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Abstract: To resolve the problem of existence of the H-form of natrolite, the thermal decomposition of NH,-exchanged natrolite (as
a precursor of the H-form) was studied by gas chromatography, IR spectroscopy and X-ray diffraction. Throughout the
decomposition, the de-ammoniation is immediately followed by dehydroxylation, which is evidence for the instability of the H-
natrolite formed after the removal of NH;, and leads to a negligibly small concentration of the OH-groups. The natrolite structure can
not persist after the removal of NH;.

In the final step of decomposition, the adsorption of NH; onto Lewis centres accumulated in the amorphosed framework hinders
the de-ammoniation. This seems to be one of the major factors which influence the observed increase in the activation energy for NH,
desorption from 117 (£ 13) kJ/mol in the initial step to 270 (£20) kJ/mol.

Smooth vacuum degassing of NH,-natrolite at 550 K leads to partial de-ammoniation, rather than formation of H-natrolite.
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Introduction

Natrolite, Na,¢[Al;Si,,040]-16H,0, is a widespread fibrous
zeolite with an ordered Si,Al distribution in the framework.
The interest to the H-form of natrolite is related to the problem
of the existence of fully protonated aluminosilicate frame-
works, and to the way the framework and protons interact.
The stability of the protonated framework has been widely
studied for the large-pore zeolites, due to numerous applica-
tions of their H-forms in catalysis (Kuhl & Schweizer, 1975;
Corma, 1995). H-zeolites are commonly obtained by vacuum
calcination of their ammonium forms, when thermal dissocia-
tion of NH,* ion results in the removal of NH;, leaving a pro-
ton linked to the framework oxygen as OH-group:

NH,-Z - NH, — H-Z

(Z — zeolite aluminosilicate framework, after Breck,1974).

It has been shown experimentally and by quantum-chem-
ical calculations (Barthomeuf, 1987), that the energy of the
bond between the proton and the bridging oxygen is propor-
tional to the aluminium content in the nearest framework en-
vironment. The stronger the interaction between the proton
and the framework oxygen, the weaker the bridging Si-O-Al
bond. This is why the H-forms of Al-rich zeolites are known
to be unstable (Rabo & Gajda, 1989-90).

However, there are contradictory data on the stability of the
H-form of natrolite. The structure of H;O-natrolite (hydrated
H-natrolite) obtained through the thermal degassing of NH,-
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natrolite at 523 K, has been reported by Stuckenschmidt ez al.
(1996). These authors emphasize that a spectroscopic study is
needed to confirm the formation of H;O-natrolite. On the oth-
er hand, the adsorption-energy study has revealed an irrevers-
ible loss of the rehydration capacity upon heating the NH,-na-
trolite above 470 K, which suggests the collapse of the struc-
ture (Mirzai et al., 1998). Gas chromatography and IR spec-
troscopy are convenient methods to monitor the removal of
NH; (de-ammoniation) and OH-groups as H,O (dehydroxyla-
tion), as well as the appearance of OH-groups during thermal
decomposition of ammonium zeolites. In the present work,
these methods are applied to study the thermal decomposition
of NH,-natrolite, which allows us to elucidate the mechanism
of its degassing, and the appearance and stability of the H-
form of natrolite.

Experimental

The starting material was a well-crystallized natural natro-
lite from pegmatite veins (Khibiny), with the chemical for-
mula Na,, (Mny 1sCay 12K o1[Al625153 §040]-16.25H,0 de-
termined by X-ray fluorescence. The water content of
9.53 wt. % was determined by the thermogravimetry analy-
sis. The crystals were crushed and 1 g of the fraction 0.05-
0.2 mm, pre-treated at 470 K for 2 days, was placed in a
quartz tube together with 8 g of NH,Cl, and exchanged in a
vapour of sublimated NH,CI at 620 K during 3 days. After
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the exchange, the natrolite was washed in distilled water and
dried. According to the flame photometry analysis of residu-
al metal cations, the degree of exchange achieved was great-
er than 97 % (15.5 wt. % and 0.15 wt. % of Na,O before and
after the exchange). This allows the composition of the final
material to be approximated to (NH,)4,[Al 6251555050l
The X-ray powder diffraction (XRD) analysis confirmed the
transition from the orthorhombic (Fdd2) unit cell (a =
18.29(2) A, b=18.64(1) A, ¢ = 6.59(1) A) of the natural na-
trolite to the monoclinic unit cell (C112,) (a =17.92(1) A b
=18.46(2) A, c=6.53(2) A) of the NH,-natrolite, which is in
accordance with the data of Stuckenschmidt et al. (1992).
The initial and calcined NH,-natrolite were characterized by
thermogravimetry (TG) analysis using a Mettler TA-3000
thermobalance, with a heating rate of 3 K/min at 298—
1043 K in air, and the sample weight of 30 mg.

Before performing the gas chromatography measure-
ment, the sample of NH,-natrolite (20 mg) was kept in a
flow of dry He at 373 K until the physically adsorbed water
was removed. Then the sample was heated with a dry He
flow at a rate of 3 K/min up to 1040 K in a quartz micro-re-
actor connected to a chromatograph. The experimental de-
tection limit for NH; and H,O was determined to be 10~ mg.
Calibration for NH; was done using a dosed reference mix-
ture of NH; and He. Calibration for H,O was done using a
dosed probe of He saturated with water vapor under a fixed
ambient temperature. Simultaneous detection of NH; and
H,0 allowed to obtain the T-dependence for the rate of NH;
and H,0 removal during the decomposition of the NH,-na-
trolite. This makes possible to compare the gas chromatog-
raphy and the TG data.

IR measurements were conducted on a sample cyclically
heated in the spectrometer cell (FTIR-8300, Shimazu) to
follow the changes in the N-H and O-H vibrations in 1200-
4000 cm™! region up to 870 K. A detailed description of gas
chromatography and IR spectroscopy measurements is giv-
en in Likhacheva et al. (2004).

To compare the intensity of the ammonium IR band with
the sample crystallinity at different steps of heating, another
portion of the sample was cyclically heated in an evacuated
quartz tube under the same conditions as for IR measure-
ments, with registration of XRD patterns at each tempera-
ture step. For a comparison with the data on H;O-natrolite of
Stuckenschmidt et al. (1996), a sample of NH,-natrolite was
heated in vacuum at about 550 K for 14 days, and then char-
acterized by IR spectroscopy, XRD and TG analyses.

Results and discussion
Thermogravimetry

The DTG curve of NH,-natrolite is presented in Fig. 1 (1).
This curve contains one broad peak in the range 650-950 K,
corresponding to the weight loss of 15.6 wt. %, the total
weight loss being 15.9 wt. %. For comparison, a complete de-
ammoniation and dehydroxylation of NH,-natrolite with an
ideal composition (NH,),s,[Al 45,5153 3Og0l implies the re-
moval of 10.29 wt. % of NH; and 5.45 wt. % of H,0. So we
may conclude that the weight loss due to the decomposition

of NH,-natrolite is almost complete, though the last points of
the curve lie slightly above the baseline. The form of this
curve differs significantly from the DTG curves of zeolites
with more open structure, for example, that of ammonium
chabazite, that has two distinct peaks, corresponding to de-
ammoniation and dehydroxylation (Beyer et al., 1977).

Gas chromatography

Heating the NH,-natrolite to 1040 K results in 10.66 wt. %
loss of NH; and 5.53 wt. % loss of H,O. These quantities are
in reasonable agreement with the TG data, as well as with
calculated amounts of NH; and H,O corresponding to the
complete decomposition of NH,-natrolite.

The T-dependence of the NH; and H,O removal rate up-
on heating the NH -natrolite is presented in Fig. 2. As it is
seen from Fig. 1 and 2, the total (NH; + H,0) gas chroma-
tography curve approximates well the DTG curve. It is seen
that de-ammoniation and dehydroxylation start at about
570 K and proceed almost in parallel. This means that the
OH-groups, formed after the removal of NH;, are unstable
and immediately decompose. To get a more detailed picture
of the interval between the removal of NH; and the decom-
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Fig. 1. DTG curves of NH,-natrolite: 1 — initial sample, 2 — after
vacuum treatment at 550 K during 15 days.
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Fig. 2. Temperature dependence for the rate of NH;, H,O, and

NH;+H,0 removal during linear heating of NH,-natrolite, derived

from the gas chromatography data. The (NH;+ H,0) curve is shifted

along the y axis. Heating rate: 3 °/min.
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Fig. 3. Molar ratio NH;/H,O in the gas mixture removed during ther-
mal decomposition of NH-natrolite. The total loss of NH; and H,O
at the initial and the next steps of decomposition (separated by verti-
cal dashed line) is indicated.

position of OH-groups, the molar ratio NH;/H,O in the gas
mixture released from NH,-natrolite is plotted against tem-
perature in Fig. 3. This ratio should equal 2, provided that,
for two NH; molecules, one H,O molecule is formed and
immediately removed, in accordance with the decomposi-
tion scheme of ammonium zeolite:

2NH,-Z —-2H-Z+2NH; ->Z+H,0

(Z — zeolite aluminosilicate framework, after Breck, 1974).

At the early stage of degassing, the ratio NH4/H,O is
much higher than 2, indicating a maximum delay between
the de-ammoniation and the dehydroxylation. After this
short period of accumulation of the OH-groups, these begin
to decompose, as shown by the decrease of the NH,/H,O ra-
tio closer to the stoichiometric value 2. This suggests again
that, upon heating the NH,-natrolite, the de-ammoniation is
shortly followed by dehydroxylation. Thus, the thermal be-
haviour of NH,-natrolite sharply differs from that of the Al-
poor, large-pore zeolites, where de-ammoniation and dehy-
droxylation do not overlap, and the H-form can be obtained
(Beyer et al., 1977; Rabo & Gajda, 1989-90).

To describe the mechanism of degassing of NH,-natrolite
in more detail, the T-dependence of the rate constant of de-
ammoniation (dehydroxylation) derived from the gas chro-
matography data is presented in Fig. 4. The rate constant is
calculated assuming a first order relationship for the rate of
NH; (H,0) removal with respect to the NH; (H,0) concen-
tration in the sample:

k=W/A,

where W, is the rate of NH; (H,O) removal, and A, is the cur-
rent concentration of NH; (H,O) in the sample. The ob-
served slope variations of the NH; and H,O curves indicate
that the mechanism of degassing of NH -natrolite changes
throughout the thermal decomposition. The sharp bend of
the H,O curve at 1.7 (10*/K) corresponds to the beginning of
dehydroxylation. The linearity of the NH; curve in the range
of 1.5-1.9 (10°%/K) implies a first-order relationship for the
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Fig. 4. Temperature dependence of the first-order rate constant (k)
for desorption of NH; and H,O during linear heating of NH,-natro-
lite. k was calculated by k = W/A,, (W, is the rate of NH; (H,O) re-
moval, A, is the current concentration of NH; (H,0) in the sample)
The total loss of NH; and H,O at the different steps of decomposition
(separated by vertical dashed lines) is indicated.

removal of NH; from natrolite. A first-order relationship is
typical for the rate of the NH; desorption from the acid pro-
ton centres in large-pore zeolites, the overall crystallinity of
the large-pore zeolites being preserved during the NH; de-
sorption (Karge & Dondur, 1990). By analogy, we may as-
sume that, at the initial step, the mechanism of de-ammonia-
tion of NH,-natrolite consists of thermal dissociation of the
NH,* ion into NH; and proton (framework OH-group), and
the removal of NH; out of the structure.

Noticeable decrease of the slope of the NH; and H,O
curves at 1.5 (10%/K) implies the increasing influence of dif-
fusion limitation onto the rate of degassing. This is probably
related to an abundant amount of gas species in the structur-
al channels of natrolite: more than one half of the total am-
monia and water content (5.6 wt. % NHj;, 3.7 wt. % H,0) is
removed between 670-870 K (1.1-1.5 (10%/K), Fig. 4).

Noticeable straightening of the NH; and H,O curves in
the closing stage of degassing at 1.0 (10%/K) suggests that
the reaction, leading to the removal of these compounds
from natrolite, differs from that of the previous stages. Most
probably, this is due to the defects accumulated in the frame-
work at the breaking of bridging bonds during dehydroxyla-
tion. In the next section, the character of these defects and
gradual decrease of crystallinity of NH,-natrolite will be de-
scribed using IR spectroscopy and XRD data.

In the linear part of the NH; curve (1.5-1.9 (10¥/K)), an
apparent activation energy of 117 (£13) kJ/mol is estimat-
ed, to be compared with that for NH; desorption from the
acidic proton centres in large-pore zeolites (mordenite, fau-
jasite), lying between 80 and 150 kJ/mol (Shannon et al.,
1985; Karge & Dondur, 1990; Yin et al., 1997). In the steep
part of the NH; and H,O curves (at 1.0 (10%/K), Fig. 4), cor-
responding to the final stage of degassing, an apparent acti-
vation energy of 270 (£20) kJ/mol is estimated. Thus, the
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last portion of NH; and H,O (about 1 % of the initial con-
tent) is much more strongly held in natrolite, as compared to
the initial step of degassing.

IR spectroscopy

IR spectra for NH,-natrolite registered at different tempera-
ture steps are displayed in the region of N-H and O-H vibra-
tions in Fig. 5. At room temperature, the IR spectrum con-
tains intensive bands of bending (1450 ¢cm™!, 1700 cm,
Fig. 5a), overtones (2500-3000 cm™') and stretching vibra-
tions (3000-3400 cm™!, Fig. 5b) for the NH,* molecule (Na-
kamoto, 1978). The intensity of the ammonium IR bands at
the initial steps of heating (up to 670 K) is close to the upper
response limit of the spectrometer, due to a high concentra-
tion of absorbing centers in the sample, which presents a
self-supported pellet. The progressive de-ammoniation at
670 K leads to a decrease of the concentration of absorbing
NH,* molecules, and the intensity of the ammonium bands
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Fig. 6. Relative integral intensities of the ammonium IR band at

1450 cm™! and the (220) X-ray peak of NH,-natrolite, after stepwise
vacuum heating at 370-870 K.
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Fig. 5. IR spectra of NH,-natrolite in the region of (a)
bending and (b) stretching N-H and O-H vibrations
after vacuum heating to 870 K.

becomes roughly proportional to the ammonium content in
the sample. In the region of 1700-2200 cm™, the framework
Si-O overtone bands are observed. Weak shoulders at 3640
and 1633 cm’! are due to residual water and disappear at
370 K.

The intensive de-ammoniation at 670-870 K is seen from
the decrease of the integral intensity of the ammonium band
at 1450 cm!. Note that the shape of this band changes sharp-
ly at 720 K. It may reflect the change of site symmetry due
to the deformation of channels hosting NH,* ions, as a result
of progressive amorphisation. Despite this, the integral in-
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Fig. 7. XRD patterns of NH,-natrolite, after stepwise vacuum heat-
ing to 870 K. The (220) peak at 570 K is truncated, its intensity ex-
ceeding the dimension of the plotter tape.
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tensities of the 1450 cm™ bands at 670 K and 720 K are
comparable (Fig. 6), probably due to a relatively small tem-
perature interval. We should note that a similar narrowing of
the ammonium band was observed in NH,-analcime at the
progressive stage of de-ammoniation, in an essentially
amorphous sample (Likhacheva et al., 2004). As it is seen
from Fig. 6 and 7, the decrease of the ammonium band,
which is roughly proportional to the degree of de-ammoni-
sation, is accompanied by a decrease of the XRD peaks of
NH,-natrolite. An appreciable increase of the integral XRD
intensity of (220) peak at 570 K (Fig. 6) is due to the remov-
al of a part of the NH,* ions, which occupy the H,O posi-
tions in natrolite. It is known that the main X-ray reflection
(220) of natrolite is suppressed by cations occupying the
H,0 positions in the structure channels (Seryotkin, 1995).
Upon further heating, when the natrolite structure is pro-
gressively destroyed due to the breaking of the framework
bonds at dehydroxylation, the IR ammonium band and the
XRD peak decrease in parallel (Fig. 6).

In the region of the O-H vibrations at 3500-3600 cm’!
(Fig. 5b), no appreciable bands appear during the de-ammo-
niation. A weak shoulder at 3480 cm! is observed in the
spectrum at 820 K. This shoulder may be assigned to the OH
stretching mode of H,O molecules, its shift to lower values
being due to hydrogen-bonding interaction with other water
molecules or the framework (Jacobs er al., 1993). This is
most probably a sign of water formed at dehydroxylation,
which is accumulated in the natrolite channels, when a high
degree of amorphisation is achieved. Another weak band at
3745 cm’!, observed at 870 K, belongs to isolated terminal
Si-OH groups (Jacobs et al., 1993); these may serve as an
additional indirect evidence for highly destroyed frame-
work. Thus, we do not observe any appreciable features in
the IR spectrum, which might be assigned to the bridging
framework OH-groups. This is in accordance with the gas
chromatography data, which evidence for the instability of
the OH-groups formed after the removal of ammonia.

As it is seen from Fig. 6, a high degree of amorphisation
is achieved at 670-720 K when approximately 50 % of am-
monium are lost. At this stage, two additional bands at about
1330 and 1625 cm™! appear in the IR spectrum (Fig. 5a).
These bands are typical of NH; bonded to Lewis acid sites
(marked as =Al:NHs;), the latter representing a coordinated
unsaturated Al species, or a non-framework Al (Shannon et
al., 1985; Corma, 1995). The term “non-framework” is gen-
erally applied to Al atoms having one or more Al-O frame-
work bonds broken as a result of dehydroxylation (Freude et
al., 1983; Alvarez et al., 1997). The process leading to the
formation of the non-framework Al is called “de-aluminati-
on” (Shannon et al., 1985; Bodart et al., 1986). For Al-rich
framework aluminosilicates, like natrolite, the de-alumina-
tion is an essential part of the amorphisation process.

The extinction coefficient for the =Al:NH; band at 1625
cm! is known to be lower than that for the NH,* ion band at
1450 cm™! by an order of magnitude (Yin ef al., 1997). This
means that, at 720 K, the amount of NH; molecules bonded to
Lewis sites is comparable to that of the residual NH,* mole-
cules. Note that the 1625 cm™! band remains stable whereas
the ammonium band at 1450 cm! diminishes at higher tem-
peratures (Fig. 5a). It follows that the adsorption of NH; on
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Fig. 8. IR spectra of NH,-natrolite (1) before and (2) after vacuum
treatment at 550 K during 15 days.

Lewis sites represents the intermediate step for NH; remov-
al at the final stage of de-ammoniation of NH,-natrolite. The
Lewis sites are known to easily adsorb NH; molecules to
form stable complexes (Corma, 1995; Yin et al., 1997),
which seems to be the main reason for the increase of the ac-
tivation energy observed by gas chromatography. The ad-
sorption of NH; onto the Lewis sites is probably facilitated
by a high degree of disarrangement of the structure, thus
preventing fast diffusion of NH; through the sample.

Finally, we present on Fig. 8 and 1 the IR spectra and
DTG curves of NH,-natrolite before and after vacuum treat-
ment at 550 K during 14 days. We should remind that this
was done to examine the possibility of obtaining H-natrolite
by smooth temperature treatment. The persistence of the
peak at 1450 cm™! typical of the NH,* group shows that the
degassing of NH,-natrolite at 550 K does not lead to an ap-
preciable de-ammoniation. As it is seen from the compari-
son of the gas chromatography and the DTG curves (Fig. 1,
2), the main peak in the DTG curve corresponds to simulta-
neous removal of ammonia and water. Heating the NH,-na-
trolite at 550 K for 14 days results in a decrease of the main
peak (Fig. 1). We may conclude that the corresponding part
of ammonia (about 30-35 % of the total NH; content) is lost
during the heating, that is, a partial de-ammoniation occurs.
We should notice that the overall crystallinity of the NH,-
natrolite is retained, the intensity of the XRD peaks being
lower as compared to the initial sample. This allows us to
suppose that the crystalline phase obtained under similar
conditions by Stuckenschmidt et al. (1996) is most probably
a partially de-ammoniated NH -natrolite. Slight changes in
the unit-cell parameters, observed in our sample by XRD
analysis (initial NH,-natrolite: a =17.92(1), b = 18.46(2), c
= 6.53(1) A; heated NH,-natrolite: a = 17.91(1), b =
18.479(1), c=6.53(1) A, C1 12,), do not contradict much the
data reported by Stuckenschmidt et al. (1996), taking into
account the difference between single-crystal and powder
XRD analyses.

Conclusions
During the thermal decomposition of the NH-natrolite, the

de-ammoniation is immediately followed by dehydroxylati-
on. This is evidence for the instability of the H-natrolite
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formed after the removal of NHj;, and leads to a negligibly
small concentration of the OH-groups. The natrolite struc-
ture can not persist after the removal of NHj;. In this respect,
the thermal behaviour of the NH,-natrolite is similar with
that of the NH,-analcime (Likhacheva et al., 2004). These
two zeolites present an interesting example of the Al-rich
and dense frameworks, which can not exist in fully proton-
ated form because of too high concentration of the proton
centres, that is shown to be unattainable for a number of zeo-
lites (Barthomeuf, 1987).

The mechanism of de-ammoniation changes throughout
the thermal decomposition of NH,-natrolite. In the initial
step, the apparent activation energy for NH; desorption is
estimated to be 117 (£13) kJ/mol. The removal of NH; is
immediately followed by dehydroxylation, which leads to a
progressive loss of crystallinity. In the final step, the adsorp-
tion of NH; onto the defect centres accumulated in the amor-
phosed framework hinders the de-ammoniation. The chemi-
cal character of bonding in the =Al:NH; complexes makes
them more stable as compared to the H-bonded NH,* ions.
This seems to be most reasonable explanation for the ob-
served increase in the activation energy for NH, desorption
to 270 (x20) kJ/mol.

Smooth vacuum degassing of NH,-natrolite at 550 K
leads to partial de-ammoniation, rather than formation of H-
natrolite.
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