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Abstract: Thestructural evolution up to 5 GPaof anatural heulandite was studied using in situ single-crystal X-
ray diffraction datafrom adiamond-anvil cell (DAC) with glycerol asthe pressure transmitting medium. Linear
regressions yielded mean axial compressibilities for a, b and ¢ axes of §, = 1.02(1)-10?, 3, = 8.1(6)-1073, .=
7.6(2)-103GPa™. Thelargest strain vector (8, = 1.16 102 GPa?) lies approximately on the diagonal of the system

of channels along [100] and [001].

Vo Ko, and K’ refined with a third-order Birch-Murnaghan equation are: V, = 2121(2) A3, K, = 26.4(1.0)
GPa, K, = 4.9(8). If fitted with second-order Birch-Murnaghan equation of state, fixing K, = 4, K, becomes

27.5(2) GPa.

The bulk heulandite structure compression was the result of the “soft” behaviour of the channdls (K=10-19
GPa) and the more rigid behaviour of the tetrahedral framework (K = 60 GPa), which underwent tilting of the
fundamental polyhedral unit (FPU) chains. The T5-T5-T5 angles, between the FPUs, decreased from 162.4° at

0.0001 GPato 156.2° at 3.4 GPa.

The position of extra-framework cations and water molecules was amost maintained within the investigated
pressure range. Up to 3.7 GPano phase transition was observed. Amorphization was clearly observed at pressure
above 4 GPa. The transition to the amorphous phase was till reversible up to 5 GPa.

Key-words: zeolite, heulandite, single-crystal X-ray diffraction, high pressure, compressibility.

Introduction

In recent years zeolite mineralshavefound increas-
ing applicationsin many industrial fields (e.g., pol-
lution control, petroleum production, agricultural
application). While the vast possibilities of ex-
changing cations and molecules, the catal ytic abili-
ty and the structural thermal stability of thistype of
mineral have been investigated extensively, studies
of their structural behaviour under pressure are
scarce.

Hazen & Finger (1984) were the first to study
theeffect of hydrostati c pressure mediaon the com-
pressibility of a synthetic zeolite 4A: ethanol,
methanol, glycerol and organo-fluorine compound.
They showed that the compressibility of thiszeolite
dependson therelative size of the hydrostatic-fluid
molecules compared with the structural channelsin
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the zeolite framework. Later Belitsky et al. (1992)
studied the structural transformations induced by
pressure in natrolite and edingtonite using liquids
with various molecular dimensions as pressure-
transmitting media. Their spectroscopic and dif-
fractometric data showed that under high water
pressures, some additional H,O molecules entered
the framework channels and caused an anisotropic
swelling of the crystal and two phase transitions
(natrolitell, natrolite I11). If non-penetrating liquid
was used no phase transitions were detected up to 7
GPa. In both casesit was observed that thetransfor-
mations were completely reversible at least upto 7
GPa

Gillet et al. (1996) studied pressure-induced
amorphization on scolecite and mesolite by X-ray
powder diffraction and Raman spectroscopy. In a
non-penetrating pressure medium (KBr) these zeo-
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Fig. 1. Projection of heulandite structure along [001], showing the FPU, and along [100]. Thethree channels, with the“free
diameters’ and the extra-framework population are shown. The large spheres represent cation sites, whereas the small

spheres represent the oxygen of the water molecules.

lites showed amorphous-phase transition at 8-9
GPa. The transitions from the crystal to the amor-
phous phase were irreversible, but in some scole-
cite experiments during decompression, below 7
GPa, the amorphized samples showed acrystalline
rim of back-transformed phase. Similar evidence of
recrystallisation after HP-amorphization has been
observed in a-AlPO, (Gillet et al., 1995).

All of the quoted studies on natural fibrous zeo-
lites (natrolite, edingtonite, scolecite and mesolite)
were aimed at studying the HP-behaviour using X-
ray powder diffraction but did not report structural
data. No single-crystal HP structural dataare avail-
able for other natural zeolites, yet there are many
single-crystal HT-structural studies (Alberti &
Vezzalini, 1984, and references therein; Vezzalini
et al., 1993; Alberti et al., 1994).

The aim of our study was to investigate the
structural evolution of heulandite under pressure
using in situ X-ray single-crystal diffraction.

Heulandite is a common mineral in post-volca-
nic environments and belongsto the heulandite-cli-
noptilolite zeolite group. In his general scheme of
zedlitic crystallisation during diagenesis and very
low metamorphism, Utada (1970) attributed heu-
landite to “zone 111" of “zeolite facies’. Surface
genesis has never been ascribed to thiskind of zeo-
lite, whereas it has been suggested for the isotypic
framework of clinoptilolite.

The ion-exchange specificity of heulandite-cli-
noptilolite has been demonstrated very activeinre-
moving of radioactive Cs'¥”and Sr*®from low-level
waste streams of nuclear installations and in ex-
tracting of ammonium from sewage (Smyth, 1982;
Mumpton, 1988; Vaniman & Bish, 1993). More-
over, this natural zeolite is not only considerably
less expensive than organic ion-exchange resins, it
is aso much more resistant to nuclear degradation.
A high-pressure study of a nuclear waste disposal
phase may be important both to determine the sta-
bility conditions and to evaluate how its exchange
characteristics are modified by pressure, aswell as
to verify whether phase transitions occur or not.

The heulandite type framework is built from the
“Fundamental Polyhedral Unit” (FPU, also called
“secondary building unit”-SBU) depi cted schemat-
ically in Fig. 1. The FPUs are first joined through
the T5 atoms to form long chains along [102] with
T5-T5-T5angleequal to about 162° in natural heu-
landite. These chains are linked laterally through
theT1, T3, T4 atomsto produce dense silicate lay-
ers (010). Parallel layers are joined through the T2
atoms to form a three-dimensional framework en-
closing three systems of channels: 10-ring and 8-
ring channels along [001], 8-ring channels along
[100]. Theextra-framework cations (CS1 and CS2)
and water moleculesliein these channels. Accord-
ing to Bresciani-Pahor et al. (1980) the CS1 siteis



High-pressure structural behaviour of heulandite 499

Fig. 1. (cont.)

occupied preferentially by monovalent cations and
the CS2 siteis occupied by Caonly, theresidual bi-
valent cations (Ca, Sr, Ba) beingin CS1. With these
cation distributions, CS1 and CS2 havevariableoc-
cupancies (Alberti, 1972; Alberti & Vezzdini,
1983). The extra-framework sites containing water
molecules may aso have variable occupancies.
Their occupanciesin heulandite-group zeolite may
vary from one specimen to another and depend on
bulk chemical composition. However, different
studies have shown amost full occupancy for W3
and W4 sites regardless of the change in chemical
composition (Alberti, 1972; Alberti & Vezzalini,
1983).

Alberti (1973) and Alberti & Vezzalini (1983)
studied the structural behaviour of heulandite de-
hydration by X-ray single-crystal diffraction. They
showed the heat-induced polymorphic transition
(heulandite A - heulandite B) with the structural
transformation produced by dehydration: strong
deformation of the FPU, pronounced zig-zag of
their chains along [102] and extra-framework site
shifts. Mortier & Pearce (1981) studied the inter-
mediate phase, called d-Ca/lH-HEU, between the
hydrated NH ,-exchanged heulandite and dehydrat-
ed heulandite B by X-ray single-crystal diffraction.
They showed the structural differencesfor the acti-
vated (partialy dehydrated) intermediate phase,
stable at 483 K.

In our study thisinformation on the behaviour of
heulandite under pressure will be compared with
the dehydration effect of heating. The amorphiza-

tion processwill aso be examined, and onthebasis
of HP structural refinements, a tentative amorphi-
zation path of this zeolite will be proposed.

Experimental procedure

The heulandite specimen came from Paterson
(New Jersey, U.S.A). The chemical composition,
determined with an ARL-SEMQ microprobe (op-
erating conditions. 15 kV, 10 nA measured on
brass, beam size 30 um, 20 s of counting time) and
the water content measured with thermogravime-
tricanalysis, using SEIKO SSC/5200 apparatus (in
air, heating rate 10°C/min) at the “ Dipartimento di
ScienzedellaTerra’ of ModenaUniversity, yielded
the following chemical formula: Na, ,,K 40Ca g5
B2 03S10.67A 9,295 2673072 26.85H,0.

A Merrill-Bassett diamond anvil cell (DAC)
with 1/8 carat diamond with 800 pm culet face di-
ameter was used for high-pressure study. Steel In-
conel 750X foil, 250 pm thick, with a350 um hole,
was used as gasket material. A Sm?*-BaFCl pow-
der for pressure calibration (Comodi & Zanazzi,
1993) and glycerol (C;05H) as pressure-transmit-
ting medium were introduced into the DA C togeth-
er with the sample. Glycerol was chosen becauseits
large dimension molecules do not enter in the zeo-
lite framework channels (Hazen & Finger, 1984).

Pressure was cal culated by measuring the wave-
length shift of the Sm2* line (. = 6876 A, at 0.0001
GPa) excited by a100 mW argon laser and detected
by a 100 cm Jarrell-Ash optical spectrometer. The
precision of pressure measurementswas 0.05 GPa.

The lattice parameters of a crystal, with dimen-
sions of 0.25 x 0.2 x 0.05 mm, were determined at
various pressures between 0.0001 and 3.7 GPa(Ta-
ble 1) by applying the |least-square method to the
Bragg angles of 36 accurately centred reflections.

Table 1. Lattice parameters and volumes of heulandite at
different pressures.

P(GPa) a(A) b(A) cA B0 Vv (A3)

0.0001 17.729(1) 17.909(4) 7.433(2) 116.52(2) 2111.7(4)
024  17.701(6) 17.791(5) 7.405(7) 116.45(5) 2089.3(5)
089  17.592(7) 17.711(4) 7.380(8) 116.58(7) 2054.2(2)
145  17.481(6) 17.625(7) 7.345(5) 116.73(8) 2021.5(3)
207  17.347(8) 17.507(6) 7.305(6) 116.80(7) 1980.6(4)
276 17.235(5) 17.445(8) 7.274(8) 116.83(9) 1952.3(4)
340  17.124(6) 17.376(7) 7.237(7) 116.93(8) 1920.2(6)
372 17.072(6) 17.331(7) 7.215(7) 117.10(8) 1901.4(3)
0.0001* 17.774(2) 17.824(3) 7.438(3) 116.38(2) 2110.9(5)

* data collected under room conditions after compression.
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Table 2. Some details of data collection and refinements of
heulandite.

Pressure (GPa) 0.0001 145 34 0.0001*
Radiation MoKo. MoKo. MoKa MoKa
6 range (°) 3+35 335 3+3B 335
Scan type ® [0 0] [0
Scan speed (°/s) 006 006 006 0.08
Scan width (°) 18 26 26 26
Space group C2im C2Im C2/m C2/m
No. Measured refl. 4417 1055 1224 4670
No. Independent refl. 2804 600 686 2999
No. Observed refl. 1353 241 268 1529
No. Parameters 178 79 79 178
R 4.16 1212 1440 355
R % 467 704 775 488

* data collected under room conditions after compression.

Diffraction datawere collected under room con-
ditions on a Philips PW 1100 four-circle diffrac-
tometer using a graphite monochromator for
MoKa radiation (. = 0.7107 A); w scanned with
scan width 1.8° and scan speed 0.06°/s were em-
ployed. 2804 independent reflections were collect-
ed for the structural refinement (Table 2). Empiri-
cal absorption correction based on the method of
North et al. (1968) was applied and 1353 observed
reflections with intensities higher than 3o(1) were
employed. The refinement was carried out with an-
isotropic displacement parameters in space group
C2/m using the SHELX-97 program (Sheldrick,
1997). The final agreement index was 4.67 % for
178 parameters. The neutral atomic scattering fac-
tor values from the International Tables for X-ray
Crystallography (Ibers & Hamilton, 1974) were
used. Whereas for CS2 a scattering curve of calci-
um aonewas used, for CS1 siteamixed curve built
with the scattering curves of Na, K, Sr, Baand Ca,
in percentages consistent with the analysis, were
employed.

Theintensity data were collected at 1.4 and 3.4
GPaup to 35° of 8, adopting non-bisecting geome-
try (Denner et al., 1978) and 2.6° w scans; when
possible, the measurementswere repeated at differ-
ent azimutal 1 angles. Data were corrected for
pressure-cell absorption with an experimental at-
tenuation curve (Finger & King, 1978).

The HP structures were refined with isotropic
atomic displacement parameters and site occupan-
cies fixed to the room condition value. Details of
therefinements arelisted in Table 2. Observed and
calculated structure factors can be obtained from
the authors upon request (or through the E.J.M. Ed-
itorial Office— Paris).

Results
Resultsunder room conditions

The heulandite structure was refined with starting
coordinates from Alberti (1972). The coordinates
of the framework atoms are very close to those
found by Alberti & Vezzalini (1983) for heulandite
from Nadap and for heulandite from Azerbaijan
(Bresciari-Pahor et al., 1980).

Specia care was devoted to the location of the
extra-framework cations and water molecules. We
found six sites for the water molecules, some
completely occupied and others partially occupied
(Table 3). The seventh (W7) water site, found par-
tially occupied in Nadap heulandite (Alberti &
Vezzalini, 1983), was completely empty in this
sample.

The determination of Al-content in the tetrahe-
drawas carried out using Alberti’s method (Alberti
& Gottardi, 1988). Theresult was: T1(Al)=19.2 %,
T2(Al) = 36.3 %, T3(Al) = 19.9 %, T4(Al) = 19.4
%, T5(Al) = 33.4 %, with Al-content total equal to
8.92 atoms per formulaunit (a.f.u.). Thisresultisin
good agreement with chemical datafromtheanaly-
sis. On the other hand by applying Jones' method
(Jones, 1968) the result was. T1(Al) = 19.6 %,
T2(Al) = 33.7 %, T3(Al) = 16.8 %, T4(Al) = 14.0
%, T5(Al) = 31.4 %, with Al-content total equal to
7.98 af.u.

Compressibility

The reduction of lattice parameters with pressure
was linear, without evidence of phasetransitionsin
the pressure range investigated. Linear regressions
(Fig. 2) yielded mean axial compressibilitiesfor a,
band caxesof §,=1.02(1)-10?, 3,=8.1(6)-103, B,
=7.6(2)-10°GPa'. AsshowninFig. 2, the § angle
increased dlightly with pressure.

The principal linear compression coefficients
are not constrained by symmetry to completely co-
incide with crystallographic axes. Thus, to deter-
minethestrain ellipsoid and its orientation with re-
spect to the crystallographic axes, analysis of the
strain tensor was performed using the program
STRAIN (Ohashi, 1982). The principal axes of the
strain tensor calculated between 0.0001 and 3.5
GPa, using the lattice parameter values obtained
from linear regressions, were: 3, = 1.16:102, 3, =
8.1-10°%, B;=7.5-10°GPa. §, was coincident with
the b axis, whereas 3, and 35 liein the plane (010).
(3, formed an angle of about 35° withthea axis; this
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Table 3. Atomic fractional coordinates, electron numbers and thermal displacement factors (A2).

Site X y z e Uiso/lUeg Site X y z e Uiso/Ueg
CS1 0.1523(2) 0.0 0.6735(6) 16.44 0.045(1) 08 0.0084(3) 0.2659(3) 0.1841(7) 16.00 0.030(1)
0.1503(8) 0.0 0.675(2) 16.44 0.043(5) 0.003(1) 0.261(3) 0.185(3) 16.00 0.029(7)
0.1431(8) 0.0 0.673(2) 16.44 0.038(4) -0.007(1) 0.248(3) 0.177(4) 16.00 0.031(6)
0.1543(2) 0.0 0.6757(5) 16.60 0.044(1) 0.0094(3) 0.2658(3) 0.1863(7) 16.00 0.035(1)
CS2 0.0398(2) 05 0.2024(7) 9.44 0.033(1) 09 0.2105(3) 0.2540(3) 0.1750(7) 16.00 0.029(1)
0.033(1) 05 0.185(3) 9.44 0.028(6) 0.207(1) 0.257(4) 0.170(4) 16.00 0.033(7)
0.027(2) 05 0.158(6) 9.44 0.09(1) 0.209(1) 0.252(3) 0.175(3) 16.00 0.016(5)
0.0408(2) 0.5 0.2003(7) 9.20 0.028(1) 0.2099(3) 0.2532(3) 0.1756(7) 16.00 0.027(1)
T1 01795(1) 0.1698(1) 0.0966(2) 13.81 0.0144(4) 010 0.1148(3) 0.3724(3) 0.3962(7) 16.00 0.026(1)
0.1818(4) 0.164(1) 0.101(1) 13.81 0.014(2) 0112(1) 0.367(3) 0.376(3) 16.00 0.036(7)
0.183(4) 0.166(1) 0.103(1) 13.81 0.013(2) 0.106(1) 0.359(3) 0.350(3) 16.00 0.033(7)
0.1796(1) 0.1682(1) 0.0957(2) 13.81 0.0142(3) 0.1151(3) 0.3726(3) 0.3975(7) 16.00 0.028(1)
T2 0.2109(1) 0.4098(1) 0.4988(2) 13.64 0.0150(4) W1 0.2242(6) 0.5 -0.009(1) 16.00 0.052(2)
0.2071(4) 0.409(2) 0.490(2) 13.64 0.019(2) 0.223(2) 05 -0.003(5) 16.00 0.04(1)
0.2014(4) 0.415(1) 0.479(1) 13.64 0.014(2) 0229(2) 05 0.005(5) 16.00 0.03(1)
0.2109(1) 0.4098(1) 0.4985(2) 13.64 0.0143(3) 0.2223(6) 05 -0.009(1) 16.00 0.048(2)
T3 0.2084(1) 0.1903(1) 0.7174(2) 13.80 0.0145(4) W2 0.080(1) 0.0 0.880(3) 12.80 0.106(9)
0.2072(4) 0.189(1) 0.716(1) 13.80 0.012(2) 0.079(2) 0.0 0.875(7) 12.80 0.08(2)
0.2075(5) 0.189(1) 0.719(1) 13.80 0.017(2) 0.079(3) 0.0 0.884(9) 12.80 0.09(2)
0.2088(1) 0.1910(1) 0.7183(2) 13.80 0.0138(3) 0.0795(8) 0.0 0.875(3) 14.72 0.111(8)
T4 00645(1) 0.2978(1) 0.4100(2) 13.81 0.0146(4) W3 0.0773(4) 0.4173(5) 0.970(1) 16.00 0.065(2)
0.0606(5) 0.295(1) 0.403(1) 13.81 0.018(2) 0078(1) 0.408(3) 0.948(4) 16.00 0.06(1)
0.0563(5) 0.293(1) 0.393(1) 13.81 0.017(2) 0.088(2) 0.407(4) 0.942(5) 16.00 0.09(1)
0.0643(1) 0.2984(1) 0.4111(2) 13.81 0.0145(3) 0.0769(4) 0.4172(5) 0.969(1) 16.00 0.062(2)
T5 00 0.2126(1) 0.0 1366 0.0154(5) W4 0.0 05 05 16.00 0.077(5)
0.0 0.205(2) 0.0 13.66 0.018(3) 0.0 05 05 16.00 0.07(2)
0.0 0.199(2) 0.0 13.66 0.019(3) 0.0 05 05 16.00 0.09(2)
0.0 0.2115(1) 0.0 13.66 0.0165(5) 0.0 0.5 0.5 16.00 0.074(5)
01 0.1940(5) 05 0.455(1) 16.00 0.029(2) W5 00 0.091(1) 05 16.00 0.19(2)
0191(2) 05 0.451(6) 16.00 0.04(1) 0.0 0.084(8) 05 16.00 0.21(4)
0.168(3) 05 0.407(7) 16.00 0.06(1) 0.0 0.093(6) 0.5 16.00 0.08(1)
0.1953(5) 05 0.450(1) 16.00 0.028(1) 0.0 0.0909(9) 0.5 16.00 0.21(1)
02 02317(3) 0.1190(1) 0.6143(8) 16.00 0.031(1) W6 0.095(1) 0.0 0.288(3) 15.36 0.121(9)
0.229(1) 0.120(3) 0.607(3) 16.00 0.020(6) 0.101(2) 00 0.321(7) 15.36 0.07(1)
0.227(1) 0.117(4) 0.612(4) 16.00 0.041(7) 0104(2) 00 0.319(6) 15.36 0.05(1)
0.2316(3) 0.1206(3) 0.6116(7) 16.00 0.029(1) 0.097(1) 00 0.291(3) 14.72 0.13(1)
O3 01829(3) 0.1533(3) 0.8849(7) 16.00 0.028(1) Note: For each atom values from top to bottom correspond
0.182(1) 0144(3) 0.884(4) 1600 0.03L(7) g the refinement at 0.0001, 1.45, 3.4 and 0.0001 (after de-
0.179(1) ~ 0.148(3)  0.887(3) 16.00 0.027(6) compression) GPa respectively. For each tetrahedral site,
0.1854(3) 0.1524(3) 0.8855(7) 16.00 0.029(1) the Si/Al content isdetermined using Alberti’s method. For
04 02383(3) 0.1068(3) 0.2567(7) 16.00 0.027(1) HP refinementstheisotropic thermal parameters, Uiso, are
0.248(1)  0.105(3) 0.264(3) 16.00 0.020(6) reported, whereas for the room condition refinements Ueg
0.256(1) 0.101(3) 0.264(3) 16.00 0.027(6) is shown.
0.2403(3) 0.1059(3) 0.2566(6) 16.00 0.027(1)
05 0.0 0.3252(5) 0.5 16.00 0.032(2)
0.0 0.329(4) 05 16.00 0.029(9) direction roughly corresponds to the diagonal of the
0.0 0.338(5 05 16.00 0.05(1) ’
00 0.3266(4) 05 1600 00341  Systemof channelsalong [100] and [001] (Fig. 3).
06 00821(2) 0.1579(3) 0.0642(7) 16.00 0.023(1) Volume compression data, isothermal  bulk
0.087(1) 0.146(3) 0.085(3) 16.00 0.027(7) modulus K, and its pressure derivative K,', were
0.088(1) 0.144(3) 0.096(3) 16.00 0.019(6) fitted to athird-order Birch-Murnaghan equation of
0.0833(3) 0.1558(3) 0.0626(7) 16.00 0.025(1) state (Birch, 1978). The eguation has the form:
O7 0.1272(3) 0.2349(3) 0.5483(8) 16.00 0.037(1) P = 312K [(V/V)"3 — (VJV)¥{ 1 + 34K, —4)
0.127(1) 0.240(4) 0.550(4) 16.00 0.045(7) [(Vy/V)2 = 1]}
0.120(1) = 0.239(4) = 0.548(4) 1600 0048(7)  andwassolved using aL evenberg-Marquardt algo-
0.1271(3) 0.2348(3) 0.5542(8) 16.00 0.038(1)

rithm (Presset al., 1986).
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Fig. 2. Unit-cell parameters, normalised to room condition
value, vs. pressure. The regression line equations are re-
ported in the bottom left hand corner.
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Fig. 3. Strain ellipsoid orientation and the channel system
along [001] and [100Q].

When V,, K, and K, were refined, the values
obtained were : V, = 2121(2) A3, very close to the
value measured under room conditions (Table 1),
K, = 26.4(1.0) GPa, K, = 4.9(8). If the data were
fitted to asecond-order Birch-Murnaghan eguation
of state, withfixed Ky =4, K, became 27.5(2) GPa.

A subtle effect is observed in the heulandite
compressibility: adight deviationfromthelinear V
vs. P trend may be observed. Thiseffect may bede-
scribed in terms of the following quadratic trend:
VIV,=1-23.23(8)-10%P + 1.6(2)-103P2.

The bulk modulus of heulandite, using a non-
penetrating pressure medium, is similar to the bulk
moduli of other open framework compounds, such
as zeolite-4A with K, = 21GPa (Hazen & Finger,
1984), but is significantly smaller than that ob-
served in other framework silicates (e.g., in ana-
cite, K, =41 GPa, Hazen & Finger, 1979; in maria-
lite, K, = 60 GPa, Comodi et al., 1990; in anorthite,
Ko, =94 GPa, Angel et al., 1988).

Structural evolution with pressure

The HP structural behaviour of this zeolite type
was studied by comparing the three refinements
carried out at 0.0001, 1.45 and 3.4 GPa. The pres-
sureincrease did not produce relevant variationsin
thetetrahedral bond distances (Table5) asobserved
in most silicatesin this pressure range. On the other
hand, as expected for open framework structures,
the main deformation mechanism was the polyhe-
dral tilting that produced inter-tetrahedral angle
variations. In particular in heulanditethemost rele-
vant variation produced by polyhedral tilting was
the shortening of the zig-zag chain, along [102],
formed by the heulandite polyhedral unit (FPU).
The T5-T5-T5 angles between the FPUs decreased
from 162.4(1)° at 0.0001 GPato 156.2(3)° at 3.4
GPa (Table 4). At the same time the 8- and 10-
membered ring channels parallel to ¢ were com-
pressed, principally along [010]. The channel bulk
moduli, calculated from the volume variations of
the inscribed elliptical-section cylinders, were
quite low: the bulk moduli of the 10- and 8- mem-
bered ring channels aong [001] were 19(2) and
10(2.3) GParespectively. That of 8-membered ring
channels along [100] was 18(1.5) GPa (Table 4).

Tetrahedral tilting not only changed the configu-
ration between the FPUs, but also the size of the
FPU itself. The FPU “pseudo-volume”, defined as
the product of thethreedistances(T2-T2), (T3-T3),
(T5-T5) acrossthe FPU (Mortier & Pearce, 1981),
changed from 244.5(3) A2 under room conditions
t0 230.9(4) A3 at 3.4 GPa. Thusthe FPU bulk mod-
ulus was 63(8) GPa (Table 4).

Besides relevant decrease in the channel free
volumes, the pressure increase induced important
variations in the shape of the channels. We can
evaluate the evolution on the channel ellipticity by
the ratio between the smaller free diameter com-
pared to the larger one, O6-06/01-0O1 for the 10-
ring channel, O5-05/01-01 for the 8-ring channel
along [001], O3-03/01-01 for the 8-ring channel
along [100]. According to the results shown in Ta-
ble4, it appearsthat whereasthe shape of the 8-ring
channels did not change much with pressure, the
10-ring channel became more €lliptic. The ratio
06-06/01-01 changed from 0.38 to 0.28 with
pressure increase of 3.4 GPa, corresponding to a
decrease of about 26 %, while in the 8-ring chan-
nelstheellipticity decreaseswere 3 and 9 %. Dueto
the 10-ring channel compressing along [010], the
01 oxygen moves towards the inside of the 8-ring
channel, as indicated from the atomic coordinates
(Table 3).
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Table 4. Relevant structural parametersin heulandite at different pressures.
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P (GPa) 0.0001 1.45 3.40 0.0001* K (GPa)
Vol- FPU (A3) 2445(3) 234.0(2) 230.9(4) 238.3(3) 63(8)
T5-T5-T5(°) 162.4(1) 159.1(3) 156.2(3)  162.0(2)
T5-T5 (A) 8.965(5) 8.664(7) 8525(8) 8.801(4)
Channel [001]
01-O144ing R 7.86(3) 7.78(4) 8.11(3) 7.82(2)
06- oemr,ng A 2.95(1) 2.38(7) 2.31(5) 2.85(3)
O1- Ol&,,ng( ) 4.50(4) 4.35(5) 3.80(4) 4.60(2)
05 OS5 1ing (A 3.56(6) 3.40(3) 2.91(4) 3.48(4)
V thio-ring (K 121.3(3) 1104(5) 94.9(6) 116.7(4)  19(2)
V ehgring (R3) 83.7(2) 82.3(4) 55.9(7) 81.8(5) 10(2.3)
Channel [100]
Ol OlS-nng (A) 473(2) 4.65(4) 4.54(6) 4.74(4)
3. 1in 2.79(3) 2.40(2) 2.44(4) 2.73(3)
V 1 8ing ()f ) 164.4(3) 149.9(4) 132.9(3) 161.7(2) 18(15)

* data collected under room conditions after compression.

The position of the extra-framework cations (in
CS1 and CS2 sites) and water molecules (in W1,
W2, W3, W4, W5, W6 sites) was almost main-
tained within the pressurerangeinvestigated (Table
3). However, looking inmore detail at the evolution
of the extra-framework bond distances revedls a
different behaviour between CS1 and CS2. In the
10-ring channel, both the CS1-framework oxygen
distances and the CS1-water molecule distances
decreased with pressure, and on the whole the con-
figuration remained the same as observed under
room conditions. Inthe[001] 8-ring channel, onthe
contrary, the O1 moved towardstheinside and as a
consequence the distances between CS2 and O1
decreased from 2.533(8) A to 2.27(6) A, as the
pressureincreased to 3.4 GPa. At thesametime, the
distances between CS2 and the water molecule
oxygens (CS2-W3, CS2-W3', CS2-W4, see Table
5) increased dightly with pressure.

Amorphization

Significant peak broadening, interpreted asanindi-
cation that amorphization was occurring, was ob-
served at P higher than 3.7 GPa. At 4.1 GPa the
peak disappearance hindered the determination of
the lattice parameters. The evolution of the diffrac-
tion pattern during decompression showed that the
gradual transition to the amorphous phase was still
reversible, at least in the range 0.0001-5 GPa. A
similar effect was observed for scolecite after com-
plete HP-amorphization at 8-9 GPa (Gillet et al.,
1996) and for a-AlPO, ( Gillet et al., 1995).

The structural refinement under room condi-

tions, after the HP measurements, showed little dif-
ferencefromtheinitial valuesof thelattice parame-
ters and structural geometry (Tables 3-5).

Discussion and conclusions

Heulandite represents the first example of zeolite
studied under pressure using single-crystal X-ray
diffraction data. With this method the path fol-
lowed by polyhedral tilting to deform the structure
may be examined in detail. In particular the evolu-
tion of the lattice parameters may be understood by
means of high-pressure structural refinements. Al-
though the heulandite structure could be consid-
ered to be a layer structure packed along [010],
wheredensesilicatelayersalternatewith 10- and 8-
ring channels (Fig. 1), the largest compressibility
we observed was aong the a axis, not along the b
axis. This apparently anomalous behaviour was
due to the counter-balancing effect of two mecha-
nisms: first the kinking of the zig-zag FPU chains,
that increasesthe [010] layer thickness, and second
the compression of the channels along [010]. On
the other hand, along the a axis the two mecha-
nisms act in the same way: both the kinking of the
zig-zag FPU chains and the decrease of the channel
size reduce the a axis, which was the most com-
pressible lattice parameter.

However, in the heulandite structure the most
compressible direction, asfound by the strain anal-
ysis, does not coincide with any of the lattice pa-
rameters but liesin the (010) plane forming an an-
gle of about 35° with thea axis. Thisdirection cor-
responds approximately to the [102] axis along
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Table 5. Interatomic distances (A) in function of pressure.

P (GPa) 00001 145 34 0.0001*
CS1-02(x2)  2.695(6) 2.70(4) 2.65(5) 2.705(6)
CS1-03(x2)  3.089(5) 2.88(4) 2.92(4) 3.058(6)
CS1-W1 2478(1) 242(3) 2.37(3) 2.475(11)
CS1-W2 2.399(23) 2.36(5) 2.24(5) 2.393(20)
CSI-W5(x2) 2.922(12) 2.78(8) 2.72(6) 2.945(9)
CS1-W6 2575(20) 2.35(5) 2.33(4) 2.573(20)
CSs2-01 2533(8) 2.56(4) 2.27(6) 2.541(8)
CS2-010(x2) 2.712(6) 2.75(5) 2.83(5) 2.707(6)
CS2-W3(x2) 2403(8) 2.37(5) 2.39(6) 2.408(8)
CS2-W3 (x2) 2576(9) 2.73(4) 2.76(6) 2.553(9)
CS2-W4 2605(6) 262(2) 2.71(4) 2.633(5)
CS2-CS2 2.693(10) 2.42(4) 2.04(7) 2.672(9)
T1-03 1.629(5) 1.63(3) 157(3) 1.636(5)
T1-04 1.636(5) 1.63(4) 1.69(5) 1.637(5)
T1-06 1.646(4) 1.64(2) 1.65(2) 1.634(4)
T1-09 1.620(6) 1.70(6) 1.56(5) 1.628(5)
<T1-0- 1632 165 162 1634

T2-01 1647(2) 161(3) 158(2) 1.644(2)
T2-02 1.665(5) 1.65(3) 1.72(3) 1.660(5)
T2-04 1.654(5) 1.63(2) 1.69(2) 1.656(5)
T2-010 1.665(5) 1.66(3) 1.75(4) 1.663(5)
<T2-0- 1658 164 168 1656

T3-02 1.635(5) 159(5) 1.59(5) 1.629(5)
T3-03 1.642(5) 1.69(3) 1.66(3) 1.628(5)
T3-07 1.635(5) 1.64(4) 1.68(4) 1.623(5)
T3-09 1.635(6) 1.63(4) 1.63(4) 1.637(5)
<T3-0- 1637 164 164 1629

T4-05 1.636(3) 1.63(3) 1.68(4) 1.634(3)
T4-07 1594(5) 153(5) 1.50(5) 1.614(5)
T4-08 1.626(5) 158(3) 1.65(3) 1.624(5)
T4-010 1.635(5) 1.62(5) 1.54(5) 1.628(5)
<T4-0> 1623 159 159 1625

T5-06 (x2)  1.638(5) 1.72(3) 1.65(3) 1.667(5)
T5-08(x2)  1.620(5) 1.66(4) 1.58(4) 1.636(5)
<T5-0- 1629 169 161 1651

* data collected under room conditions after compression.

which the FPU chains extend and where the diago-
nal of the system of channels lies along [100] and
[001] (Fig. 3). The most compressible direction is
likely to berelated to the FPU tilting, mainly acting
where the charge density is lower, as aong the
channel system diagonal.

The high-pressure behaviour of heulandite may
be compared with the high-temperature behaviour
described by Alberti & Vezzalini (1983). In their
study the authors described a phase transition over
250°C from heulandite A to heulandite B, a con-
tracted completely dehydrated phase. The water
|oss determined adrastic deformation of FPU, with
T-O-T bridge breaksyielding aninterrupted frame-
work. In our study, with the pressure increase the

extra-framework content remained unchanged,
both cations and water molecules maintained al-
most the same position and the same occupancy.

Thus the deformations induced by P are less dra-
matic than those affected by T and no phase transi-
tion was observed before amorphization. The reflec-
tion broadening observed for pressures greater than
3.7 GPa, can be ascribed to the gradual amorphiza
tion. The analysis of structural refinement data al-
lows us to hypothesize the reason for structural de-
cay. The compression of 10-ring channel along [010]
pushes the O1 oxygen toward the inside of the adja-
cent 8-ring channel, strongly reducing the CS2-O1
distance (Table 5). At the same time the distance be-
tween T2-O1 also decreases greatly. Under room
conditions the O1 oxygen is under-bonded, in fact it
isthe bridging oxygen between two tetrahedrawhere
silicon is largely substituted by aluminium; with
pressure increase, the distances between the tetrahe-
dra cation, as well as those between extra-frame-
work cations, drastically decrease and as a conse-
guence this oxygen becomes overcharged. Because
of the" delicate” roleof the O1 oxygen, as(010) layer
binder, the charge imbalance on it could possibly
produce significant structural instability.
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