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ABSTRACT

The thermal changes occurring in zeolites of the natrolite group have been
investigated by DTA, TGA, and continuous-heating X-ray photography. This
combination of techniques facilitated a better deseription of the dehydration
phenomena. Several as yet unknown metaphases have been recorded, and sta-
bility ranges have been reassessed. Structurally, upon heating natrolite behaves
entirely differently from its isotypes mesolite and scolecite which are mutually
similar in behavior. Thomsonite and gonnardite also show similar X-ray diffrac-
tion powder patterns, with aspects of both natrolite and mesolite/scolecite.
Edingtonite shows an individual pattern and is the only member of the group
where heating does not result in a phase amorphous to X-rays (X-amorphous).

The only feature common to all members of the group is that the room
temperature phase reacts upon heating by a considerable contraction along the
a and b axes and a slight expansion along the ¢ axis, in accordance with the
general structure of the group.

InTRODUCTION

The thermal properties of few natural zeolites have been studied
as extensively as those of the members of the natrolite group. This
applies particularly to the species natrolite, mesolite, and scolecite
and to a lesser extent thomsonite, whereas gonnardite and edingtonite
have received very little attention.

As has been pointed out in an earlier communication (van Reeuwijk,
1971), previous studies could not possibly give accurate information
about the physical changes zeolites undergo upon thermal dehydration,
due to the employment of inadequate methods and techniques.

The purpose of this report is to give an account of the thermal be-
havior of all members of the natrolite group as obtained by a com-
bination of dynamic thermal analysis methods, 2z., differential thermal
analysis (DTA), thermogravimetric analysis (T'GA), differential scan-
ning calorimetry (DSC), and continuous heating X-ray diffraction
techniques.

MATERIALS

A representative specimen of each species was selected from our collection
under study to illustrate the characteristic properties. The Guinier De Wolff
X-ray. photographs (Co-Ka radiation) are given in Figure 1, the chemical analy-
ses in Table 1.
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Fia. 1. Guinier X-ray photographs of zeolites of the natrolite group. A. natrolite,
B. mesolite, C. scolecite, D. thomsonite, E. gonnardite, F. edingtonite.
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Table 1. CHEMICAL ANALYSES OF MINERALS OF THE NATROLITE GROUP.

A B c D E F
S:'LO2 47,06 46.21 45.97 38.62 42.83 35.14
AZL203 26.66 26,02 25,69 31.04 28.79 20.12
Na20 15.36 5.08 0.26 L4.26 8.02 H
Ca0 0.27 10.40 14.21 12.81 7.56 -
BaO = = = =g = 31.18
H,0 9.76 13.34 Thouy 13.48 13.78 13.16

Total 99.06 101.05 7100.57 100.21 100.38 99.60

i i . 16. 0
A. Natrolite, Na15'230a0.15Al16.098124.08080 16.58 H2 (Auvergne, France)

B. Mesolite, 3(Na5 Ca S

09%%5.76A% 5. 86
s

123.95080' 24.04 HZO)’ (Oregon, U.S.A.)
C. Scolecite, Na © 0

0.26 a7.96A115.84 2522 H20, (Teigarhorn, Iceland)

80"
0

21,09

D. Thomsonite, Na 23.99 H20, (Kilpatrick, Scotlam

1.40°%7 .31 9. 505020 .62%0°

E. Gonnardite, Na, 0 24,12 H20, (Auvergne, France)

8.15°23.15%117.79% 20, 40%0"

. ; g : n
F. Edingtonite, E(B38.27Al16.058123.82080 . 29,74 H20), (BShlet, Sweden)

PROCEDURES

DTA, TGA, and DSC were performed according to the methods described
earlier (van Reeuwijk, 1971) with the only difference that in the present study a
heating rate of 10°C/min. was used for DTA and TGA. Continuous heating X-ray
diffraction patterns were recorded using a Guinier-Lenné camera with an average
heating rate of ca. 0.3°C/min. and a filmspeed of 2 mm/hr. Here, Cu-Ka radia-
tion was used.

REsuLTs

The DTA and TGA curves are presented in Figure 2 and the results
of the DSC in Table 2. The continuous heating X-ray diffractograms
are given in Figure 3.

Natrolite

The DTA and TGA traces of natrolite are the simplest of the group.
Dehydration oceurs, with an initial temperature of ca. 240°C, in a
single process in which all 16 molecules H5O are given off. Variation
within the group of available samples was negligible. The heating
X-ray diffractogram (Fig. 3A) shows the corresponding transition to
metanatrolite to take place at 280°C, again clearly illustrating that
peak maxima in DTA curves (¢f. Fig. 2A) cannot be used in deter-
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Fie. 2. DTA and TGA curves of zeolites of the natrolite group. A. natrolite, B.
mesolite, C. scolecite, D. thomsonite, E. gonnardite, F. edingtonite.



HIGH TEMPERATURE NATROLITE 503

TABLE 2. Heats of dehydration (4&H) of minerals of the natrolite group

nunber of Al number of AH
Paak rnolgcules (kcal/mole H,0) Feak molgcules (keal/mole H.0)
HZO 2 HQO 2

Natrolite 350° ¢ 16 21.3 Thomsonite  200° € B 13.1

350 B 15.5

425 a 21.8
Mesolite 245 12 17.5

380 7 17.8 Gonnardite 75 5 4.y

220 5 18.0

450 9 23.8

Scolecite 225 8 19.5 420 2 7.9
410 10 11.8

Edingtonite 160 12 7.2

270 10 7.5

450 7 9.5

mining actual reaction temperatures. However, for the sake of com-
parison with previous work, peak maxima will be used to indicate
reactions. Maxima for natrolites were found to occur at 350°C which
is from 50 to 100°C lower than those usually reported by previous
workers (Koizuma, 1953; Peng, 1955; Pécsi-Donéth, 1962). However,
Sveshnikov and Kusnetzov (1946) are quoted by Peng to have found
maxima at 350°C.

The photograph (Fig. 3A) reveals that a contraction along the a
and b axes together with a slight expansion along the ¢ axis precedes
the transition to metanatrolite. In contrast to what was hitherto be-
lieved, metanatrolite is shown to consist of two phases, the second
starting at 510°C accompanied by a small endothermic peak in the
DTA due to heat of transition alone since no dehydration is involved.
Metanatrolite as a single phase was described by Hey (1932); how-
ever, at this stage it cannot be decided to which of the two present
phases his description applies.

Rehydration is possible until the structure becomes X-amorphous
at 785°C. Peng (1955) and Péesi-Donath (1962) reported collapse
of structure at temperatures well over 900°C.

At 900°C o-carnegieite is formed. This phase appears to exist over
only a short temperature range as gradual transformation to nepheline
is initiated already at 910°C and completed at 970°C.

According to the known phase relations the formation of nepheline
from carnegieite by heating is an unusual sequence (Smith and Tuttle,
1957; Levin et al., 1969).
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F1e. 3 Continuous heating X-ray photographs of zeolites of the natrolite
group. A. natrolite, B. mesolite, C. scolecite, D. thomsonite, E. gonnardite,
F. edingtonite. The continuous reflections from top to bottom of the photographs
are due to the Pt sample grid.



HIGH TEMPERATURE NATROLITE 505

From the reaction equation

NaleALeSiM?so-lG H,0 — 16NaAlSiO, + 8 Si0, + 16 H,0
natrolite nepheline
appears that about 17 percent of the material at high temperatures
consists of silica, however, up to 1150°C (maximum temperature of
the camera) no crystalline silica phase can be detected.

The occurrence of albite as a heating product of natrolite (Pécsi-
Don4th, 1968) has not been observed in any of the samples.

Mesolite

The dehydration of mesolite occurs in two main steps, the first of
which is a double reaction with peak maxima in the DTA trace at
255° and 275°C (Fig. 2B). During this reaction 2 X 6 molecules of
H,0 are lost (per 80 oxygens). The heating X-ray diffractogram (Fig.
3B) shows that the transition to metamesolite is initiated at ca.
175°C and entails merely a contraction of the crystal lattice along the
a and b axes. The (111) and (511) reflections at 6.13 and 5.42 A dis-
appear above 200°C but reappear upon rehydration.

The second main step, when 7H0 are given off occurs over a shorter
temperature range than the first and is in most cases a double reaction
as well at 380° and 410°C in the DTA trace. However, the magnitude
of the second peak varies considerably from specimen to specimen
and is usually much smaller than that of the first or may even be
absent. Peng (1955) reported the first doublet at 310°C and the second
peak as a single one at 440°C. Pécsi-Donath (1962) analysed only
one specimen which gave a single peak at 300°C and a double one
at 410° and 440°C. The findings of Koizumi (1953) agree most closely
with those reported here.

The photograph (Fig. 3B) shows that the metastructure is destroyed
after dehydration at 320°C, and from then on only some diffuse re-
flections are discernable. Rehydration from beyond this transition is
not possible. This implies that not all the water in this mineral is
reversibly removable, the remaining water (if this is water as such)
is gradually given off during further heating. The disappearance of
the remaining reflections at 490°C is accompanied by a weak endo-
thermic peak at 540°C in the DTA curve, which indicates a total
collapse of the structure remnants.

At 910°C a high temperature feldspar phase is formed, which shows,
when compared with a set of X-ray photographs of members of the
albite-anorthite series, close resemblance to bytownite (AbgzoAng).
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Not all available material can be incorporated in this phase and
irom 975°C onwards a nepheline phase can be observed as well.

If all Na and Ca is incorporated in AbsyAng, and nepheline, then
silica is left over as in the case of natrolite:

Naslgcas‘aA].lgSiz‘iOso‘ 24 H20 bad 2.3 Nao_3032_3A15si7024

mesolite ca, AbgoAnse
+ 4.6 NaAlSiO, + 3.2 Si0, 4 24 H,0

nepheline

Again no crystalline form of silica could be detected, however.
Scolecite

* The dehydration of scolecite is very similar to that of mesolite and
also occurs in two main steps. The first reaction, initiated at ca.
160°C shows a single but non-symmetrical DTA peak with a maximum
at 250°C (Fig. 2C).

During this reaction 8H,O are removed. The second dehydration
step, when another 10H,0 are lost, is in some cases a double reaction
with peak maxima at 430° and 450°C followed by a smaller separate
peak at 480°C whereas other specimens may show a real triple peak
at 430°, 450°, and 470°C as shown in Figure 2C. This, however, is
neither reflected in the TGA trace nor in the heating X-ray diffracto-
gram (Fig. 3C).

This photograph shows that after the second dehydration step
reflections of metascolesite continue, but they are much weaker and
slightly shifted. Rehydration of this phase is not possible. As with
mesolite, the remainder of the water is lost gradually upon further
heating. At 490°C the material becomes X-amorphous corresponding
with an endothermic DTA peak at 560°C. At 950°C high temperature
anorthite is formed without any apparent accompanying phase, al-
though according to the stoichiometry again silica is left over:

CagAli68i,,040-24 H,O0 — 8 CaAl, 51,04 + 8 8i0, + 24 H,O

scolecite anorthite
In addition to differences in temperatures of reaction, a diagnostic
difference between mesolite and scolecite is the course of both the
DTA and TGA curves between the two main dehydration steps. For

mesolite this part is sloping, whereas for scolecite it is virtually
horizontal.

Thomsonite
The dehydration of thomsonite appears to be somewhat more com-

plex. During the first rather long range of dehydration initiated at
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ca. 100°C and having a DTA maximum at 200°C (Fig. 2D) 8H:0
are lost accompanied by a slight but definite contraction of the lattice
mainly along the a-axis and a still smaller expansion along the c-axis
(Fig. 3D).

The next step is a double reaction with a small peak at 325°C and
a large one at 350°C in the DTA trace during which another ‘8H:0
are removed and a distinct crystallographic metaphase is formed
(Fig. 3D, at 280°C).

Upon further heating, yet another metaphase is formed at 325°C
accompanied by a double endothermic DTA peak with maxima at
400° and 440°C, respectively, and during which the base line shifts
to a higher level culminating in a small exothermic peak at 450°C.
This corresponds with a temperature of 390°C on the heating X-ray
diffractogram where a transition to a phase with very weak reflec-
tions occurs. Rehydration of this phase is not possible. Collapse of
the structure is indicated by the endothermic peak at 520°C in Figure
2D. Milligan and Weiser (1937) and Koizumi (1953) reported no
crystallographic changes during dehydration of thomsonite, however,
they analyzed their samples after cooling in air.

Just below 900°C a bytownite/anorthite phase is formed (about
AbyeAng,) followed by nepheline at 910°C.

Gonnardite

No detailed study of the structure of gonnardite has been made,
but it is believed to be similar to that of thomsonite (Smith, 1963).
This relation is expressed by the thermal behavior. The most important
difference is the occurrence of an early dehydration step below 100°C
(Fig. 2E) when 5H20 are given off. This water loss induces a marked
contraction of the lattice along the a and b axes as shown by Figure
3E. This shift, resulting in a merging of reflections, occurs just above
room temperature and could only be shown clearly when the heating
was started somewhat later than the film transport. The subsequent
dehydration steps, where 5, 9, and 2 molecules HyO are lost, respec-
tively, are very similar to those of thomsonite except that double
peaks in the DTA curve of the latter appear to be single ones here.
During heating of the first metaphase, up to 300°C, contraction of
the lattice along the a and b axes continues together with a slight
elongation along the ¢ axis. At 300°C there is a transition to a next
metaphase (Fig. 3E) accompanied by a sharp endothermic peak at
350°C in the DTA curve (Fig. 2E). This phase disappears at 360°C
on the photograph; from then on some weak reflections continue to
about 500°C. No rehydration is possible beyond the 360°C trans-
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formation. The occurrence of the weak endothermic peak at 460°C
(Fig. 2E) indicates final collapse of the structure.

The subsequent high temperature phases are the same as those
for thomsonite.

Edingtonite

A DTA curve of the Béhlet edingtonite has been reported by
Pécsi-Donath (1962) and differs from ours only in temperature
measurement. It shows two rather broad and one sharper endothermic
peaks at ca. 170°, 280°, and 465°, respectively (Fig. 2F). The cor-
responding steps in the dehydration curve indicate water losses of
12, 10, and 7 molecules, respectively. The TGA curve indicates that
no more water is available so that edingtonite contains 29 H,O per
80 oxygen atoms. Hey (1934) reports that edingtonite contains 32
H>0 per 80 oxygen atoms on grounds that air-dry material takes up
more water on raising the water vapor pressure. As this feature is by
no means restricted to this mineral, the argument does not apply.
For this reason our powdered zeolites are stored and manipulated at
the arbitrary but constant relative humidity of 51 percent at 25°C
(Barrer and Langley, 1958).

Margaret, Foster (1965) concludes from Koizumi’s (1953) and
Peng’s (1955) dehydration eurves that HoO that is an intrinsic part
of the structure does not begin to come off below 150°C and, there-
fore, she recommends that H,O- be routinely determined in zeolites
at 110°C. Our experiments also indicate adsorption of H,O other
than that incorporated in the structure, but a general rule that H,0
coming off below 150°C is not such incorporated water is incorrect,
as is illustrated by gonnardite and edingtonite (Fig. 3E, F).

As with the other members of the group, dehydration of edingtonite
effects a lattice contraction along the ¢ and b axes together with an
expansion along the ¢ axis (Fig. 3F) resulting in a merging of a num-
ber of reflections. These shifts are completely reversible.

After the final dehydration reaction the DTA curve shows a rela-
tively strong exothermic peak at 500°C, not due to lattice desintegra-
tion as suggested by Pécsi-Donath (1962), but to the irreversible
transformation to celsian and an unidentified phase with the follow-
ing reflections: (d in A, at room temperature) 5.60 (w), 4.74 (vs),
4.48 (s), 4.22 (vs), 3.58 (w), 3.55 (w), 2.68 (s), 2.30 (w). Remarkable
is the small weight increase accompanying this reaction (Fig. 2F).
When a TGA was carried out in a dry N, stream, transformation to
celsian did not occur at the end of dehydration and no weight increase
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was observed. Experiments to establish whether water or possibly
oxygen is involved failed so far.

At 925°C celsian is transformed to hexacelsian with the simultane-
ous disappearance of the unidentified phase. The transformation of
edingtonite to hexacelsian is represented by the following equation:

Ba8A116§i24030-29 H,0 — 8 BaAl, 81,0 + 8 810, + 29 H:.O
edingtonite hexaoelsian

hence again silica is left over. Unlike the reactions shown by other
members of the group, this silica crystallizes as B-cristobalite at ca.
1050°C, indicated by some weak reflections on the original heating
X-ray diffractogram (Fig. 3F). The co-existence of hexacelsian and
B-cristobalite at such a relatively low temperature is not represented
in the BaAlySi;0s-Si0, phase diagram of Foster and Lin (1969).

CONCLUSIONS

Upon dehydration, all members of the natrolite group react by a
contraction of the lattice along the a and b axes and often an expan-
sion along the ¢ axis. This is fully in accordance with the general
structure of these minerals which consists of parallel chains of (Al,
Si) Oy tetrahedra in the z direction, less prominently linked together in
z and y directions. :

Although natrolite, mesolite, and scolecite are isotypes, the struc-
tural behavior of natrolite appears to deviate significantly from that
of mesolite and scolecite which show a good mutual resemblance.
Thomsonite and gonnardite, supposedly isotypes too, are very similar
in thermal behavior and show, moreover, properties of both natrolite
(350°C endothermic peak, more than one prominent metaphase) ard
mesolite/scolecite (ca. 200° and 400°C endothermic peaks, not all
the water reversibly removable).

Apart from thermal expansion of the crystal lattice, the structural
relationship of edingtonite with the group is not expressed by its
thermal behavior. Unlike the behavior of the other members, after
dehydration further heating produces an irreversible crystallographic
transformation without going through an apparent X-amorphous
phase.
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