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Résumé— Vers la caractérisation operando de tamis moléculaires par diffraction par les
poudres— Les tamis moléculaires en poudres présentent des atomes nombreux et variés. Leur
caractérisation nécessite des sondes sélectives chimiquement. Ils peuvent étre caractérisés soit par
diffraction des neutrons soit par diffraction anomale des rayons X pour obtenir des informations sur la
structure de ces matériaux. Nous allons illustrer la complémentarité de ces méthodes par I'analyse de
deux processus chimiques sur des zéolithes X.

Dans une premiére partie, nous présentons |’ analyse structurale d’ une zéolithe X échangée au baryum par
diffraction des neutrons aprés une étape de préparation ex situ consistant a saturer la zéolithe BaX par un
mélange d'eau lourde et de para-xyléne deutéré. La sensibilité aux atomes |égers de la diffraction des
neutrons nous a permis de proposer une locadisation précise des molécules d' eau et de xyléne composant
la phase adsorbée dans |a micro-porosité de la zéolithe.

La deuxiéme partie de ce travail est dédiée a la caractérisation structurale pendant le processus de
déshydratation de la zéolithe X échangée par les cations strontium et rubidium. Cette caractérisation in
Situ a été obtenue par | enregistrement, pour chaque état de la zéolithe (hydratée, déshydratée), de trois
diagrammes de diffraction des rayons X, deux a une énergie proche du seuil d absorption des rayons X
de chague cation de compensation (Sr2* et Rb*) et un loin de ces deux seuils d absorption. La sélectivité
chimique de la diffraction résonante a permis d' obtenir des informations précises sur la distribution des
cations de compensation (en termes de localisation et de répartition) et sur leur mobilité en fonction des
conditions expérimentales.

En conclusion, nous résumons quel ques spécificités et limitations des deux méthodes.

Abstract—Towards operando Characterisation by Powder Diffraction Techniques of Molecular
Sieves—Working molecular sieves imply numerous and various atoms and for their characterisation
we need chemical selective probes. Thus they can be studied either by neutron powder diffraction or
by anomalous X-ray powder diffraction techniques to extract structural information. We will illustrate
the complementarities of these methods in the analysis of two different chemical processes on X-type
zeolite.

In the first case, a fully exchanged barium X-type zeolite was, firstly, characterised by neutron powder
diffraction after an ex situ preparation step. During the preparation step, the sample was saturated with
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a mixture of heavy water and deuterated para-xylene. The selectivity of neutron diffraction for light
elements all ows the precise location of both water and xylene molecules.

In the second example, an X-type zeolite exchanged by both strontium and rubidium cations was studied
during the dehydration process. The in situ structural characterisation was performed by recording, for
each state of the zeolite (hydrated, dehydrated), three X-ray powder patterns. Two of them were
measured at an energy close to the absorption edge of each compensating cation (32" and Rb*) and one
far from both absorption edges. The chemical selectivity of resonant diffraction allows an accurate
determination of the distribution of compensating cations (location, distribution and mobility) during the

dehydration process.

Finally a comparison of some specificities and limitations of both methods are summarized.

INTRODUCTION

High performance industrial processes for separation and
purification of hydrocarbons isomers are based on selective
adsorption properties of molecular sevessuchas X, Y and A
zeolites exchanged with various cations. In particular, X-type
zeolites are currently used in industrial separation processes
of para-xylene from the other C; aromatic isomers[1].

The X-type zeolite is an dumino-silicate which belongs to
the Faujasite family (structure type FAU [2]). X zedlites are
characterised by a Si/Al ratio in the range 1.0-1.5. The
framework structure has cubic symmetry and it is built of
sodalite cages (also called (-cages) linked together by
hexagonal prisms. The large cavity created by the periodical
arrangement of the sodalite cages is called the supercage.
Each supercage is connected to four sodalite cages through a
6-ring window (with a free aperture diameter of 0.22 nm) and
to four other supercages through a 12-ring window (with a
free aperture diameter of 0.75 nm). The structure of the X
zeoliteis presented in Figure 1.
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Figure 1

Structure and cationic sites of the Faujasite zeolite.

Because of the presence of AlO, tetrahedra, the framework
of the zedlite is globally negatively charged. The electrical
neutrality of the materia is assured by charge compensating
cations. In X-type zeolite, four main crystallographic sites,
located in al cavities, can be occupied by cations[3] (Fig. 1).
The occupancy factor of each cationic site can be influenced
by various parameters and, in particular, by the composition
and the amount of the adsorbed phase, the nature and the
charge of the compensating cation and the presence of a
second type of cation (bicationic zealites). Since the cationic
distribution seems to be a key parameter in the understanding
of selective adsorption properties of zeolite, it is of great
interest to be able to determine the cationic distribution of
the zeolite under working conditions of the process. Thus,
to improve our understanding of selective adsorption
phenomena, the precise location of adsorbed moleculesis an
essential structural information.

For X-rays, the intensity diffracted by an element is
proportional to the square of its number of electrons. As a
consequence, X-ray powder diffraction is a technique well-
suited to perform structural characterisation of dehydrated
X zeolites since the framework is highly crystallised and the
cationic element is often heavy. However, the location of
lighter elements (typicaly carbon and hydrogen) in a heavier
matrix (Si, Al, O) is not easy using classical X-ray
diffraction. For the same reason, the discrimination between
elements with close atomic number can be difficult.

Thus we need to improve diffraction methods and there
are two ways to enhance or to change the contrast obtained
by classical X-ray diffraction between two given elements:

— Thefirst one is obtained by neutron diffraction, since for
neutrons the nuclear scattering length, which depends on
the isotope and nuclear spin state, is not related to the
atomic number.

— The second method uses resonant diffraction, also called
anomalous diffraction: around adsorption edge energies of
an element, atomic scattering factor variations range from
5 to 20 eectron units (e.u.) per atom, thus providing an
additional contrast [4-6].

X-ray resonant (or anomalous) diffraction specificity
is related to the close relationship between scattering,
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absorption and refraction. Resonant scattering refers to the
modification of its intensity due to absorption processes
involving interactions between the X-ray beam and the atoms
in the sample. This interaction combines the chemica and
short-range order sensitivity of absorption with the long-
range order sensitivity of diffraction. However this method is
relatively complex as it is necessary to collect accurate
diffraction diagrams close to absorption edges. But in spite of
this complexity and due to its chemical selectivity, resonant
diffraction has found many applications ranging from pure
crystallographic methods like structure factor phase
determination by Multi-wavelength Anomalous Diffraction
(MAD) to pure spectroscopic ones like Diffraction Anoma-
lous Fine Structure (DAFS) [4].

Neutron scattering lengths are not a smooth function of
atomic number, thus neutron diffraction can be a useful tool
to discriminate neighbouring atomic number elements.
Furthermore, the constant value of neutron scattering lengths
versus sinB/A allows an easier separation of occupancy
contribution from atomic displacements contribution. Due to
absorption edges energies, resonant scattering technique can
only be used for eements with an atomic number higher than
20 X-ray resonant diffraction does not enable an accurate
location of hydrocarbon molecules adsorbed in zeolites. On
the contrary, using neutron diffraction, carbon and deuterium
(hydrogen, with its incoherent scattering, is not an easy to
handle nucleus) atoms have high nuclear scattering lengthsin
spite of their low atomic number and they contribute strongly
to the neutron diffraction pattern. The efficiency of neutron
diffraction to locate aromatic molecules (benzene) in the
NaY zeolite channels has been demonstrated [7].

We can aso combine X-ray and neutron powder
diffraction to investigate materials. Using these two methods,
the crystallographic structure of dehydrated CaX zeolite was
solved, taking advantage of the higher sendgitivity of X-rays
for the cation while improved accuracy in framework
structure is given by the neutron study [8].

The structura characterisation under working conditions
of these molecular sieves implies their study under temper-
ature and under dynamic hydrocarbon molecule adsorption
conditions. This article will first deal with the challenges for
the implementation of such reactors on neutron and X-ray
diffractometers and with the interest of such a strategy when
taking into account the specificities of each diffraction
technique (sample size and absorption, sample environment,
elements and scattering factors/lengths, etc.).

Moreover, the efficiency of neutron and resonant X-ray
powder diffraction will be illustrated by two examples, one
dedicated to the structural characterisation by neutron
diffraction of a zeolite BaX saturated by a mixture of water
and para-xylene and the second where a bicationic zeolite
SrRbX was studied by anomalous X-ray diffraction during
the dehydration process.

1 STRUCTURAL CHARACTERISATION
OF A SATURATED ZEOLITE BAX
BY NEUTRON POWDER DIFFRACTION

1.1 Aim of the Study

The petrochemical industry of BTX (benzene, toluene and
xylenes) has experienced important economic development
as a result of a constant increase of the use of para-xylene.
Para-xylene is the starting material for the synthesis of an
essential polyester: polyethylene terephthalate (PET). The
separation of para-xylene from the C; aromatic cut can be
performed by selective adsorption of this isomer on zeolite
BaX where the selectivity in favour with the para-xylene
appears when the molecular sieve contains a small amount of
water (about 5% in weight) and is saturated with xylene [9].

For a better understanding of the selective adsorption of
para-xylene on this adsorbing material, we have performed a
neutron powder diffraction study of partialy hydrated zeolite
BaX that provides further insight at a molecular level for the
adsorption of para-xylene in zeolite BaX.

1.2 Experimental Section

1.2.1 Sample Preparation and Characterisation

The zeolite BaX (unit cell composition determined by atomic
absorption and X-ray fluorescence: Na,Ba,;Si, (Alg,O5,)
was obtained by ion exchange of a synthetic zeolite NaX
(Nag;Si;gAlg055,) supplied by Carlo Erba. The ion
exchange was performed on a micrometrical powder in
aqueous solution using typical conditions[9].

The obtained zeolite powder was then placed into a glass
cell. The cell was connected to vacuum and adsorption
branches to allow dehydration and adsorption of heavy water
or pure deuterated para-xylene (supplied by Eurisotop, which
warrants an isotopic enrichment in excess of 98%). The
dehydration of the sample was performed under vacuum
(10 Pa) at 623K for 24 h. The glass cell was then isolated
from the pumping system to begin the adsorption step. The
adsorption of heavy water was done first at 473K. It is
emphasised that the water content was controlled very
accurately. The adsorption step was then completed, at 423K,
by admitting pure deuterated para-xylene vapour at a
controlled pressure. The sample was prepared in order to be
loaded with 5% in weight of heavy water and 17% in weight
of deuterated para-xylene. The amount of adsorbed water and
para-xylene was determined by weighing the samples before
and after the adsorption. Tablel summarises the molar
content of the adsorbed phase. The cell was then transferred to
a nitrogen-conditioned glove-box where the zeolite sample
(about 69 of powder) was placed in air-tight vanadium
cylindrical sample holders (1.5 cm diameter and 6 cm height).
The sample holders were made air-tight with an indium seal.



TABLE 1

Experimental and crystallographic data
for neutron powder diffraction study
of zeolite BaX partialy hydrated and saturated with para-xylene

Composition
water / molecules per unit cell 53.8
para-xylene / molecules per unit cell 26.3
Data collection
diffractometer G4.2
temperature/ K 15
wavelength / nm 0.23433
total time/ h 24
range/ ° 20 0-150
stepsize/ ° 20 0.1
Rietveld refinement
space group Fd3m
|attice parameter / nm 2.515(2)
number of observations/ steps, N 1365
number of contributing reflections 489
number of structural parameters (P1) 48
number of profile parameters (P2) 9

8.1%

Rup ={ 3 wly@) -y©]*/ Y wy@3}
Rergg = » 110)-1(0)/ Y [1(0)]

Req = [(N -P1-P2)/ Y wy(o)Z]]/2

3.9%

2.2%

1.2.2 Data Collection and Structure Refinement

The powder pattern of the sample was recorded at low
temperature on the G4.2 diffractometer at the Laboratoire
Léon Brillouin CEA-CNRS (Saclay, France). The exper-
imental counting statistics were good enough to perform the
Rietveld refinement of the structure. The experimental
conditions of the recording of the data are specified in
Tablel. The diffraction patterns were analysed by the
Rietveld refinement method [10] using the GSAS software
package [11]. The space group used was Fd3m, since there
was no indication in the powder pattern of alower symmetry
(e.g. additional lines, peak splitting, etc.) that may have been
induced by the adsorption of the para-xylene molecules.
Firstly, the profile parameters, the background parameters,
the unit cell constant and the zero-point were optimised.
After a preliminary refinement of the framework geometry,
the adsorbed para-xylene and water molecules were located
with a series of difference Fourier maps. The para-xylene
molecules were refined as rigid bodies. All restraints on the
framework atoms and on population parameters of the host
molecules were progressively released during the refinement.
The Rietveld plot for the refinement is shown in Figure 2 and
Rietveld refinement parameters are reported in Table 1. The
refined structural parameters obtained for zeolite BaX
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Figure 2

Neutron powder pattern and Rietveld plot for the refinement of
zeolite BaX partially hydrated and saturated with para-xylene.
Upper part: + experimental data; — calculated profile. Lower
part: — difference between experimental and calculated profiles.

partially hydrated and saturated with para-xylene are reported
inTable 2.

1.3 Results

1.3.1 Structure of the Framework and Location
of Barium Cations

After Rietveld refinement of the data, the structure of the
framework obtained is comparable with data previously
reported in the literature [12, 13] and no strong deformation
of the crystal structure was noticed. The average (Si,Al)-O
distance of 0.166(8) nm is in good agreement with values
expected for the Si/Al ratio of 1.3. Barium cations appeared
to be located essentially in the supercage: when partially
hydrated zeolite BaX is saturated with para-xylene, site Sl| is
full. Small amounts of barium cations were also found at site
S’ (in the sodalite cage) and at Site S| (at the centre of the
hexagonal prism). Some characteristic distances between the
cations and framework oxygens are given in Table 3. The
occupancy factor of each site calculated in terms of numbers
of cations per cage (supercage or sodalite cage) is reported in
Table 4.

1.3.2 Location of Water Molecules

After a partial Rietveld refinement, subsequent difference
Fourier calculations allowed finding out two different ad-
sorption sites for water molecules, wl and w2. The sitewl is
coordinated to the Ba?* cation in site SI' (Fig. 3). It forms
hydrogen bridges to the framework oxygens, indicated by
O,z Orramenork distances of 0.275(1) nm. The other adsorp-
tion site, w2, is in the supercage close to the Ba?* cation in
site Sl (Fig. 4). In this position, a strong interaction is also
observed between the water molecule and the framework
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TABLE 2
Fractional coordinates, isotropic displacement factors U, and population parameters PP
for BaX zeolite partially hydrated and saturated with para-xylene
Atom Position multiplicity X y z U (x100) PP
SAl 192 —0.0562(4) 0.0367(6) 0.1265(3) 1.3(3)2 1
0(2) 96 —0.1054(2) 0 0.1054(2) 1.3(3)2 1
0(2) 96 0 0 0.1378(3) 1.3(3)2 1
O®3) 96 —0.0402(3) 0.0799(3) 0.0799(3) 1.3(3)2 1
O(4) 96 —0.0696(5) 0.0656(4) 0.1843(2) 1.3(3)2 1
Ba(1) 16 0 0 0 4.7(3) 0.169(2)
Ba(1') 32 0.0668(3) 0.0668(3) 0.0668(3) 9.5(1) 0.269(2)
Ba(2) 32 0.2475(2) 0.2475(2) 0.2475(2) 3.7(3) 1.00(1)
Na(1') 32 0.0405(4) 0.0405(4) 0.0405(4) 45(2) 0.047(3)
O(w1l) 32 0.1780(3) 0.1780(3) 0.1780(3) 10.1(2)° 0.378(4)f
D1(wl) 96 0.1588(2) 0.1588(2) 0.1513(2) 10.1(2)° 0.126(1)f
D2(w1) 96 0.2011(4) 0.2011(4) 0.1583(3) 10.1(2)° 0.126(1)f
Oo(w2) 96 0.3172(2) 0.1940(4) 0.3172(2) 6.2(3)° 0.434(2)9
D1(w2) 96 0.3035(2) 0.1612(3) 0.3035(2) 6.2(3)° 0.434(2)9
D2(w2) 96 0.2979(3) 0.2207(4) 0.2979(3) 6.2(3)° 0.434(2)9
Cl(p1) 192 0.3195(2) 0.3122(3) 0.3088(3) 9.5(4)d 0.096(2)"
C2(p1) 192 0.2958(5) 0.2840(3) 0.3497(4) 9.5(4)4 0.096(2)"
C3(p1) 192 0.2450(3) 0.2973(3) 0.3663(2) 9.5(4)4 0.096(2)"
C4(p1) 192 0.2180(4) 0.3387(4) 0.3421(5) 9.5(4)4 0.096(2)"
C5(p1) 192 0.2418(3) 0.3668(4) 0.3012(4) 9.5(4)4 0.096(2)"
C6(p1) 192 0.2926(4) 0.3536(5) 0.2846(3) 9.5(4)4 0.096(2)"
C7(p1) 192 0.3748(6) 0.2977(3) 0.2907(3) 9.5(4)4 0.096(2)"
C8(p1) 192 0.1627(5) 0.3531(4) 0.3602(2) 9.5(4)4 0.096(2)"
D1(p1) 192 0.3169(3) 0.2516(3) 0.3686(2) 9.5(4)4 0.096(2)"
D2(p1) 192 0.2264(4) 0.2752(3) 0.3983(3) 9.5(4)4 0.096(2)"
D3(p1) 192 0.2207(4) 0.3992(2) 0.2822(5) 9.5(4)4 0.096(2)"
D4(p1) 192 0.3112(3) 0.3756(3) 0.2526(4) 9.5(4)4 0.096(2)"
D5(p1) 192 0.4039(2) 0.3193(2) 0.3123(4) 9.5(4)4 0.096(2)"
D6(p1) 192 0.3823(3) 0.2567(5) 0.2963(5) 9.5(4)4 0.096(2)"
D7(p1) 192 0.3801(2) 0.3064(3) 0.2498(4) 9.5(4)4 0.096(2)"
D8(p1) 192 0.1336(5) 0.3315(3) 0.3386(3) 9.5(4)4 0.096(2)"
D9(p1) 192 0.1575(5) 0.3445(3) 0.4011(2) 9.5(4)4 0.096(2)"
D10(p1) 192 0.1552(4) 0.3942(3) 0.3546(3) 9.5(4)4 0.096(2)"
C1(p2) 192 0.5506(3) 0.5003(3) 0.4783(2) 6.8(2)¢ 0.041(3)’
C2(p2) 192 0.5426(3) 0.4807(4) 0.5290(3) 6.8(2)¢ 0.041(3)
C3(p2) 192 0.4920(4) 0.4804(5) 0.5508(2) 6.8(2)¢ 0.041(3)!
C4(p2) 192 0.4494(3) 0.4997(2) 0.5218(2) 6.8(2)¢ 0.041(3)!
C5(p2) 192 0.4574(4) 0.5193(5) 0.4710(3) 6.8(2)¢ 0.041(3)!
C6(p2) 192 0.5080(3) 0.5196(2) 0.4492(4) 6.8(2)¢ 0.041(3)!
C7(p2) 192 0.5889(5) 0.4597(5) 0.5607(6) 6.8(2)¢ 0.041(3)!
C8(p2) 192 0.4111(4) 0.5404(3) 0.4393(4) 6.8(2)¢ 0.041(3)!
D1(p2) 192 0.5901(2) 0.5006(2) 0.4612(3) 6.8(2)¢ 0.041(3)!
D2(p2) 192 0.4858(4) 0.4650(5) 0.5906(3) 6.8(2)¢ 0.041(3)!
D3(p2) 192 0.4099(5) 0.4994(5) 0.5388(4) 6.8(2)¢ 0.041(3)!
D4(p2) 192 0.5142(3) 0.5350(2) 0.4095(3) 6.8(2)¢ 0.041(3)’
D5(p2) 192 0.5983(2) 0.4151(4) 0.5559(2) 6.8(2)¢ 0.041(3)’
D6(p2) 192 0.5862(3) 0.4638(5) 0.6060(2) 6.8(2)¢ 0.041(3)
D7(p2) 192 0.6291(3) 0.4786(6) 0.5522(5) 6.8(2)¢ 0.041(3)’
D8(p2) 192 0.4018(4) 0.5849(3) 0.4441(4) 6.8(2)¢ 0.041(3)’
D9(p2) 192 0.4139(4) 0.5362(4) 0.3940(5) 6.8(2)¢ 0.041(3)
D10(p2) 192 0.3704(5) 0.5214(3) 0.4478(4) 6.8(2)¢ 0.041(3)’

ai: Parameters with the same superscript were constrained to be equal.
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framework
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TABLE 3

distance of 0.278(3) nm
which may be associated with ahydrogen bridge.

Selected interatomic distances for framework atoms, water
and para-xylene molecules

Area Bond ! nt.eratomi ¢
distances

(S.AD-Ofame. 0.166(8) nm
supercage Ba(2)-O(2);;ame. 0.276(0) nm
sodalite cage Ba(1')-O(3)s;ame. 0.273(1) nm
sodalite cage O, zeBaAL) 0.280(3) nm
sodalite cage O, ater Ouater 0.377(1) nm
sodalite cage OpaterO@trame. 0.275(1) nm
sodalite cage Dyate™O@srame. 0.181(5) nm
supercage O, aerBaA2) 0.281(8) nm
supercage O,ater Ouater 0.437(9) nm
supercage ater"ODsrame. 0.278(3) nm
supercage e Oirame. 0.199(1) nm
supercage (cationic site) Cyo-BA(2P 0.28(2) nm
supercage (cationic site) Ca“m—oﬂam&C 0.297(0) nm
supercage (cationic site) Da“ph-oframe_C 0.193(8) nm
supercage (non-cationic site) Caiiph™Otrame.” 0.334(2) nm
supercage (non-cationic site) Deliph Otrame’” 0.236(6) nm

a average distance; b: ¢, , = center of the aromatic ring; ¢: C,;,, = aliphatic carbon

of the xylene molecule.

TABLE4

Distribution of Ba?* cations, water and para-xylene molecules per cavity
(or per 1/8 of unit cell)

Ba(1) (site Sl) 0.3

barium cation Ba(l') (siteSI’) 11
Ba(2) (site SII) 4.0

total 54

sodalite cage (site w1l) 15

water supercage (site w2) 5.2
total 6.7

cationic site 23

para-xylene non-cationic site 1.0
total 33

For partially hydrated zeolite BaX saturated with para-
xylene, water molecules were essentially located in the
supercage and the ratio between water molecules located in
the supercage and water molecules located in the sodalite
cage is 3.5 to 1 (Table 4). Selected distances between the
water molecules at sites wl and w2 and other atoms of the
unit cell are dso reported in Table 3.

1.3.3 Location of Para-Xylene Molecules

The para-xylene molecules were found at two different ad-
sorption sites, both located in the supercage, which isthe only

ﬁ%er (Wl)g

N

Figure 3

/" O, \

‘tWater (wl)
Ba(1") \\/

Adsorption site in the sodalite cage for water in the partialy
hydrated zeolite BaX saturated with para-xylene. (a) Front
view of wl; (b) side view of wl.

o
T

t Ba(2) r Water (w2)

Figure 4

Adsorption site in the supercage for water in the partially
hydrated zeolite BaX saturated with para-xylene. (a) Front
view of w2; (b) side view of w2.
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cavity of the X-type zeolite accessible for xylene isomers.
Under the experimental conditions selected for saturating the
molecular sieve, a total of 3.3 para-xylene molecules per
supercage were adsorbed in partialy hydrated zeolite BaX.

The preferential adsorption site islocated close to a Ba(2).
The centre of the aromatic ring is on a mirror plane but off
the 3-fold axis of the supercage (Fig. 5), forming an angle of
about 14° between the plane of the aromatic ring and the

1 Mirror planes

3-fold axis

Figure5

Three-fold axis and mirror planes in the supercage.

plane of the nearby 6-ring window of the framework. A
strong interaction between the aromatic ring and the cation is
indicated by a short distance between the Ba(2) and the C
atoms of the aromatic ring. In addition there is a short
Dmemyl-OframaNOrk distance of 0.22 nm, which indicates that
the para-xylene molecule at this siteis strongly adsorbed. On
average, 2.3 para-xylene molecules per supercage are located
at this cationic adsorption site (Fig. 6).

The second adsorption site for para-xylene is a “non-
cationic” one. At this site, the para-xylene molecule is
located in the plane of the 12-ring window between two
supercages, and the centre of the aromatic ring is on the
3-fold axis. Thereis no interaction between the aromatic ring
of the para-xylene and cations, but the adsorption site seems
to be stabilised by electrostatic interactions suggested by
short Dmemy,-OframmOrk distances of 0.25 nm. One para-xylene
molecule per supercage is on average located in this “non-
cationic” adsorption site (Table 4 and Fig. 7).

Selected distances between the para-xylene molecules at
both sites and other atoms of the unit cell are also reported in
Table 3.

1.4 Conclusion on the Neutron Diffraction Study

Partially hydrated zeolite BaX saturated with para-xylene
was studied by a Rietveld refinement of neutron powder

/

< )/ ¢
\ p-xylene
p-xylene
NP

Figure 6

Cationic adsorption site for para-xylene in the partialy
hydrated zeolite BaX saturated with xylene. (a) Front view of
the cationic site; (b) side view of the cationic site.

/

p-xylene

p-xylene

Figure 7

Non-cationic adsorption site for para-xylene in the partialy
hydrated zeolite BaX saturated with xylene. (a) Front view of
the non-cationic site; (b) side view of the non-cationic site.
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diffraction. A clear and consistent picture of the distribution

of the extra-framework species (cations, water and para-

xylene molecules) has emerged.

Interesting elements of the structure of partially hydrated
zeolite BaX saturated with para-xylene appeared to be:

— The cationic site Sl for barium (in the supercage) is full
(4 barium cations at site Sl per supercage).

— An average of 2.3 barium cations per supercage are in
interaction with 2.3 para-xylene molecules. The remaining
barium cations in the supercage (on average 1.7 cations
per supercage) are in interaction with water molecules: on
average, each remaining barium cation is an adsorption
sitefor 3 water molecules.

— A non-cationic adsorption site for para-xylene was
found in the 12-ring window between 2 supercages. It is
filled with, on average, 1.0 para-xylene molecule per
supercage.

According to these occupancies, supercages of partially
hydrated zeolite BaX saturated with para-xylene are highly
filled (leaving very little free space between the molecules)
and the confinement of molecules in the supercage may be
one of the reasons explaining the selective adsorption
observed in the industria process.

Concerning the experimental technique, neutron powder
diffraction is efficient but it is not an easy to handle
technique:

— The access to the instrument (research nuclear reactor) is
limited.

— Theuse of deuterated molecules, which are expensive and
difficult to synthesise, is required (because of the non
coherent scattering induced by the presence of hydrogen
aomsin the sample).

— The data collection takes a long time (between 12 and
48 hours per sample) because of the low neutron flux de-
livered by the instrument. For the same reason, a large
amount of sample is needed to have a good counting
statitic.

— Because of the rapid decrease of signa with the increase
of the temperature, low temperature recording is required
and this is an important drawback for performing in
situ measurement in the field of petrochemistry pro-
CESSES.

Nevertheless, structural studies of crystallised materials
like molecular sieves by neutron powder diffraction are of
grest interest:

— Fird, as the nuclear scattering length for each element is
not related to the atomic number, the diffracted signa is
totally different from the diffracted signal in an X-ray
powder diffraction experiment.

— Second, as carbon and deuterium atoms have high nuclear
scattering lengths, it is possible to locate, with this
technique, the hydrocarbons adsorbed in the structural
porosity of the zeolite.

2 STRUCTURAL CHARACTERISATION
OF BICATIONIC X ZEOLITES
BY ANOMALOUS X-RAY POWDER DIFFRACTION

Using classica X-ray diffraction the location of light
elements (typically carbon and hydrogen) in a heavier matrix
(S, Al, O) isnot easy even if the determination of the hydro-
fluorocarbon molecule (HFC-134) position in the channel of
NaY zeolite has been achieved by this technique at low
temperature (100 K) [14].

To obtain abetter localisation of al atoms (such as cations
in zeolites), we can use improved X-ray methods like
resonant diffraction which has found many applications, in
particular in macromolecular crystallography where it
has become a routine technique for proteins structure
determination [4]. In the petrochemistry field, this method
was used to characterise divided solids (powder catalysts)
[6][15]. In the following we present its interest in the
characterisation of zeolitic molecular seves[16].

2.1 Aim of the Study

Since compensating cations can influence the selective

adsorption phenomenon in zeolite by their nature and their

distribution on the different cationic sites, the addition of a

second compensating cation can be a way to improve the

selectivity of amolecular sieve in a given separation process.

Thus, we must develop a structural tool which is efficient for

thelocalisation of these different cations.

Numerous X-ray studies have been reported in the
literature on cation distribution in monocationic zeolites in
different experimental conditions. As an example, cation
distributions in zeolites X fully exchanged with alkaline
cations appear strongly dependent on the cation nature at
high dehydration level. Cationic sites in the supercage (i.e.
ste SII, Sl and SII') are highly populated in zeolite NaX as
in zeolite KX whereas the site SI has been found empty [17]
or almost empty [18] in zeolite NaX. On the contrary,
14 potassium cations (per unit cell) are located on this site in
zeolite KX [19]. When the charge compensating cation is an
alkaline-earth one, cation distributions are less affected by its
nature: the cations are located mainly in sites | and 1l
(exclusively for zeolite CaX [8][20]). The presence of
residual water molecules often adsorbed in sodalite cages
leadsto an increase of site SI” population at the cost of site Sl
(zeolite CaX [21] and zeolite SrX [22]) or an increase of Site
SII’ population (zeolite MgX [20]). At high water content,
alkaline-earth cation distribution is characterised by:

— alow site Sl population;

— and the occupancy of low symmetry sitesin the supercage
in acomplex arrangement with adsorbed water molecules.
For bicationic zeolites, our knowledge of cation distri-

bution remains restricted even in the easier cases (i.e. no

adsorbed molecules in the framework). The greater the
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number of cationic types, the more the structure of the
system is complex to study by classical X-ray diffraction
(especialy when the cations have close atomic numbers).
This is the case for zeolite SrRbX where strontium and
rubidium cations have the same number of electrons (36
electrons) and are, in this sense, impossible to distinguish by
classical X-ray diffraction. As previousy mentioned X-ray
anomalous (or resonant) diffraction and neutron diffraction
can provide an enhancement of the chemical sdlectivity (i.e.
the contrast) which is, in general, of comparable intensity [4].
However in this particular case, strontium and rubidium have
very close neutron scattering lengths (b, = 7.0x 10 mand
b, = 7.1x 107> m) and only the use of resonant diffraction
may be helpful to unambiguously determine cation
distribution in SrRbX sample.

In this present example, zeolite STRbX was characterised
during the in situ dehydration process: first at room temper-
ature (293 K) and then at 523 K under adry nitrogen flow.

2.2 Experimental Section

2.2.1 Sample Preparation and Characterisation

The zeolite S'RbX (unit cell composition determined by atomic
absorption and X-ray fluorescence: Na,Sr3,Rb, S, cAl5,050,)
was obtained by two successive ion exchange steps of the
same synthetic zeolite NaX used for the preparation of the
zeolite BaX (see 1.2.1). All the adsorption steps were
performed on a micrometrical powder in agqueous solution
using typical conditions[21, 23].

During the first ion exchange step a highly exchanged
zeolite SrX was obtained (unit cell composition determined
by atomic absorption and X-ray fluorescence: Na,Sr,,Si;
Alg,0,,,) and transformed during the second ion exchange in
the zeolite SrRbX.

The zeolite powder obtained was then placed in a 1 mm
diameter glass capillary which was inserted in the sample
holder of a purpose built in situ X-ray diffraction cell [22, 24].

The new in situ X-ray diffraction cell is presented in
Figure 8. It is directly mounted on a commercial goniometric
head and composed of 3 parts. The first one consists in a
motor inserted in a cylindrical cover which is used as an
oscillating device for the X-ray cell. The second part is the
sample holder which holds the glass capillary containing the
sample. On the sample holder, two small tubes alow gas
admission and extraction. The last part of the cell consistsin
an independent small tubular electric furnace which is 4 cm
long and 1 cm in diameter.

With this cell, the zeolite SrRbX was dehydrated in Situ at
523 K under dry nitrogen flux.

2.2.2 Data Collection and Structure Refinement

The powder patterns of the SrRbX sample were collected at
two hydration steps, in situ, on the D2AM diffractometer

at the European Synchrotron Radiation Facility (ESRF,
Grenoble, France).

Three X-ray diagrams were recorded (close to and far
from both strontium and rubidium X-ray K-absorption edges)
for hydrated and dehydrated zeolite SrRbX (see Fig. 9). In
this study the anomalous effect was used to distinguish
rubidium and strontium cations which have the same number
of electrons and which are impossible to distinguish by
classical X-ray powder diffraction. Furthermore the anom-
alous effect was also used to distinguish cations and adsorbed
molecules (residual water molecules) in the zeolite. Data

Furnace support

Goniometric
head

Incident
beam

Furnace

Figure 8
New in situ X-ray diffraction cell.
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Absorption spectrum collected on hydrated STRbX sample, at
energies closed to rubidium (15.202 keV) and strontium
(16.106 keV) K absorption edges.
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collection was performed with care in order to obtain a good
enough counting statistic and to collect a significant
anomalous effect (in comparison with the statistical noise
intensity).

The experimental conditions for anomalous diffraction
studies are specified in Table 5. The experimental time is
related to the number of steps (about 10,000) and to the
counting time per step which cannot be reduced due to the
oscillating time of the sample. For 20 values lower than 30°,
counting time equalled the duration for one sample oscil-
lation (typically 1.6 to 2 s). At larger 26 values, counting
time per step was doubled when sample oscillation frequency
remained unchanged.

The diffraction patterns were analysed by the Rietveld
refinement method [10] using the FullProf software package
[25]. Asfor the previous neutron diffraction study, the space
group used was Fd3m. Residual water molecules were

inserted in the structural model as O? ions (which have the

same number of electrons as the H,O molecule) [21].

For each zeolite SrRbX hydration level, data analysis was
performed in three steps[26]:

— The diagram, collected at the energy far from both
rubidium and strontium K absorption edges (14.8 keV),
was first refined by the Rietveld method [10] to locate
electrons in the structure (Fig. 10a). In other words, the
crystallographic positions of the framework atoms were
determined but it was impossible, at this stage, to attribute
electrons located on a given cation site unambiguoudly to
rubidium or strontium cations or to adsorbed water
molecules. Only the interpretation of the chemica bond
length between oxygen framework atoms and cation sites
may suggest the chemical nature of the element on this
site but no help comes from the classical diffraction
pattern.

TABLES

Experimental and crystallographic data for anomalous X-ray diffraction studies
on hydrated or in situ dehydrated zeolite SrRbX

Hydrated SrRbX Dehydrated SrRbX
Data collection
diffractometer D2AM D2AM
temperature / K 293 523
energies/ keV 16.096 (0.07703) 16.096 (0.07703)
(wavelengths / nm) 15.192 (0.08161) 15.192 (0.08161)
14.800 (0.08377) 14.800 (0.08377)
total time/ h 20 20
range/ ° 20 [2.6; 54.1] [2.6; 54.1]
step size/ ° 20 0.006 0.008
Rietveld refinement
space group Fd3m Fd3m
|attice parameter / nm 2.5036 25144
number of observations/ steps, N 8584 6439
number of contributing reflections 693 702
588 596
546 552
number of structural parameters (P1) 46 36
number of profile parameters (P2) 0 0
6.7 8.1
_ 2 2 ¥2
Rup ={ 3 wly(0) -y(@]*/ S wy(0)} 67 02
6.3 9.1
33 19
Reregg =  [100)-1(0)/ > 11(0) 33 29
29 338
V2 39 2.8
Req =[N -PL-F2)/ S wy(0)?] 26 20
2.6 24
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“Dispervive difference electron density maps’: location of
total electron density (@) and strontium cations (b) in the
plane P, which is defined by the intersection of two <111>
axes, and represented in dark grey (c).
In this Figure, the sites I, I, II’, Il and Il are noted
respectively SI, SI’, SII°, Sll and Sl11.

— At the next step, the anomalous signa has been interpreted
by the use of “Anomalous Fourier difference maps’.
These difference maps were calculated at Sr and Rb K
absorption edges (Fig. 10b) [26-28]: distributions of
strontium and rubidium cations were then visualized. On
this basis, Rb and Sr cation locations were included in the
structural model and each occupancy rate was refined,
based on the diffraction data collected far from both
absorption edges (14.8 keV) and from the anomalous
signal.

— At the fina step, careful smultaneous refinements of the
three datasets (collected at three different energies) were
performed. However, systematic comparison between
measured and calculated anomalous Fourier maps and
“anomalous difference diagrams’ (Fig. 11) was used to
verify the quality of therefined structure [6, 26].
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Figure 11

Comparison between measured and calculated X-ray powder
“anomalous differential patterns’ for dehydrated zeolite
SrRbX at strontium K absorption edge. + experimental data;
— calculated profile.

Comparisons of measured and calculated diagrams
for hydrated and dehydrated zeolite SrRbX are shown in
Figures12 and 13 respectively. Rietveld refinement param-
eters are reported in Table 5. The refined structura
parameters describing hydrated and dehydrated zeolite
SrRbX are gathered in Table6 and 7.

2.3 Results

2.3.1 Description of the Structure

In zeolite SrRbX, X-ray diffraction measurements showed a
clear lattice parameter increase from 2.5036 nm in high
hydration condition up to 2.5144 nm in dehydrated case, thus
demonstrating the same behaviour as the parent zeolite SrX
[22]. Whatever the hydration level, the average T-O distance
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X-ray powder pattern and Rietveld plot for the refinement of dehydrated zeolite SrRbX. Upper
part: + experimental data; —calculated profile. Lower part: —difference between experimental

and calculated profiles.

has been found to be 0.166 nm and the average T-O-T angle

is144.0°.

The zeolite SrRbX crystallographic structure (see Table 6
and 7) appeared complex compared to zeolite BaX (see
Table 2). In particular, the electron density description using
cation sites required the introduction of different crystal-
lographic positions.

However it must be noted that with water molecule loss:

— the distance from the centre of the hexagona prism to the
six O3 oxygen atoms (SI-O3) decreased from 0.291 nm to
0.276 nm, indicating a modification of the atomic element
occupying this site;

— the distance from site SI’ato O3 oxygen atoms (SI'a03)
did not change significantly (0.257 nm in the hydrated and

0.256 nm in the dehydrated case), suggesting that the
chemical nature of the scatterer on this site is the same in
both conditions;

— the distance from site Sllato O2 oxygen atoms (Sl1a-02)
also remains unchanged (0.246 nm).

2.3.2 Location of Strontium and Rubidium Cations

Thanks to the anomalous effect it was possible to locate
accurately both strontium and rubidium cations in zeolite
SrRbX for the two hydration conditions. Results of this study
are summarised on Figure 14.

In hydration conditions, Sr?* cations appeared to occupy
mainly site SI’ (17.1 cations per unit cell) and low symmetry
sites inside the supercage (8.0 cations). These sites are
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TABLE6

Fractional coordinates, isotropic displacement factors U and population parameters PP for zeolite SrRbX highly hydrated

Position

Atom multiplicity X y z U (x100) PP
SiAl 192 —0.05485(3) 0.12588 (3) 0.03590(3) 1.7(0) 1
o(1) 96 —0.10680(6) —0.10680(6) 0 3.3(0)2 1
O(2) 96 —0.00251(7) —0.00251(7) 0.13944(7) 3.3(0)2 1
0(3) 96 0.17161(6) 0.17161(6) —0.03643(8) 3.3(0)2 1
O(4) 96 0.18247(5) 0.18247(5) 0.32074(8) 3.3(0)2 1
Rb*(1_a) 16 0 0 0 3.4b 0.078(1)
Na*(1_b) 32 0.0037(7) 0.0037(7) 0.0037(7) 3.4b 0.125
Sr2+ 1) 32 0.06372(3) 0.06372(3) 0.06372(3) 37 0.536(1)
03(2) 32 0.16828(6) 0.16828(6) 0.16828(6) 3.6(2) 1
Sr2*(2_a) 32 0.2295(9) 0.2295(9) 0.2295(9) 1.8(2)¢ 0.028(2)
Sr24(2_b) 32 0.2487(2) 0.2487(2) 0.2487(2) 1.8(2)¢ 0.146(2)
Rb*(2_c) 32 0.2653(1) 0.2653(1) 0.2653(1) 1.8(2)¢ 0.282
022 d) 96 0.2728(4) 0.2728(4) 0.3089(11) 1.8(2)¢ 0.10(2)
Rb*(2_e) 192 0.2373 0.5015 0.0199 1.8(1)c 0.037
O™ 2(3’ _a) 96 0.3198(2) 0.1903(2) 0.5602(2) 12.5(0)d 0.261(3)
Sr2*(3'_b) 96 0.3198(2) 0.1903(2) 0.5602(2) 12.5(0)d 0.075
033 _0) 192 -0.0318(11) -0.1331(7) 0.2414(4) 24.2 0.289(1)
O~ 2(3’ _d) 96 —0.1543(3) -0.0957(3) 0.3112(6) 39.7 0.282(3)
033 ¢ 96 —0.1606(2) -0.1606(2) 0.2006(3) 215 0.605(4)
033_f) 96 0.0000 0.0000 0.3980(16) 215 0.179(22)
O~ 2(3’ Q) 192 0.6737(8) 0.0000 0.3103(9) 19.0 0.210(3)
Sr2%(3'_h) 16 0.2500 0.2500 0.5000 7.5(8) 0.052
a-d: Parameters with the same superscript were constrained to be equal.
TABLE7

Fractional coordinates, isotropic displacement factors U and population parameters PP for highly dehydrated zeolite SrRbX

Position

Atom . X y z U (x100) PP
multiplicity
SAl 192 -0.05618(4) 0.12442(5) 0.03526(5) 1.8(0) 1
o(1) 96 —0.10942(8) 0.10942(8) 0 2.9(0)2 1
0(2) 96 -0.00357(9) —0.00357(9) 0.13734(12) 2.9(0)2 1
0o(3) 9 0.18103(8) 0.18103(8) -0.03782(11) 2.9(0) 1
O(4) 96 0.17807(9) 0.17807(9) 0.31453(14) 2.9(0)2 1
Sr2t(1_a) 16 0 0 0 1.9(1)P 0.49(5)
Sr*(1_b) 32 0.0092(17) 0.0092(17) 0.0092(17) 1.9(1P 0.09(3)
Na" (1'_a) 32 0.0548(17) 0.0548(17) 0.0548(17) 3.7(2)¢ 0.14(3)
Sr2+H(1_b) 32 0.0638(2) 0.0638(2) 0.0638(2) 3.7(2)¢ 0.24(1)
Rb*(1'_c) 32 0.0861(20) 0.0861(20) 0.0861(20) 3.7(2)¢ 0.021(3)
022 _a) 32 0.1473(7) 0.1473(7) 0.1473(7) 7(1)d 0.150(5)
o2 _b) 32 0.1734(12) 0.1734(12) 0.1734(12) 7(1)¢ 0.146(5)
Sr2t(2_a) 32 0.2197(6) 0.2197(6) 0.2197(6) 2.8(1)° 0.18(1)
Sr*(2_b) 32 0.2325(5) 0.2325(5) 0.2325(5) 2.8(1)¢ 0.25(1)
Rb*(2_c) 32 0.2550(1) 0.2550(1) 0.2550(1) 2.8(1)° 0.422(3)
Rb*(3) 48 0.4194(10) 0.125 0.125 9.1 0.045(5)

ae: Parameters with the same superscript were constrained to be equal.
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labelled “supercage” in Figure 14. On site Sl1, in addition to
the 5.9 remaining Sr?* in the unit cell, 15.8 Rb* cations have
been located. Non-exchanged Na* cations occupy the site S
with residua Rb* cations[21].

Strong dehydration of SrRbX zeolite at 523K is attested
by the limited number of water molecules (9.6 molecules per
unit cell) remaining in the structure. This departure has
induced a strong Sr2* cation distribution evolution whereas
the Rb* cation distribution seemed less affected. Indeed, in
these conditions, Sr2* cation occupy the high symmetry
sites| (10.7 cations), I’ (7.7 cations) and Il (13.6) whereas
the main part of Rb* are still located on site Sl (13.5).
Population of site Sl (2.1), increased and showed the
presence of Rb* cations in the supercage. On contrary, a
limited fraction of these alkaline cations has migrated to
sodalite cageon site SI’ (0.7).

2.4 Conclusion on the Anomalous X-ray
Diffraction Study

Zeolite SrRbX was studied by anomalous X-ray diffraction

in two different equilibrium states. The first was obtained at

293K (when the zeolite was hydrated) whereas the second

was obtained after an in situ dehydration of the zeolite at

523 K. In both cases, accurate information on the variation

of the cationic distribution with the experimenta conditions

was obtained. Interesting elements in the cationic dis-

tribution of hydrated and dehydrated zeolite SrRbX were

found to be:

— thestrong Sr2* cation distribution evolution;

— the low dependence of Rb* cation distribution on the
number of water molecules,

— the competitive population of site Sl by Sr2* and Rb*
cations.

Note that the in situ set-up was designed to study
molecular sieves under dynamic hydrocarbon molecule
adsorption conditions. Preliminary investigations on cation
distribution of this SrRbX zeolite have been performed under
working conditions i.e. at 448K under a nitrogen flux
saturated with para-xylene vapour [29] and show the
potentidities of such analyses.

Even if X-ray diffraction is not the best technique to
locate adsorbed light molecules (i.e. composed of carbon,
hydrogen and oxygen atoms), the experimentally refined
distribution of adsorbed molecules (water and para-xylene
molecules) is consistent with the physical-chemistry of the
system. Organic molecules appeared to have a significant
contribution in the X-ray diagram which can be exploited
thanks to the precise cationic attribution of electronic density
given by the anomalous effect. In principle, the use of
anomalous diffraction may indirectly provide an additional
accuracy in the location of these molecules; the correlation,
during the refinement, between the diffracted signal of these
molecules and the residue, resulting from inappropriate
attribution of electronic density to element type or location,
should be limited.

Concerning the experimental technique, anomalous X-ray
diffraction is not an easy to handle technique:

— Theaccessto theinstrument (synchrotron) islimited.

— Therecording of the data takes along time (about 7 hours
per energy for the present experiment) because accurate
X-ray diagrams close to and far from adsorption edge
of an element are required to measure and to interpret
the anomalous effect. Recent advances at synchrotron
radiation facilities concern the increasing efficiency of
new one or two dimensional detectors, (for example the
“microstrips’ detector [30] or “pixel” detector [31]). For
X-ray powder diffraction measurements, patterns can be
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collected with asmall 2 dimensiona detector. First tests of

anomalous diffraction performed on powders, have shown

a large decrease in duration of the data collection (by a

factor fifteen up to twenty) without any cost of data

qudlity. Thisimprovement will lead in the very near future

to an increase in the number of measured samples during a

given experiencetime.

Nevertheless, structural studies of crystallised materials
like molecular sieves by anomalous X-ray diffraction are of
great interest because:

— X-ray diffraction is compatible with in situ character-
isation under temperature.

— The anomalous X-ray powder diffraction technique brings
chemical selectivity, that is to say contrast. For complex
systems, like bicationic zeolite, such chemical sensitivity
is necessary to distinguish between two species (cations or
adsorbed molecules) with close atomic number (for
example Sr2* and Rb* which have the same number of
electrons) or between two cations located at the same site.

— Due to X-ray high flux, small amounts of powder are
sufficient to perform the structural characterisation.

3 DISCUSSION

3.1 Contrast

To compare, with the same normalized tool, the efficiency of
neutron powder diffraction and X-ray anomalous powder
diffraction in contrast studies, the following expression must
be considered [32]:

where f, and f, are respectively the real part of the atomic
scattering factors (or the coherent neutrons scattering lengths)
of two elements labelled a and b. The scattering contrast is
the ratio of the difference between scattering factors of two
elements, to their average. In Figure 15, this expression is
plotted against diffraction angles at different energy for two
samples.

As shown in Figure 15a, X-ray anomalous diffraction is
more appropriate to discriminate Sr and Rb cation distri-
butionin SrRbX zedlite.

Another comparative analysis of the contrast efficiency of
resonant X-ray scattering relative to neutron diffraction was
reported by Warner et al. in Co,Fe(PO,), [33]. They refined
occupancies of the two sites possible for Co and/or Fe. In this
compound, Fe and Co neutron scattering lengths are different
(b, =9510%m, b, = 2510 m) and a 9 eV beforethe
Fe K edge the Fe resonant f' factor reaches a value close
to -8 e.u., increasing the difference between Fe and Co
scattering factors (Z, = 26, Z ., = 27). For both refinements,
the resulting Fe/Co occupancies are in agreement at the level
of two estimated standard deviations (esds’). These esds' are
nearly the same (1-2%) for the two radiations and confirm
the equivalence of both techniques (Fig. 15b). The same
remark has been made for the discrimination of Ga and Ge
population in the clathrate SrgGa, ;Gey, [32].

It should be noted that for neutron data, scattering lengths
can present large variations between elements, and in
particular the contrast can be tremendously improved for a
compound with an atom having a negative neutron scattering
length. This was demonstrated by Reimers et al. in the
intermetallic compound (Mn,_ Cr,)Sb where the neutron
scattering lengths are extremely different with a negative

f,—f
contrast =2x -2 b vaue for Mn (Z, = 24, b, =352 10 m; Z,, . = 25, by, , =
fa+To —3.73 101> m) [34]. In this case, the above defined value for
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Evolution of the scattering contrast provided by neutron powder diffraction or X-ray anomalous diffraction to determine Sr, Rb distributions
in the zeolite SrRbX (@), and Co and Fe distributions in Co,Fe(PO,), [32] (b).
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scattering contrast is 34.5 (at diffraction angle zero): the
value can be compared to the maximum values reported on
Figure 15a and b that do not exceed 2.

In conclusion, the more efficient powder contrast method
to characterise accurately a powdered sample cannot be
defined a priori regardless of its chemical composition, it
depends mainly on atom specificities (Z number, its
absorption edge, isotopes, etc.).

3.2 Requirements for Contrast Measurements

The imaginary anomalous (or resonant) factor f”(E) is

proportiona to E.p(E) (with p(E) the absorption coefficient of

the sample) and displays similar energy variation to the
absorption itself. Since the real anomalous (or resonant) factor

f'(E) and the imaginary anomalous factor f”(E) are related by

the Kramers-Kronig relation [35, 36], f' (E) aso displays large

variations with energy close to the edge. Such variations

(sharp resonance peak, energy shift of the edge position, pre-

edge features, etc.) are related to the chemica nature of the

sample and its local structure (atom, valence state, site
symmetry,etc.). This sengtivity of the resonant diffraction to
atomic chemical states and environments gives a small taste
of the power of this method (as it is used for DAFS studies

[4]) but also of its complexity. Thus a contrast resonant

experiment must follow a few experimental requirements:

— Resonant scattering contribution is important only near
absorption edges and the variation of this resonant
scattering contribution close to the edge of a given atom
can induce a variation of the contribution of this specific
atom to diffracted intensities.

— Absorption is larger after the edge and can induce
systematic errors in diffracted data. Thus the energy (or
wavelength) of the incoming X-ray beam can affect the
quality of the structural determination and must be chosen
carefully: before and close to the edge.

— The chemical sensitivity of resonant scattering factors
implies an experimental determination of p(E), f"(E) and
f'(E) on the same sample, with the same experimental set-
up and the same energy resolution as used for the resonant
data collection.

— A precise energy calibration is necessary and, for the
experiment performed close to the edge, a better accuracy
is obtained by collecting data a 3 to 10 €V before the
edge.

— Systematic errors (sample absorption, surface roughness,
occupancy/Debye Waller factor/scale factor correlations,
etc.) could degrade the accuracy of the method. This effect
can be minimized by using several patterns collected at
energies close to different atoms of the sample[32].

— The resonant contribution is relatively weak and its use
requires a more complex but efficient analysis by means
of “dispersive difference electron density maps’ and
“anomalous differential patterns’.

Neutron flux is low and neutron scattering power varies
with atomic isotopes, thus a contrast neutron experiment
must follow afew experimental requirements:

— |sotopic replacement is often needed (and expensive) for
contrast studies. If different samples with different
contrasts are needed, samples can present dightly different
compositions, possibly different from those used in
industrial processes.

— The sample must be large and the data collection time is
long, thusin situ conditions cannot be achieved.

— Asanomalous (or resonant) diffraction is suitable only for
elements with Z > 20, neutron is the key probe to localise
light elements.

To solve neighbouring-element problems, we need a
complete and accurate pattern up to high sSinb/A. On one side,
the 20 resolution of a neutron diffractometer is worse, in
many cases, than those of synchrotron radiation ones and a
huge reflection overlapping occurs at high sin6/A. On the
other side, the X-ray scattering factors decrease versus
sinB/A. Thus, in both cases we need a data collection with
very good statistics even at high sinb/A. However counting
time should not be increased excessively so that estimated
standard deviations on refined parameters (for example
atomic positions) keep a physica meaning [37, 38].

3.3 In situ Powder Diffraction Measurements

Neutron powder diffraction enables the characterisation of
the adsorbed phase in molecular sieves. Indeed an accurate
structura study of meta- and para-xylene co-adsorbed in the
partially hydrated zeolite BaX sample has been performed
[9]. However this measurement was carried out at 4K and
the use of higher temperature would be inappropriate: it
would induce a non negligible decrease of data quality. It is
clear that the precise location of hydrocarbon molecules can
only be determined under static adsorption conditions: no
gaseous or liquid hydrocarbon can flow through zeolitic
powder at thistemperature.

Thanks to the in situ analyses of dehydrated SrRbX
(reported in section 2), we have shown that X-ray powder
diffraction could be used to characterize the cation distri-
bution of a given molecular sieve at working temperature or
even higher and under dynamic conditions. Moreover
preliminary investigations on cation distribution of this
zeolite SrRbX have been performed under working
conditions i.e. at 448 K under a nitrogen flux saturated with
para-xylene vapour [29].

It must be underlined, that presently the best contrast
powder method available to characterise cation distribution
of abicationic zeolite under working conditions (temperature
and dynamic adsorption conditions and small size sample) is
anomalous X-ray diffraction whatever the scattering contrast
between the two cations offered by neutrons.



Ch. Pichon et al. / Towards operando Characterisation by Powder Diffraction Techniques of Molecular Seves

However hydrocarbon molecules may be difficult to
locate by X-ray diffraction and the opportunity to introduce
at the first step of the refinement an assumption of atomic
positions, previously determined by neutron powder
diffraction performed on the same molecular sieves, under ex
situ conditions, even at low temperature, would be very
helpful.

CONCLUSION

In this contribution, it has been shown that powder diffraction
is the key technique to characterize both hydrocarbon
molecule adsorption sites and cation distribution in zeolitic
molecular sieves. These measurements can give a unique
opportunity to understand, at the atomic scale, the behaviour
of X zeolitesin a given separation process.

If additional scattering contrast is required to determine
accurately the crystallographic structure of these molecular
sieves, two complementary methods can be used: either
neutron diffraction or anomalous X-ray diffraction. In the
present article, their interests have enabled respectively
location of two adsorption sites (one cationic and the other
one non cationic) for para-xylene molecules adsorbed in
partially hydrated zeolite BaX, and description of the different
evolution with hydration level in zeolite SrRbX of Sr?*
(extremely affected) and Rb* (almost unaffected) cations.

Both neutron and resonant diffraction can be used to
determine accurately atomic positions. It is possible to extract
the contribution of a single element in complex mixed
powders. However this information has a price: it requires
sophisticated tools (either neutron facilities or synchrotron
radiation rings). The accuracy of the results has been
underlined but the difficulties in the data analysis can not be
neglected. Therefore the use of these powerful methods must
be restricted to the study of a limited number of molecular
sieves in a limited number of temperature and adsorption
conditions. However contrast powder diffraction analyses
appear fully complementary with the work undertaken in the
field of molecular simulations where significant advances
have occurred in the codes and the potentials [39, 40].
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