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ABSTRACT

Synthetic zeolites have been produced from a variety of natural silica-rich rocks including vol-
canic glasses, such as perlite and pumice. The Zeolite studied in this work has been synthesized
from perlite and expanded perlite fines. Detailed powder X-ray diffraction studies determined it as
Zeolite A. In early studies the structure of Zeolite-A was described with a cubic cell with a=12.3 A
and space group Pm-3m. However the observation of the (531) reflection indicates that a F lattice
with a larger cell of 24.60 A gives a more accurate description. Two end products were studied on
the basis of the degree of crystallization of the parent gels to zeolite A . One end product was char-
acterized by total conversion of the incipient gel to zeolite A with high degree of crystallinity,
whereas in the second a substantial amount of the original gel did not crystallize out and zeolite A
coexisted with amorphous material. The former resulted from gels with SiO2/Al,03 molar ratio 2:1
and 5 hours reaction time and the latter from gels with SiO./Al,0; molar ratio of 2.5:1 and 3 hours
reaction time. The X-ray powder diffraction data recorded from the former sample were used for
the analysis of the crystal structure of zeolite A and the final model was refined by the Rietveld
method.

I INTRODUCTION

Zeolites have been utilized successfully by the chemical industry and in environmental protec-
tion, because of their physical and chemical properties, which include molecular sieving, adsorbing
and cation exchange capacity. Synthetic zeolites have been produced from a variety of natural sil-
ica-rich rocks including volcanic glasses, such as perlite and pumice. Zeolite A was first synthe-
sized in commercial quantities by Linde Co in 1956 (Breck, 1974). Giordano et al. (1987) proposed
the formation of high added value zeolite A from pumice. Christidis et al. (2002) synthesized zeolite
A from perlite and expanded perlite fines. The zeolite A produced from this work was utilized in the
present study.

2 EXPERIMENTAL

2.1 Synthesis

Details for the synthesis are given by Christidis et al. (2002). The synthesis of the studied mate-
rial was carried out in two steps. In the first step the perlite, which consisted principally of volcanic
glass (>95%), quartz, acidic plagioclase and biotite, and had a SiO2/Al;03 molar ratio 9.12, was
treated with NaOH in an inconel autoclave (Parr Instruments) at 120°C for 2 hours. The resulting
liquid was polymerized using various amounts of sodium aluminate producing gels with SiO2:Al,03
molar ratios ranging between 1.75:1 and 2.5:1. The gels aged under continuous stirring for 16
hours at room temperature. The synthesis of zeolite A was carried out at 95 + 2°C without stirring.
Two end products were selected for detailed study of their crystal structure on the basis of the de-
gree of crystallization of the parent gels to zeolite A.
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2.2 X-ray diffraction

X-ray powder diffraction data were collected with a D500 SIEMENS diffractometer employing
CuKa radiation and a secondary beam graphite monochromator. The measured 2 theta range (20—
90°) was scanned in steps of 0.03° with a counting time of 6 s/step. This 2 theta range was used for
the Rietveld refinement. The aperture and the soller slits were set at 1.0°.

3 RESULTS AND DISCUSSION

In figure 1, the phase diagram for different SiO2/Al,0s molar ratios in the starting gels are
shown. According to this, in the end product studied the Zeolite A phase dominates because the
Si02:Al03 molar ratio in the starting gels was less than 3. For gels with SiO2/Al,O3 ratios greater
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Figure-1. Phase diagram as a function of time for the different Si/Al molar ratios

than 3:1 (or Si/Al >1.5) the end products contain the Zeolite X phase plus a glass phase (as indi-
cated by G in figure 1). These results are consistent with the dependence, of the crystalline form of
the Zeolite produced, on the Si /Al molar ratio. Zeolite-A, Zeolite-X and Zeolite-Y belong to the
same family of Zeolites concerning the crystallographic units needed to build their structures
(Smart & Moore 1992). In figure 2 the framework structures of these three types of Zeolites are
shown. The basic building polyhedron is the truncated octahedron (Fig. 2 a) which according to Fe-
dorov is one of the five space filling polyhedra (Smith 1982). The corners of this polyhedron are oc-
cupied by Al or Si atoms and the middle of the edges by an oxygen atom. So, the primary building
units of all these structures are [AIO4]* or [SiO4]* tetrahedra. The Si or Al tetrahedra are linked by
corner sharing and form the four and six edge faces of the truncated octahedron (Fig. 2 b). The
trunkated octahedron is also known as B-cage or sodalite unit, because by joining together these
polyhedra through the four edge faces the framework of mineral sodalide is formed (Fig. 2 c). Be-
cause of the space filling property, the cavity formed by eight neighboring sodalite units that
shares four edge faces, is itself a sodalite unit (Fig. 2 c). The framework of synthetic Zeolite-A is
formed by joining the corners of the four edge faces of sodalite units through oxygen atom bridges
(Fig, 2d). By linking the sodalite units in this way a cavity is formed which is an Archimedean solid
called great rhombicuboctahedron and also known as a-cage (Fig. 2e) . The sieving properties of
Zeolite-A results from the 8-oxygen rings, which have a net opening of 4.1 A. Loewenstein (1942)
has shown that two aluminum atom ions cannot share the same oxygen ion and retain a cordina-
tion of 4. A consequence of this principle is the fact that these frameworks are build by alternately
joining aluminium and silicon tetrahedra. In sodalite mineral and in synthetic Zeolite-A the value of
Si/Al atom ratio is close to one or a little higher. For values of Si/Al atom ratio in the range 1 to 1.5
the Zeolite-X phase is formed and for values in the range 1.5 to 3 the Zeolite-Y is synthesized. The
framework of these two zeolites is shown in figure-2 f and it is created by linking the hexagonal
faces with oxygen atom bridges. Frameworks of the types presented above and constructed solely

from [SiO4]4' tetrhedra would be neutral. The substitution of Sit4 with AlI*3 in the frameworks de-
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scribed above creates an electrical imbalance and the overall neutrality of the structure is pre-
served by the inclusion at interstitial sites of cations M.

a-cage

e)

Figure-2 Building blocks for Zeolite-A, Zeolite-X and Zeolite-Y.

The studied sample was synthesized from a gel with SiO2/Al.03 molar ratio 2:1 (or Si/Al atom
ratio 1) and 5 hours reaction time. A part of the XRD pattern from this sample is given In figure 3.
Based on the properties (Breck et al. 1956) and on X-ray powder diffraction data from a new syn-
thesized Zeolite Reed & Breck (1956) suggested the first structural model for the so called Zeolite-
A, since then. In this first model the crystal system is considered as cubic , the structure is de-
scribed in Pm-3m space group and the unit cell edge is 12.29 A. Using this cell, almost all the re-
flections of the recorded XRD spectra could be indexed (first-row of Miller Indices in figure-3). The
theoretical stoichiometric formula for the wunit cell content of Sodium Zeolite-A is
Na12Si12Al1204827.5H,0 (Reed & Breck 1956) . Based on the argument of Loewenstein (1942)
mentioned earlier, that two aluminum atom ions cannot share the same oxygen, Reed & Breck
(1956) suggested that, the Si/Al ratio must be equal or greater to 1 and in this case the structure of
Zeolite-A consists of alternating tetrahedra and a cell with a=24.6 A is needed in order to describe
more accurately the structure. In a subsequent work, Howell (1960) confirms the structural model
given by Reed & Breck (1956), but in addition he gives the first experimental evidence that the
true cell has a double a-axis. In the analysed XRD spectra of his sample, a reflection with half inte-
ger indices (5/2,1/2,3/2) considering the a=12.3 cell has been observed . The indices for this reflec-
tion become integers if the cell with a=24.6 is used. In the XRD spectrum of the sample studied in
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the present work this reflection is observed and consequently (Fig. 3) the correct cell in order to de-
scribe the structure is the one with the double a-axis.
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Figure 3. Indexing of the Bragg reflections for Zeolite-A sample based on the cubic pseudocell with a=12.29 A
(S.G. Pm-3m) and on the correct F-centered cell with a=24.58 A (S.G. Fm-3c).

The x-ray spectrum was analyzed by the Rietveld method and for this purpose the program Fullprof
was used ( Rodriquez-Carvajal et al. 1991). The final values for the structural parameters for all at-
oms obtained by performing a constrained refinement to the positions of the framework atoms (as
will be explained latter) are listed in Table-1. Ata first step the Fullprof program was run in the Full
Pattern Decomposition mode in order to obtain good starting values for the unit cell axis-a and also
for the parameters describing the intensity distribution functions. The function used was the split
pseudo Voight. With the extracted values of the observed structure factors |[Fobs| it was easy to lo

Table 1. Structural parameters for Zeolite-A. Space group No. 226 F m -3 c, unit cell dimensions: a=24.5659 A
V= 14825 .0(2) A®.

Atom site X y z B(A’) Occ. Atoms in the Unit Cell
Si 96i 0 0.0926(2)  0.1835(2) 1.87(5) 1.0 96
Al 96i 0 0.1862(2)  0.0905(2) 1.87(5) 1.0 96
o(1) 96i 0 0.1089(3)  0.2471(4) 2.81(9) 1.0 96
0(2) 96i 0 0.1459(4)  0.1482(4) 2.81(9) 1.0 96
0(3) 192  0.0526(3) 0.0579(2)  0.1730(2) 2.81(9) 1.0 192
Na(1) 64g  0.1058(2) 0.1058(2)  0.1058(2) 7.1(2) 0.94(1) 60.2(6)
Na(2) 192  0.0327(9) 0.2246(7)  0.2246(7) 7.1(2) 0.13(1) 25(2)
Ow(1) 64g 0.062(1) 0.062(1) 0.062(1) 7.1(2) 0.21(1) 13.4(6)
Oow(2) 64g  0.1528(5) 0.1528(5)  0.1528(5) 1162y 0.56(1) 35.8(6)
Oow(3) 192j  0.1117(5) 0.1557(7)  0.2718(7) 7.1(2) 0.35(1) 67(2)
Ow(4) 8a 0.25 0.25 0.25 7.1(2) 0.58(1) 4.6(1)

cate the positions of the framework atoms, Al, Si, O(1), O(2) and O(3) by applying the direct meth-
ods of SHLEX-86 program (Sheldrick 1986). For the part of the work that is related to the analysis
of |Fobs| in order to locate the position of atoms in the crystal structure of the studied sample, the
program suite WINGX was used (Farrugia 1999). A Rietveld refinement was performed by using
only the positions of the framework atoms (Al, Si, O(1), O(2) and O(3)). The high values of the
agreement factors (Rp=26.3 %, Rwp=43.7 % and Rg= 47.4%) indicate that the structural model is
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Figure 4. XY sections of Difference Fourier maps at z=0.10 (a) and z=0.16 levels

-0.085 0.07 0.19 0.

Na(2):0.04, 0.21, 0.24 ~0-05
\\

0.07
Ow(2):0.11,0.16,0.26 |

Figure 5. XY section of Difference Fourier maps at z=0.25

incomplete. The diffraction peaks in a powder diffraction pattern are overlapped and so with a cor-
rect but incomplete model more accurate |Fobs| values are obtained by the Rietveld deconvolution
method (Rietveld 1969). The new |Fobs| values calculated at the end of this stage of Rietveld re-
finement, were used for the calculations of difference Fourier maps. The XY sections of the maps at
z=0.10 and z=0.16 are shown in figure 4a and 4b correspondingly.

Taking into account the previous studies the site (x,y,z)=(0.10,0.10,0.10) it was considered as the
Na(1) atom site and the one at (x,y,z)=(0.16,0.16,0.16) as the site of an oxygen atom belonging to
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a water molecule. These two atoms were added in the starting model and a new Rietveld refine-
ment was performed. The agreement factors were convergent to lower values Rp=18.4%,
Rwp=26.1%, Re=32.1% but they are still high, indicating that these atoms are part of the structure
and in addition that there are more atoms not located yet. The difference Fourier map calculated at
the end of the refinement is given in figure 5. Three additional atoms sites were located, the Na(2) ,
Ow(2) and Ow(4). Including these new atoms in the structural model and performing Rietveld re-
finement, the agreement factors take the values R,=8.14%, Rwp=10.6%, Rg=11.7%. From the other
observed peaks in the new Fourier Map only the one at the site: (x,y,z)=(0.06,0.06,0.06) [oxygen
atom of water molecule Ow(1)] was survived during the final refinement . The final refinement gave
values of the agreement factors : Rp=7.1%, Rwp=9.1 %, Rs=7.8%. The Rietveld refinement dia-
grams are presented in figure 6.

In order to get a reasonable structural model for the part of the structure formed by the frame-
work atoms, restrains were applied to the angles and bonds for both Si and Al tetrahedra. The an-
gles were constrained to 110.0° with a standard deviation of 0.1° , and the bonds distances of Si,
O atoms were constraint to 1.59 A with standard error 0.02 A and those of Al,O atoms were con-
straint to 1.71 A with standard error 0.02 A.
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Figure 6. XRD spectrum of Zeolite A refined by the Rietveld method. The continuous line corresponds to the cal-
culated spectrum, vertical bars (D) indicate the position of Bragg peaks. The bottom trace depicts the difference
between the experimental and the calculated intensity values

The Na(1) atoms are located in the middle of 6-oxygen rings (B-cage) (Fig.-7) and are almost
fully (94% sea Table-1) occupied as is usually the case in hydrated and dehydrated Zeolite-A com-
pounds (Gramlich & Meier 1971, Pluth & Smith 1980, Ikeda et al. 1998) . The Na(2) atom sites are
statistically occupied by sodium atoms located around the centre of the 8-oxygen ring (a-cage)
(Fig.-7). The occupancy factor for Na(2) sites takes the same value as in the study Pluth & Smith
1980, Ikeda et al. 1998, but is less (almost 1/3) than the corresponding value in the study of Gram-
lich & Meier 1971. Na(1), Na(2) atoms are clearly located within the a-cage (Fig.-7). In the analysis
of our data no indication for occupation of the Na(3) sites (0.25,0.10,10) is given, as has been ob-
served in the studies of Pluth & Smith 1980 and lkeda et al. 1998.
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Figure 7. Cluster formed by the oxygen atoms of water molecules within the a-cage. The positions of Na(1) and
Na(2) atoms are also shown. The Na(2) atoms are located within the 8-oxygen atom rings of the great rhombi-
cuboctahedron.

The sites Ow(2) and Ow(3) (cross and vertically hatched circles correspondingly in figure 7)

are occupied by oxygen atoms belonging to water molecules that lie within the large a-cages and
are at the sites (ll, Ill) mentioned in the paper of Gramlich & Meier (1971). These sites have also
identified as water oxygen atom sites in lkeda et al. 1998. The sites O(4) at the centre of the
large a-cage have also been located in agreement with previous studies.
Within its a- and B-cage there are: ~11 Na atoms ( 8 at Na(1) and 3 at Na(2) sites) and 13.8 Ow
atoms (~ 4.5 at Ow(2) , 8.7 at Ow(3) and 0.6 at Ow(4) sites. Aproximately half than those (23)
given by Gramlich & Meier 1971. Theoretical studies have shown that the location and occupation
of the cation sites are highly correlated with the location and occupation of the water molecule sites
(Higgins et al. 2002).

Inside the B-cage (Fig. 8) the only site which gave a stable refinement was that of Ow(1). This
is very close to sites given in the past for water. The water molecules that occupy sites within the
B- cage are the most stable and according to theoretical ( Higgins et al. 2002) and experimental
studies (Pissis et al. 1993 ) they are occupied even in dehydreted A-Zeolites. The number of the
water molecules calculated in the present study to lie within the B-cage are approximately 3.5 .
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Figure 8. The small B-cage (sodalite unit) and the cluster formed by the oxygen atoms occupying the Ow(1)
sites . The sites of Na(1) atoms are shown.

Taking into account the values for the occupancy factors given in Table-1 the calculated formula
unitis Naqgg(3) Si12Al12048 15.4(4)xH20. This results in Zeolite-A with low water molecule con-
tent. According to Reed and Breck (1956) the water content (=N) ranges from 20 to 30 per formula
unit. The location of water molecules within the cages is a difficult task even with X-ray data from
single crystals. In the work of Gramlich and Meier (1971) all the disordered atoms, including the so-
dium atoms, are refined as oxygen atoms and so they do not give a stoicheiometric formula unit
as a result of their analysis. An interesting discussion for the water molecules contained in the
cages of Zeolite-A, is contained in Ikeda et al. (1998). In this work the calculated number of water
molecules is 31.86 per stoicheiometric formula unit. A value very close to the highest one (30 Ac-
cording to Reed and Breck (1956)) and close to that obtained by thermidometry (31 water mole-
cules per formula unit) in the same work. As the authors mention at the end of the conclusions,
with their specific method of analysis of X-ray diffraction data it was possible to locate water mole-
cules at sites never observed before. Another result that is in agreement with the low water mole-
cule is the unit cell constant, which is 24.5659 A. This value is closer to the cell dimension of the
dehydrated Zeolite-A. The values calculated by Ikeda et al. (1998) are 24.5335 A for N~1, 24.5693
A for N~5.5 and 24.6077 A for the hydrated one with N=31.86. Pluth and Smith (1980) give
a=24.555 A for a dehydrated Zeolite-A.

According to Smart & Moore (1992) the molecular sieve property of Zeolite-A, is based on the
window of the 8-oxygen atom ring, which has a free diameter of 4.1 A (as defined in Meier & Olson
(1987)) and form channels along the a, b, ¢ crystal axes. The 6-oxygen atom rings are always oc-
cupied by sodium atoms (Na(1) sites) and these sites are important for cation exchange property of
Zeolite-A.
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4 CONCLUSIONS

The crystal structure of zeolite A, synthesized from perlite and expanded perlite fines was
solved up initio by applying the direct methods and refined by Rietveld refinement techniques. Due
to (51 3 ) reflection the true cell with a=24.60 A in S.G. Fm-3c was chosen.

Two different positions for the Na atoms are located. The Na(1) atoms are located in the middle of
6-oxygen rings (B-cage) and are almost fully (94%) occupied as is usually the case in hydrated and
dehydrated Zeolite-A compounds. The Na(2) atom sites are statistically occupied by sodium atoms
located around the centre of the 8-oxygen ring (a-cage). The occupancy factor for Na(2) sites
takes the same value as in the study Pluth & Smith 1980, lkeda et al. 1998, but is less (almost 1/3)
than the corresponding value in the study of Gramlich & Meier 1971. Na(1), Na(2) atoms are
clearly located within the a-cage. In the analysis of our data no indication for occupation of the
Na(3) sites (0.25,0.10,10) is given, as has been observed in the studies of Pluth & Smith 1980 and
lkeda et al. 1998. Taking into account the values for the occupancy factors, the calculated formula
unitis Naqg g(3) Si12Al12048°15.4(4)xH20 a result that corresponds to a hydrated Zeolite-A with a

low water content.
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