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Abstract

Samples of tridimensional microporous zinc phosphates with fully connected framework with faujasite (FAU) and chiral
zincophosphate (CZP) structures have been prepared and characterized by thermal analyses comprising TGA, TGA-MS and
in situ thermal XRD. They have been also characterized by ICP and '*C MAS NMR.

Analyses of the ZnPO-FAU demonstrate that the tetramethylammonium (TMA™) cations are incorporated preferentially in
the B-cages and that this material is stable up to 673 K. The crystallinity of the sample only decreases when the TMA™ cations

located in the B-cages are eliminated (above ~723 K).

In the case on ZnPO-CZP the thermal removal of the water more strongly held by the structure produces a marked decrease
of crystallinity at ~523 K © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

During the last few years, an increasing number of
papers have described the synthesis of a variety of
novel open-framework zincophosphates [1,2]. It has
also been described the preparation of a large number
of materials in the zinc—phosphorous—oxygen system
with layered and non-porous structures [3—7]. In some
cases the materials synthesized have the structure of
analogous well known aluminosilicate frameworks
such as faujasite (FAU) [8-11] or sodalite [8,12]. In
other cases, new large pore microporous materials
with no counterpart in the field of zeolites have been
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described, such as the structure known as chiral zin-
cophosphate (CZP) [13,14] code assigned by the
International Zeolite Association (IZA) [15].

Such as in the case of zeolites, microporous zinco-
phosphates have potential applications as adsorbents
and catalysts. Specially, in this latter field large pore
materials as those with CZP and FAU structures have
demonstrated interesting properties in base catalyzed
reactions such as the Knoevenagel condensation of
benzaldehyde with activated methylenic compounds
[16,17] or the Michael addition of nitroethane to olefin
with different steric demand, acroleine and 2-pheny-
lacroleine [17]. The structures of these two zincopho-
sphates are defined by a 12 member ring (12 MR)
channel system, tridirectional in the case of the FAU
and along the c axis in the CZP structure. In the later
case, the channels are accessible through puckered 12-
ring openings of 3.7A x 7.5 A and in the case of the
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FAU, the channels present a pore opening of 7.4 A
with large cages of 12 A in the crossings.

In order to improve their application as catalysts, it
could be very important to study the thermal properties
and stability of these materials. Very few papers have
been published dealing with detailed studies of the
thermal stability of the different microporous zinco-
phosphates. Rajic et al. [18] studied the influence of
Co(II) incorporation in two different porous zincopho-
sphates on their thermal properties, one of them with a
structure similar to the sodalite aluminosilicate and the
other described as a hexagonal phase which, according
to the X-ray diffraction pattern presented in the paper,
corresponds to the CZP structure [15].

The aim of this paper is to perform a detailed study
of the thermal properties and specially the thermal
stability of two large pore microporous zincopho-
sphates having faujasite (ZnPO-FAU) and -chiral
(ZnPO-CZP) structures.

2. Experimental
2.1. Synthesis

Synthesis gels with the molar composition:
wP,05:Zn0:xNa,O:yTMA,0:zH,0 were prepared
from phosphoric acid (Riedel de Haen, 85 wt.%),
sodium hydroxide (Prolabo, 99.7 wt.%), zinc nitrate
(Aldrich, >99 wt.%) and tetramethylammonium
hydroxide pentahydrate (Aldrich, >99 wt.%). The spe-
cific gel composition and synthesis conditions result-
ing in the different pure crystalline phases are given in
Table 1.

The general synthesis procedure can be conveni-
ently illustrated by the following typical example,
which best yield nearly pure crystals of ZnPO-FAU.

Table 1

A solution of 0.57 g of NaOH in 28 g of water (35%
of the total water) is prepared in a polypropylene bottle
kept in an ice bath cooled to 277 K. Then 10.91 g of
TMAOH and 3.31 g of H3PO, are very slowly added
to this solution. The reaction is exothermic, and once
the solution is again at 277 K, 6.39 g of zinc nitrate
dissolved in the remaining water (52 g) previously
cooled to 277 K is added drop by drop under stirring.
Then, the formed gel is poured into polypropylene
bottles which are kept in a refrigerated room at 277 K
for selected periods of time. The samples were filtered
and washed with deionized water and dried at 313 K.

2.2. Characterization

XRD measurements were carried out on a SEIFERT
XRD 3000P diffractometer, using the Cu Ka radiation.
XRD experiments related with the thermal stability of
the samples were performed under vacuum on a
Philips PW 1710 diffractometer equipped with a high
temperature chamber. Chemical analysis of Zn, Na
and P were performed by inductive coupled plasma
emission spectroscopy (Perkin-Elmer OPTIMA 3300
DV), whereas C, H and N were determined in a Perkin-
Elmer 2400 analyzer.

Thermal analyses were done on a Perkin-Elmer
TGA 7 instrument (~5mg of sample, helium =
50 ¢cm® min !, heating rate = 10 K minfl).

On-line thermogravimetric—mass spectrometry ana-
lyses (TG—MS) of the gases evolved from the sample
were carried out on the Perkin-Elmer TGA 7 thermo-
balance coupled to a Fisons MD-800 quadrupolar
mass spectrometer through a transfer line heated at
423 K. The TGA was operated from 303 to 1173 K at
20K min~" under a continuous flow of He
(100 cm’® min_l). A Perkin-Elmer transfer line, spe-
cially designed to avoid mass discrimination and

Chemical composition of the synthesis gel and crystallization parameters for each structure®

Sample Crystallization Gelification Molar composition of the gel (ZnO = 1)
time (h) temperature (K)
P,0s5 (w) NaO (x) TMAO (y) H,0 (2)
ZnPO-FAU 5 277 0.30 14 228
ZnPO-CZP 5 277 0.54 22 347
Hopeite 8 298 0.30 14 228

 Crystallization temperature 7 = 277 K.
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connected to a vacuum pump in order to optimize the
amount of gas sample transferred from the TG to the
MS, carries on the evolved gas to the mass spectro-
meter. The ionization of the sample was done by
electronic impact, 70 eV, and a mass analysis is per-
formed each 2 s recording mass fragments between 2
and 350 amu.

Solid-state '3C NMR were recorded under magic-
angle spinning (MAS) at ambient temperature on a
Varian VXR-400S WB spectrometer at 100.6 MHz,
using a CP/MAS Varian probe with zircona rotors
(5mm in diameter). The *C NMR spectrum was
recorded using 7/4 pulses of 3 ps, with high power
decoupling for protons, and a repetition time of 15 s,
with the sample spinning at 5.5 kHz.

3. Results and discussion

3.1. Synthesis and characterization of crystalline
samples

In the synthesis system described early, in general
three phases can be obtained: faujasite (FAU), the
hexagonal chiral phase (CZP) and hopeite, a dense
phase with chemical composition Znz(POy),-4H,0
[19]. The specific synthesis conditions for each struc-
ture are given in Table 1.

Chemical compositions of the samples of hopeite,
ZnPO-CZP and ZnPO-FAU are given in Table 2. The
P/Zn ratios fit reasonably well the expected stoichio-
metries, although a defect of phosphorous is detected
in the hexagonal phase CZP (theoretically P/Zn = 1).
The Na content in FAU is somewhat lower than
expected, and it is absent in hopeite. On the other
hand, the CZP phase contains very small amount of

organic material, which is absent in hopeite. From the
chemical analysis of FAU, it can be deduced that there
are ~8 TMA™ cations per unit cell. Although this
figure matches the number of sodalite cages per unit
cell, it does not necessarily imply that all of them are
actually occupied by tetramethylammoniun cations.

3.2. Thermogravimetric—mass spectrometry
analyses

The mass spectrometry coupled with the thermo-
gravimetric analysis can help in determining the loca-
tion of the TMA™ cations present in the structure. The
results are plotted in Fig. 1 for sample ZnPO-FAU.
Three thermal events centered at ~403, 573 and 743 K
are observed. The first one can be assigned to the
desorption of water, whereas the two other are essen-
tially due to the elimination of organic material, as can
be seen by monitoring the masses 42 and 58 amu,
characteristic of the trimethylamine, the principal
decomposition product of the TMA™ cations, which
are the most intense lines of the mass spectrum of the
evolved gas. The high temperature weight loss is by far
more intense than the one at ~573 K. These results
can be compared with the ones previously reported by
Saldarriaga et al. [20] on TMA—-FAU and SAPO-37.
These authors show that the weight loss of TMA-FAU
at ~573 K corresponds to TMA™ in the supercage,
whereas the one at higher temperature is from TMA™
residing in the B-cages. Furthermore, it is quite reason-
able to found that the TMA™ in the small B-cage
decompose at higher temperature than the one located
in the more open supercage. This assignation is also
supported by the fact that the total weight loss in air
between 533 and 823 K matches the organic content
determined by chemical analysis. Indeed, the '3C

Table 2
Chemical and thermal analysis of the samples
Sample Chemical analysis TGA?
mol/100 g wt.%
P Zn Na C N H
ZnPO-FAU 0.47 0.49 0.32 1.94 0.60 1.65 17.5
Hopeite 0.45 0.61 0 0.02 0.06 1.06 16.0
ZnPO-CZP 0.38 0.50 0.52 0.20 0.12 1.08 10.5

“ Total weight loss between 298 and 1123 K.
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Fig. 1. TGA-MS of sample ZnPO-FAU. MS curves representative of water (MS = 18) and trimethylamine (MS = 42 + 58) are plotted.

MAS NMR spectra of this sample (Fig. 2) consists of
two resonances at 56.0 and 58.3 ppm attributed to
TMA™ cations located in the supercage and sodalite
units, respectively [21]. The relative intensity of both
peaks indicates that approximately one-forth of the
TMA™ are in the supercages, which corresponds closely
to the relative populations of those sites as determined
by TGA. This result confirms the hypothesis advanced
previously by Harrison et al. [9] on the location of
TMA™ into the ZnPO-FAU structure, although their
material have 12 TMA™ per unit cell. This discrepancy
could be eventually attributed to the differences in the
synthesis conditions used to prepare both samples.

3.3. Themogravimetric analyses

Fig. 3 shows the TG results for hopeite. Two well
defined stages of nearly equivalent weight losses are
observed centered at ~383 and 610 K, respectively.
This two losses should correspond to desorption of
water, as no organic species are present in the sample.
Indeed, a total weight loss of 16.0 wt.% is obtained,
which compared quite well with the predicted value
of 15.7wt.% from the stoichiometry of hopeite
Zn3(PO,),-4H,0. The four water molecules of this
compound are located in the first coordination shell
of octahedral ZnO,(H,0), entities [19]. Then, the
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Fig. 2. '3C MAS NMR spectrum of sample ZnPO-FAU.

desorption of half of the water molecules which takes
place at 383 K causes the transition from octahedrally
to tetrahedrally coordinated Zn>" cations. The remain-
ing water is more strongly retained by the tetrahedral
Zn”", and desorbs completely at 7 > 573 K.

The thermogravimetric analysis of the CZP phase is
shown in Fig. 4. It can be observed there a first weight
loss at T < 333 K, caused by the removal of physi-
cally adsorbed water. This is followed by a smooth

weight loss up to ~523 K, and finally a very sharp
peak (detected in the derivative plot) centered at 573 K
is observed, which corresponds to a weight loss of
about 40% of the previous one. The total weight loss
from 333 to 873K is 9.4 wt.%, which closely
approaches the 8.4 wt.% corresponding to the stoi-
chiometry of CZP, NaZnPO,-H,O. The TG/DTA pat-
tern of this hexagonal phase has already been reported
[14,18] and agrees with the one described here. Never-
theless, the weight losses have not yet been assigned.
Indeed, it is rather surprising to found water desorbed
at temperature as high as 573 K, taking into account
that the reported structure of this material is formed by
corner sharing tetrahedral [ZnO,4] and [PO,] units,
where the water is solvating the Na™ cations located
in the cavities [3,14]. Detailed TG analysis of sodium
zinc phosphates which could be used as references for
TG step assignation are scarcely reported in the
literature. In one of those examples, Harrison et al.
[22] attributed a weight loss of the material Na,Zn-
PO4OH-7H,0 in the range 323-403 K to the deso-
rption of the water coordinated to the Na™ cations,
whereas the P-OH hydroxyl groups are lost at
higher temperature. In the compound NazZn,O-
(PO,)5-6H,0 the solvation water of the Na™ cations
is lost up to 433 K [23]. On the other hand, in the
structure Zny(PO,4),(HPO4),-3H,O. The compound
H,N,CgH;, with an interrupted framework formed
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Fig. 3. TGA and DTG of hopeite.
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Fig. 4. TGA and DTG of sample ZnPO-CZP.

by ZnO;[H,0] and PO3;OH groups, the ‘“hanging”
water molecule of tetrahedral Zn is lost at temperature
of at least 513 K [24], although in this case no detailed
assignation of the observed three-stage TG pattern is
given. These results would suggest that the weight loss
of the CZP phase centered at 573 K would be com-
patible with the existence in this compound of water
linked to Zn>™ cations. Howeyver, unless further struc-
ture refining of this phase prove this hypothesis to be
correct, the actual crystallographic data lead to the
preliminary conclusion that an unusually strong
water—sodium interaction takes place inside the cav-
ities of this compound.

3.4. Thermal stability

Thermal stability of the samples has been studied
by recording in situ the X-ray diffraction pattern of the
materials heated in vacuum at preselected tempera-
tures in the range 298-973 K. The results are shown
in Figs. 5-7 for FAU, hopeite and CZP, respectively.
In these conditions, the faujasite zincophosphate is
stable up to 673 K, at 773 K a strong decrease of
crystallinity is observed, and the solid recrystallizes at
873 K to a mixture of dense phases where the com-
pound NaZnPO, [25] predominates, although the
other minor individual components have not been

873 K ,l
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Fig. 5. In situ X-ray diffraction patterns of sample ZnPO-FAU
recorded after heating the sample at different temperatures.
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Fig. 6. In situ X-ray diffraction patterns of ZnPO-hopeite recorded
after heating the sample at different temperatures and after cooling
from 973 to 298 K.

identified yet. The onset of crystallinity loss corre-
sponds to the elimination of TMA™ from the sodalite
cages, as determined by TG (Fig. 1).

In the case of hopeite, the elimination of water
molecules which were desorbed at temperatures below
500 K has little influence on the XRD pattern as shown
in Fig. 6. However, the crystallinity starts to decrease
if the sample is heated above ~573 K. At this tem-
perature, some new reflections are detected, which
become predominant at 7 > 823 K. These reflections
correspond to a new phase identified as o-Zn3(POy),
[26]. The loss of crystallinity of hopeite correlates
positively with the elimination of the water molecules
linked to tetrahedrally coordinated Zn>" cations,
which are lost in the interval 523-823 K.

The in situ XRD pattern of CZP (Fig. 7) shows a
marked decrease in intensity when the sample is
heated above 523 K, which is associated to the second
weight loss of the TG (Fig. 4). At 773 K no hexagonal
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Fig. 7. In situ X-ray diffraction patterns of sample ZnPO-CZP
recorded after heating the sample at different temperatures and
after cooling from 973 to 298 K.

phase is detected, and the reflections present in the
X-ray diffractogram can be assigned to NaZnPO, [25].
Then, the water molecules more strongly retained
seems to play a key role in stabilizing the CZP
structure. In the case of ZnPO-FAU, another kind
of guest species, the TMA™ cations that occupy the
sodalite cages keep the structure integrity, whereas
this role is play by water molecules bonded to frame-
work Zn*" cations in hopeite.

4. Conclusions

It has been demonstrated by TGA and TGA-MS
that in the zincophosphate with the FAU structure
synthesized in the presence of tetramethylammonium
hydroxide the TMA™ cations are incorporated into the
sodalite as well as in the supercages of FAU, but the
first location is preferred.
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This material is stable up to 673 K and the crystal-
linity only decreases when the TMA™ cations located
inside the sodalite cages of the structure are eliminated
(above ~723 K)

The thermal removal of the water more strongly
held by the structure in the case of CZP and hopeite
produces a marked decrease of crystallinity and at
higher temperatures dense zincophosphate phases are
identified.
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