionally separated into fractions by particle sizes
using sieves with apertures of 36 mm and 71 mm resulting in sam-
ples Zr-WS <36 mm, Zr-WS 36e71 mm with yields of 29 and 71%,
respectively, and Zr-GS >71 mm, Zr-GS <36 mmwith yields of 97 and
3%, respectively.

2.3. Characterization techniques

Chemical composition of CFAC fraction was determined ac-
cording to State Standard (GOST) No. 5382-91 [30].

Powder X-ray diffraction data were collected on a PANalytical
X'Pert PRO (Netherlands) diffractometer equippedwith a solid state
detector PIXcel using Cu Ka radiation over the 2q range 12e120�.
The samples were prepared by grinding with octane in an agate
mortar and packed into a flat sample holder for the PXRD mea-
surements in the Bragg-Brentano geometry. The full-profile crystal
structure analysis was done using the Rietveld method [31] with
the derivative difference minimization (DDM) [32] refinement.

Morphologies of product particles were identified by scanning
electron microscopy (SEM) using TM-1000 and TM-3000 (Hitachi,
Japan) instruments. To study elemental composition of surfaces and
polished sections of analcime particles the SEM-EDS examination
was performed using the TM-3000 microscope equipped with the
Bruker microanalysis system including an energy-dispersive X-ray
spectrometer with a XFlash 430 H detector and QUANTAX 70
software. The polished sections of analcime particles were pre-
pared by fixing in an epoxy resin with successive grinding and
polishing with the use of STRUERS materials and equipment



Table 1
Chemical and mineral composition (wt%) of the initial CFAC material.

Elements in terms of oxides Si/Al Crystal phases Glass phase

SiO2 Al2O3 Fe2O3 Na2O CaO MgO K2O TiO2 quartz mullite calcite

67.6 21.0 3.0 0.9 2.2 1.8 2.8 0.2 2.7 3.4 0.8 0.5 95.4

Fig. 1. SEM images of the initial CFAC material: (a) CFAC globule; (b) cross-section of the CFAC wall.
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followed by the deposition of a platinum layer of ~20 nm thickness.
Analysis was carried out at an accelerated voltage of 15 kV in a
mapping mode. The data accumulation time was 10 min.

Thermal analysis was performed on a STA Jupiter 449C device
(Netzsch, Germany) under a dynamic argon-oxygen atmosphere
(20% O2, 50 mL/min total flow rate). Platinum crucible with
perforated lids was used and the sample mass taken for the mea-
surement was 16.6 mg. The measurement procedure consisted of a
temperature stabilization segment (30 min at 40 �C) and a dynamic
segment at a heating rate of 10�/min.

The particle size distribution was determined by measuring the
average diameter of particles with the use of “Msphere” software as
it was reported earlier [29]. Digital images were obtained in re-
flected and transmitted light on a Carl Zeiss Axioskop 40 (Germany)
optical microscope equipped with a Zeiss W�PI 10x/23 eyepiece
and a Canon PowerShot A640 digital camera. The diameter was
determined for each globule from the digital images processedwith
“Msphere” software. Statistical data on particle's diameters were
obtained based on the analysis of 5364 images.

Chemical composition and element states were determined by
X-ray photoelectron spectroscopy using a spectrometer SPECS
(Germany) equipped with a PHOIBOS 150 MCD9 electron energy
analyzer when exciting X-ray tube byMg Ka radiation. The analyzer
transmission energy was 20 eV for summarizing spectra and 8 eV
for individual scans. Powdered samples were immobilized at a two-
sided sticky carbon tape. Vacuum in an analytical chamber was not
worse than 1$10�9 mbar. Correction for the electrostatic recharging
of samples was introduced taking into account the position of C1s
line (binding energy is 285.0 eV) arising from the layer of hydro-
carbon contaminations. To eliminate the recharging heterogeneity,
treatment with low electrons was applied. Spectra were processed
by SpecsLab and CasaXPS software. The reference material was
ZrO2 prepared according to Trens et al. [33].
3. Results and discussion

According to SEM data, solids produced as a result of the Zr free
and Zr involving syntheses are differed by the particles morphology
and size distribution as well as the degree of conversion of the CFAC
material. Another peculiarity of the syntheses is the product out-
puts differing by two times. The low output in the Zr bearing re-
action mixture can be a result of a colloid state of a considerable
part of aluminosilicate which is hardly separated from a liquid
phase.

The general feature of the syntheses is that zeolite analcimewas
the single zeolite phase identified in both products by PXRD. The
detailed comparison of two analcime bearing products by their
morphology, composition and structure are presented in later
sections.
3.1. Morphology and composition of analcime particles

SEM images of typical particles occurred in different GS fractions
of the Zr free synthesis product are shown in Fig. 2. The main types
of particles entering the GS > 224 mm and GS 100e224 mm fractions
are microsphere-like hollow globules and their fragments with
partial icositetrahedral crystals of zeolite analcime [2] attached to
external and internal surfaces (Fig. 2 a, b). The dimensions of the
outside analcime crystals vary in a wide range - from 3 to 5 mm to
30e50 mm, the smaller analcime particles of 1e10 mm being located
inside the broken microspheres. The content of the intact analcime
bearing globules is considerably lower in the GS 71e100 mm and GS
36e71 mm fractions which include predominantly fragments of
broken CFAC with attached analcime crystals, agglomerates of
semi-crystals and twinned crystals (Fig. 2 c). The single analcime
particles of less than 36 mm get together in the GS < 36 mm fraction
(Fig. 2 d) but their content is rather small and does not exceed
2.2 wt%.

Thus, based on the SEM observation one can conclude that
under conditions of synthesis the growth of analcime crystals takes
place preferably at the CFAC surface.

The SEM-EDS of the analcime crystals gave an atomic ratio of
about 1.1 Na/1.9 Si/1.0 Al within the range of the Si/Al ratio of the
zeolite analcime [1].

As for the Zr involving synthesis, the SEM study of Zr-WS and Zr-
GS products has shown that the Zr-WS product includes only par-
ticles of a tetragon-trioctahedron habit being typical of zeolite
analcime crystals (Fig. 3 a, b) [2]. All the crystals can be



Fig. 2. SEM images of analcime bearing particles resulted from the Zr free synthesis: (a) analcime bearing globule; (b) broken microsphere filled with analcime particles; (c)
twinned analcime crystal; (d) single analcime crystals.
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characterized as icositetrahedra (211) with 24 identical facets of a
cubic symmetry which belongs to the cubic m3m point group [34].

Analcime-bearing CFAC globules were revealed in the fraction
Zr-GS >71 mm (Fig. 3 c) giving rise to analcime semi-icositetrahedra
having an attached piece of the mother CFAC material in its base
(Fig. 3 d). The halved analcime particles are concentrated in the
fraction Zr-WS<36 mm and fractions Zr-GS (Zr-GS 36e71 mm; Zr-GS
<36 mm), the later ones being enriched in partially dissolved CFAC
glass fragments. It can be supposed that the presence of the halved
analcime particles together with analcime crystals of a perfect
intact morphology would be due to two routes of analcime for-
mation, such as the crystal growth both in the reaction solution and
on the CFAC surface. The hydrolyzed forms of zirconium salt
occurring in the alkaline reaction mixture are likely to be the pri-
mary nuclei of crystallization.

As shown in Fig. 4, the intact analcime particles are character-
ized by the narrow size distribution with maximum at 41 mm.
Analcime crystals with dimensions of 38e43 mm predominate in
the Zr-WS product with their content of about 70% and are themain
part of the fraction Zr-WS 36e71 mm. Particles measuring more
than 71 mm were not found. The fraction Zr-WS<36 mm consists of
19e36 mm particles, among them both intact icositetrahedra and
semi-icositetrahedra were detected. It can be proposed that for-
mation of large analcime crystals of the narrow particle size dis-
tribution in the presence of hydrolyzed Zr forms are controlled by
the ratio of two parameters, such as the release rate of silicate and
aluminate species by dissolution of CFAC glass and the rate of
crystal growth on the Zr species achieved under the reaction
conditions.

The SEM-EDS of polished cross-sections of individual analcime
particles gave an atomic ratio of about 1.0 Na/2.1 Si/1.0 Al which is
close to that of the Zr free analcime. The presence of Zr matter
inclusions in the bulk of the analcime crystals is supported by the
SEM-EDS measurements of local concentrations of elements over
analcime crystal cross-sections which are differed by the Zr content
(Fig. 5a, Table 2, Fig. S1). Zirconium species are visible as contrast
white spots on facets of analcime icositetrahedra, surfaces of all
analcime bearing particles and in the bulk of crystals (Figs. 3 and 5).
The average Zr content in the analcime particles was about 4.8 wt%.

According to the XPS data, the local charges of Zr atoms found in
the analcime crystals (Zr-WS 36e71 mm) and Zr atoms being part of
zirconia are close (Fig. 6) indicating that the most probable state of
zirconium occurred in the Zr bearing analcime (Zr-ANA) is zirconia.

As shown in Fig. 7, the thermal conversion of Zr free analcime
particles (GS 100e224 mm) includes two stages. The first broad
endothermic DSC peak with the substantial mass loss is situated at
100e460 �C (Tm ¼ 365 �C, total mass loss Dm ¼ 8.06 wt%) and is
accompanied by the parallel increase of intensity of m/z¼ 18 (H2O)
ion due to water elimination. An incomplete cenosphere-to-
analcime transformation is a reason for a reduced mass loss
compared to the theoretical water content of 8.17 wt%. The second
exothermic peak is observed at 790e880 �C (Tm ¼ 797 �C). The
absence of mass change at this temperature interval suggests that
the exo-effect is caused by the solid state transformation (re-crys-
tallization) of analcime. A similar temperature interval of water
elimination is observed for Zr-analcime (Zr-WS 36e71 mm), the Zr
species inclusions in the analcime crystals can be a reason for a
reduced mass loss (Dm ¼ 7.87 wt%). There was no pronounced
exothermic effect found at 797 �C but the PXRD analysis of Zr-
analcime calcined at 900 �C revealed ZrO2 and nepheline phases
in the calcination product (Fig. S2) so the observed broad peak at



Fig. 3. SEM images of Zr-analcime and Zr-analcime bearing particles: (a, b) analcime icositetrahedra; (c) analcime-bearing microsphere particle; (d) semi-icositetrahedron grown on
the CFAC surface.

Fig. 4. Particle size distribution for analcime fraction Zr-WS.

Fig. 5. SEM (a) and BSE (b) images of the Zr-analcime polished cross-section: (a) with desig
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about 800e840 �C can be also assigned to the Zr-analcime re-
crystallization.
3.2. Crystal structure of analcime and Zr-analcime

In order to assess the influence of Zr on the structural charac-
teristics of analcime phase crystallized in its presence, a full-profile
PXRD crystal structure analysis was carried out for both pristine
and zirconia-incorporated analcime samples. It should be noted
that detailed and reliable PXRD analysis of analcime crystal struc-
ture and composition presents a challenging task. The cations,
vacant sites and water molecules in an approximately cubic crystal
lattice of analcime are distributed statistically, giving rise to local
symmetry variations and distortions (displacements) of atomic
positions. Refinement of such crystal structures requires a complete
model including the anisotropic displacement parameters of all
nation of the analysis points; (b) Zr distribution map over cross-section of the crystal.



Table 2
Local elemental composition of Zr-analcime particles according to the SEM-EDS
data.

No.* Content, wt%

O Si Al Na Zr

1 49.0 25.0 11.7 11.4 2.9
2 47.7 24.3 11.8 10.4 5.8
3 47.9 26.6 11.0 10.1 4.4
4 46.9 26.7 12.5 9.5 4.4
5 46.3 26.2 12.4 10.0 5.1
6 44.2 26.8 13.3 9.5 6.2
7 50.4 24.0 11.8 10.0 3.8
8 47.6 26.8 13.1 10.4 2.1
9 50.8 23.8 11.5 11.1 2.8
10 48.5 25.1 11.6 9.9 4.9
11 47.9 25.9 11.7 9.4 5.1
12 49.3 26.0 12.5 9.3 2.9
13 46.2 25.4 10.9 9.4 8.1
14 47.3 26.8 11.2 9.1 5.6
15 47.5 27.2 11.0 9.2 5.1
16 46.7 26.4 11.2 9.5 6.2
17 49.1 26.4 10.8 9.1 4.6

* As in Fig. 5a.

Fig. 6. XPS patterns of Zr 3D doublet in Zr-analcime and zirconia.

Fig. 7. DSC (1,2) and TG (3,4) curves of the thermal transformation of analcime par-
ticles (1,3) and Zr-analcime (2,4) in a dynamic argon-oxygen atmosphere 20% O2-Ar,
10�/min.
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atoms and precise H-positions related to water. The anisotropic
parameters and some hydrogen-related positions for cubic anal-
cime were derived in a single-crystal neutron diffraction study of a
mineral analcime [35]. However, as the authors of [35] noted, the
resulted H-positions were not realistic since none of the H-O-H and
Na-O-H angles accorded reasonably with the normal geometry of
the Na-coordinated water molecules. In the present study, com-
plete crystal structures of the analcime samples were refined using
the DDM method that has been proven to provide detailed and
reliable structural information from powder diffraction data
including the anisotropic displacement parameters and positions of
H-atoms [36e38].

A comparison of observed and calculated PXRD patterns for both
samples is presented in Fig. 8. The refined compositions, lattice
parameters and experimental details are summarized in Table 3.
The atomic coordinates, site occupancies and anisotropic
displacement parameters are available in the crystallographic in-
formation files (CIFs) from the supplementary material.

An ellipsoid plot of analcime crystal structure refined by DDM is
compared in Fig. 9 with that resulted from the single-crystal
neutron diffraction [35]. As seen, the shapes of atomic
Fig. 8. Observed (top), calculated (mid), and difference (bottom) PXRD profiles after
DDM crystal structure refinement of (a) analcime and (b) Zr-analcime.



Table 3
PXRD experimental details.

Analcime Zr-Analcime

Crystal data
Chemical formula Na0.986(Al0.986Si2.014O6)(H2O)0.977 Na0.95(Al0.95Si2.05O6)(H2O)0.946
Space group Ia-3d Ia-3d
Lattice parameter (Å) 13.7319 (4) 13.7219 (4)
V (Å3) 2589.4 (2) 2583.7 (2)
Z 16 16
Temperature (K) 298 298
Radiation type Cu Ka Cu Ka

Refinement
R factors and goodness of fit RDDM ¼ 0.056, Rexp ¼ 0.021,

RBragg ¼ 0.018, R(F) ¼ 0.020,
c2 ¼ 2.646

RDDM ¼ 0.075, Rexp ¼ 0.033,
RBragg ¼ 0.018, R(F) ¼ 0.015,
c2 ¼ 2.265

Fig. 9. Ellipsoid plot of analcime crystal structure determined from (a) PXRD and (b) single-crystal neutron diffraction [35].

Table 4
Selected geometric parameters of analcime structure (Å, �).

Analcime
SidO1 1.6439 (5) NadO2 2.4275 (1)
SidO1i 1.6411 (5) O2dH 0.85 (5)
NadO1 2.5186 (5)
O1dSidO1ii 105.20 (4) O1dNadO1v 174.89 (2)
O1dSidO1i 111.20 (2) O1dNadO2 92.553 (11)
O1dSidO1iii 111.14 (3) O1dNadO2vi 87.447 (11)
O1idSidO1iii 107.03 (4) NadO2dHvii 105 (4)
O1dNadO1ii 62.46 (2) NadO2dHviii 112 (4)
O1dNadO1iv 117.79 (2) HdO2dHv 102 (7)

Zr-Analcime
SidO1 1.6421 (4) NadO2 2.4257 (1)
SidO1i 1.6394 (4) O2dH 0.86 (3)
NadO1 2.5187 (4)
O1dSidO1ii 105.30 (3) O1dNadO1v 174.972 (17)
O1dSidO1i 111.160 (17) O1dNadO2 92.514 (8)
O1dSidO1iii 111.03 (2) O1dNadO2vi 87.486 (8)
O1idSidO1iii 107.23 (3) NadO2dHvii 113 (3)
O1dNadO1ii 62.434 (18) NadO2dHviii 102 (3)
O1dNadO1iv 117.815 (18) HdO2dHv 105 (5)

Symmetry codes: (i) z-1/4, -yþ1/4, -xþ3/4; (ii) -xþ1/4, z-1/4, yþ1/4; (iii) -zþ1/2,
-xþ1/2, -yþ1/2; (iv) x, -y, -zþ1/2; (v) -xþ1/4, -zþ1/4, -yþ1/4; (vi) -yþ1/4, x-1/4, zþ1/
4; (vii) y, z, x; (viii) z, x, y.
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displacement ellipsoids are perfectly reproduced for both re-
finements, emphasizing the accuracy of DDM. The ellipsoid plot
shows that the water molecules are strongly disordered in the
structure, which could be one of the reasons for the problematic
location of H-positions in the neutron diffraction investigation [35].
In the DDM analysis, the displacement parameters of hydrogen
atom were constrained with those of respective oxygen atom,
which allowed a stable free refinement of H-coordinates without
geometric restraints and gave reproducibly normal O-H distances
as well as H-O-H and Na-O-H angles for both samples under
investigation (Table 4).

The occupancies of Na and water sites were refined indepen-
dently and the Si/Al ratio was determined from the resulted Na
content in the structures giving the values of 2.04 and 2.16 for
pristine analcime and Zr-analcime samples, respectively, which
were close to those determined by the SEM-EDS (1.9 and 2.1). The
revealed difference in the Si/Al ratios can be explained by different
concentrations of sodium aluminate species in the reaction mix-
tures formed as a result of dissolution of CFAC aluminosilicate glass
with participation of NaOH. In the case of the Zr involving syn-
thesis, the zirconium salt added into the sodium alkaline solution is
hydrolyzed resulting in [ZrOx(OH)4�2x$yH2O]n [39] and decreasing
the concentration of active OH� groups and, accordingly, NaAlO2.
The change of NaAlO2 content in the alkaline solution of the lower
NaOH concentration can be due also to kinetic factors of dissolution
of CFAC glass which is inhomogeneous in chemical composition
and contains regions enriched in Si, Al or other elements [40].
XRD peaks of ZrO2 were not observed for the analcime-zirconia
composite. A broad amorphous scattering between 20 and 40�

2Theta in Fig. 8b suggests that ZrO2 is essentially amorphous in the
sample.
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Thus, as it is shown by the detailed PXRD analysis, the crystal
structures and compositions of analcime resulted from both syn-
theses are close with a minor variation in the Si/Al ratio.

4. Conclusions

For the first time, analcime of a cubic structure with the Si/Al
ratio of around 2.0 was synthesized as a single zeolite phase under
hydrothermal conditions at 150 �C starting from CFAC with Si/
Al ¼ 2.7 as a Si and Al source. The microsphere particles with
attached analcime crystals of 5e50 mm in size are the main product
of the synthesis. In the presence of zirconium salt, analcime icosi-
tetrahedral crystallites with the Si/Al ratio of 2.16 and Zr content of
4.8 wt% are generated. Growth of identical Zr-analcime crystals
with the narrow particle size distribution (Dm ¼ 41 mm) takes place
in the bulk of the reaction mixture and is likely to be controlled by
the ratio of two parameters achieved under the reaction conditions,
such as the release rate of silicate and aluminate species by disso-
lution of CFAC glass and the rate of crystal growth with participa-
tion of hydrolyzed Zr species which do not affect the zeolite
topology but promote nucleation of zeolite. The crystal structures
and compositions of analcime resulted from both syntheses are
close with a minor variation in the Si/Al ratio. Zr atoms do not enter
the zeolite structure as T-atoms or extra-framework cations but are
the part of zirconia captured by the analcime crystals in the process
of their growth. Refinement of complete crystal structures of the
analcime samples using the DDM method provided detailed and
reliable structural information from powder diffraction data
including the anisotropic displacement parameters and positions of
H-atoms.

The proposed sustainable approach to the synthesis of analcime
based materials favours their application in different industrial
fields, first of all, as sorbents of actinides and mineral-like matrices
of ANA topology in 137Cs nuclear waste disposal.
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