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AGGLOMERATION MECHANISM DURING THE PREPARATION OF Ni(0) AND Fe(0) ZEOLITES

F. Schmidt, Th. Bein, U, Ohlerich and P. A, Jacobs*

Institut fur Physikalische Chemie der Universitat Hamburg, Laufgraben 24, D-2000
Hamburg 13 (F.R.G.)

* Centrum voor Oppervlaktescheikunde en Colloidale Scheikunde, Katholieke
Universiteit Leuven, De Croylaan 42, B-3030 Heverlee (Belgium)

Magnetization measurements have been used to study the reduc-
tion process of Ni-zeolites and the thermal decomposition of
iron pentacarbonyl adsorbed on NaY zeolites. The Ni(0) parti-
cle size distribution in H,-reduced NiNaA, NiNaX, NiNaY and
NiNaM is bidisperse. The amount and the volume of particles
exceeding the cage dimensions increases in the sequence M,Y,X,A
zeolites. Particle fusion is found to be the rate determining
step. With decomposition of Fe(CO) /NaY adducts, up to 97 wt.%
of the iron particles produced are sma]]er than 1.3 nm, Fluid-
ized sample bed, inert gas atmosphere and fast heating up to
440 K are essential to reach mononodal dispersion,

INTRODUCTION

Transition metal containing zeolites are very promising catalysts for
petrochemical reactions (1). The metal phase introduced into the zeolite pore
system (2) is subject to particle growth or 'sintering'. Since total active metal
surface area is influenced considerably by this effect, knowledge is desirable
about agglomeration mechanisms of metal species supported on zeolites.

In general, the formation of an initial metal dispersion during preparation
must be distinguished from the particle growth under catalytic conditions.
Because of the complexity of the latter process, the present study is concerned
with thermally activated agglomeration phenomena in the absence of reactants.

The influence of the preparation method will be treated by means of two
completely different ways of introducing the metal:

- nickel(0) zeolite is prepared by ion exchange, dehydration and subsequent
reduction by molecular hydrogen,

- iron(0) zeolite is obtained by absorption and thermal decomposition of iron
pentacarbonyl.

The latter preparation method has been chosen in order to avoid possible

contamination with the strong reducing agents required to reduce iron(II)
zeolites, e.g. alkali metal vapour (3) or atomic hydrogen.

EXPERIMENTAL
1. Materials
The starting materials for the Ni samples were: Linde A zeolite (Si/Al = 1) and
NaY (Si/A1=2.46), NaXx (Si/A1=1.18) and Na-mordenite (Si/A1=5.41) from Norton,

which is referred to as NaM. The sto1ch5 metr1ca1]y Ni(II) exchanged samples were
dehydrated in a stream of argon (9.5 cm® min™") by heating up to 823 K (heating

151



Table I
Decomposition conditions for the iron zeolites

Pressure/ Heating rate/ max. temp./ Outgassing/b
sample® | mbar Kemin~ K hours
FeY0SB 1074 0.2 373 14
FeY480FB | He, 480 15 445
FeY17FB He, 17 15 420
FeYOFB 1072 15 410

a: SB: fixed shallow bed; FB: fluidized bed conditions

b: performed at a temperature of 373 K and a pressure of 10_4mbar

Table II Approximate PSD of Ni(O) in various zeolites as
a function of the temperature of reduction (TR)

wt % of part};%es in different size

fractions (V /rmm )
<0.5 0.5 1.0 2.0 - 8.0
Sample TR 1 2 3 4
NiNaM 573 72.6 5.8 (o] 21.6
723 71.7 5.5 1.0 21.8
773 74.9 1.8 1.4 21.9
823 71.7 3.7 2.9 21.7
NiNay 623 35.1 17.0 22.5 25.4
673 37.3 13.7 23.7 25.3
723 37.0 14.0 18.0 31.0
773 39.8 14.3 16.7 29.2
NiNaX 623 57.6 o 32.2 10.2
673 34.7 o 28.7 36.6
723 36.8 ] 22.0 41.2
773 21.9 4.5 25.9 47.7
NiNaA 823 3.2 26.4 0.3 70.1
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rate: 11 K/min), maintaining the samples at that temperature for 4 hours and then
cooling down to room t%ppera ure during 90 minutes. A1l samples were reduced in
flowing hydrogen (10 cm” min™") for two hours at elevated temperatures between 573
and 823 K. The final Ni weight content was: NiNaA = 7.8 wt % Ni; NiNaX = 7.3 wt
% Ni; NiNaY = 5.5 wt % Ni and NiNaM = 5.9 wt % Ni.

For the preparation of iron zeolites, synthetic NaY from Strem Chemicals
(Si/A1=2,46) was used. All treatments were performed in a greaseless reaction
system gth a heatable quartz bulb of 5mm diameter, connected to a buffer volume
of 1 dm’, a Fe( C0)5 reservoir and a high vacuum line. The samples completely
dehydrated were loaded at 293 K with predistilled dry Fe(CO)s (Ventron) at a
partial pressure of 8 mbar for 5 hours in the dark. Decgpposit1on of the sorbed
carbonyl was performed after evacuation for 2 hours at 107" mbar in static shallow
bed (SB) or in fluidized bed conditions (FB). The fluidized bed was generated by
horizontal vibration at 50 Hz with an amplitude of 2 mm. Conditions of
decomposition are listed in Table I.

2. Methods

A Faraday balance was used in the temperature range from 6 - 300 K and fields up
to 1 T. Some samples have been measured using a Foner magnetometer in the
temperature range from 2.2 K to 200 K and fields up to 8 T. After preparation,
all sample bulbs were sealed off under high vacuum. These bulbs were directly
used for measurements of the magnetization. Electron microscopy was performed
with Ran analytical TEM-SCAN 100S from Jeol. The Ni-samples were embedded in
Spurr™ (air free) and cut with an ultramicrotome. Deep frozen Fe-samples were
carefully contacted with air, suspended in EtOH, placed on a grid and dried.

RESULTS AND DISCUSSION

1. Evaluation of the Magnetic Measurements

The metallic particle size distribution, PSD, was determined by analyzing the
magnetization isotherms. In metal zeolite systems, the measured magnetization can
be approximated by

Mv., B M v.B

o _ s'1 s 2 S i
; = q]. L ( KT ) + qzl-( ) cese q.‘l-( KT )

with L(x) = coth (x - 1/x) and x = M v]B/(kT) o is the specific magnetization at
the field B and the temperature T,o 1s the specific saturation magnetization at
the temperature T, v. is the volume of the particle i, MS(T) is the spontaneous
magnetization at the 1emperature T.

In cases of a bidisperse or multidisperse PSD, the superposition of the
single Langevin isotherms cannot be obtained. This is the normal situation in
metal zeolite systems. Here, the analysis of the low temperature/high field
isotherm is more sensitive to the smallest particles and the high temperature/low
field isotherm is sensitive to the larger particles (4). Usually, the low field
volume v, ¢ and the high field volume vy are taken from the magnetization isotherm
at one temperature (5). The exact expression will be low argument volume VLA and
high argument volume vy, depending on whether x = (mSvB)/kT is much smaller than
unity or much larger than 4 (magnetic saturation). 'If all particle fractions -
even the smallest ones - are magnetically saturated (xj > 4), the calculated mean
particle volume vy independent of the form of the actual PSD - function.
Depending on the éSD present, suitable temperatures must be choosen for the
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analysis of the magnetization isotherms in order to include all particles. In
summary, the analysis of the magnetization isotherm at low temperatures gives the
PSD and hence vy, and at high temperatures the PSD and v ,.

At temperatures as low as 6 K and fields smaller than 1 T the magnetization
isotherm o(B) is 1linear for ions, charged clusters, and particles smaller than
about 0.5 nm as well. As a consequence, these three species cannot be
distinguished. This 1is important for incompletely reduced samples or for electron
deficient clusters, Therefore in such samples these three fractions are regarded
as one single fraction, referred to as PS (paramagnetic species).

2. Formation of Ni Particles During Reduction with H,

The PSD of Ni(0) in A, X, Y, and M zeolites obtained upon reduction at various
temperatures are given in Table II. For all samples a large amount of
paramagnetic species is found (column 1), increasing from A zeolite to mordenite.

The fraction of Ni particles smaller than the dimensions of the zeolite cages
ranges from 60% to 90% with the exception of NiNaA. The amount of the larger
particles at high temperatures of reduction increases in the sequence M < Y < X <
A (see column 4),

Metal particle growth can occur during thermal treatment by two distinct
mechanisms, The model developed by Pulvermacher and Ruckenstein (5,6) describes
the sintering process by the migration of metal crystallites over the support
surface followed by coalescence with other metal crystallites upon collosion
(crystallite migration - CM model).

Mass transfer 1is proposed to proceed by two different mechanisms: Large
particles migrate by a momentary accumulation of metal atoms on one side resulting
in a movement in the corresponding direction (7). In contrast, very small
clusters can migrate as an unperturbed unit.

According to the atomic migration model (AM model) proposed by Flynn and
Wanke (8), single metal atoms are transferred individually from one particle and
are deposited on the growing particle. In this case gas phase diffusion and
surface diffusion can be regarded as well.

Since the bonding energies of Fe or Ni metal atoms to the metal crystallites
are much larger than the bonding energies of the metal atoms to the zeolite
support, the AM model is unlikely except for very high temperatures and/or charged
clusters (see below).

A1l samples exhibit a bidisperse PSD. Since there may be different
mechanisms of sintering, depending on the size of the particles, the nodes will be
discussed separately with respect to the sintering models mentioned above.

The fraction of paramagnetic species (PS) can be formed as follows:

a. Incomplete reduction of Ni(II) ions which remain then in hidden sites or
in sites, where they can merge with reduced Ni(0) atoms, in this way
forming charged clusters. The latter are expected to show strong
particle support interaction due to the electrostatic forces.

b. Reaction of Ni(0) with hydroxyl groups of the zeolite (9), or with the
acid centers formed during H2 reduction., At higher temperatures these
centers also can be dehydroxylated. The water thus formed can oxidize
the metal., The metal surface finally can be passivated by a surface
layer of oxide/hydroxide.
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The second way of sintering should lead to an increase of the PS at the
expense of the metallic particles. On the other hand, further reduction can
increase the PS too. Hence, evidence for this mechanism can only be obtained if
the amount of large particles decreases upon sintering. This is not found in
NiNaM and in NiNaX. Only in NiNaY this may be a possible mechanism, The high
number of PS and the small changes in their amount in NiNaM and NiNaY indicate a
resistance towards sintering due to a strong interaction of the zeolite with the
charged clusters (way 1). In this case, sinte{}gg can only proceed according to
the AM model. The fraction of particles with v greater than 0.5 nm can migrate
according to the AM model or CM model as well. None of these models, however, can
explain the enormous increase of the number of large particles in NiNaX as
compared to NiNaY,

3. A Model for Particle Growth in Matrix Dislocations

Electron micrographs of a large number of reduced nickel zeolites always show
Tocal distortions of the matrix, though the samples seem to be completely
“crystalline" as evidenced by x-ray diffraction., Fig. 1 gives an example of NiNaY
zeolite, reduced at 673 K. Along the one-dimensional defect, the particles can
migrate easily. Assuming that the formation of defects in the matrix is the main
influence on the rate of sintering, one would expect that particle growth should
increase in the sequence M<Y<X<A zeolite, as a result of the decreased thermal
stability of the protonic forms of these zeolites which are generated upon
reduction., The results given in Table II confirm this assumption. The AM model
cannot explain the differences in PSD between A-, X-, Y- and M-zeolites and can be
rejected for the diffusion through channels (see above) or along a defect path,
The sintering can occur by crystal migration along the defect path in case of
large particles and through the channels in case of small particles.

It remains to be answered whether the particle growth will be sintering
controlled (fusion controlled) or diffusion controlled. For high temperatures
diffusion will be rapid and the aggregation is expected to be the rate determining
step. This is a reasonable assumption if the matrix has to be destroyed by the
growing particle, According to Ruckenstein and Pulvermacher (6), magnetic
measurements can be wused to decide between sintering control and diffusion
control. High values of the ratio VHA/VLA indicate sintering control. Excluding
the paramagnetic species the mean particle size defined as

q.v.

_ i'i

Yua T g qi
Ty

was found to be 3.2 nm in NiNaY, reduced at 723 K and measured at 6 K. The
corresponding low argument mean particle volume

:
94V
%Yy

v

=z
LA i

measured at 295 K was found to be 8.1 nm3

.~y

The ratio vy ,/v > 2 indicates that the sintering process is fusion
LA YHA
controlled.

4. Thermal Decomposition of Fe(CO)c/NaY Adducts under Static Conditions

NaY zeolite saturated with Fe(C0)5 shows an ivory-like colour., If the sample is
heated up slowly under vacuum in the shallow bed mode (sample FeYOSB, Table I),
the colour turns to dark grey. After outgassing, the generation of iron particles
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Figure 1 Electron Micrograph of NiNay: T, =
773 K. The Arrown Indicates a Lattice Defect

A)
_\ Fe(CO)S /__\
B)
A ﬂ
00 o 0 ©
°o o °
low fast slow
Fe(CO)S CO/Fe =3 CO/Fe=04 Fe(0)
—

Figure 2. Model for the thermal decomposition of Fe(CO)./zeolite
adducts under vacuum(A) and inert gas atmosphere(B),
small circles: inert gas
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with diameter greater than approximately 10 nm is found by evaluating the
magnetization isotherms (10). This picture is confirmed by inspection of isolated
iron zeolite crystals by TEM/EDS. The crystals show iron/silicon ratios ranging
from nearly zero up to two and are covered by polycrystalline Fe (surface
oxidized) particles with diameters between 20 and 50 nm, respectively.

5. Highly Dispersed Iron Particles by NDecomposition of Fe(CO)S/NaY Adducts in a
Fluidized Bed

If Fe(CO)-/NaY adducts are heated rapidly under fluidized bed conditions
(FeY480FB, "FeY17FB, FeYOFB, see Table I), at a certain temperature the ivory like
colour suddenly changes to dark grey within a few seconds. The starting
temperature for this fast reaction ranges from 410 K to 440 K going from the
FeYOFB to the FeY480FB samples. After outgassing the iron weight content amounts
to 10 wt %. Iron particle size distributions in these samples obtained from
magnetization measurements are given in Table III (a).

Great differences are found for the fraction of particles exceeding 1.27 nm,
which approximately is the diameter of the faujasite supercage:

- As a result of vacuum decomposition (Table III, FeYOFB), 25% of the iron
phase consists of particles larger than 1.27 nm and up to 10 nm.

- A smaller amount of these large particles is formed under 17 mbar of helium
(FeY17FB): only 19% of the iron phase exhibits diameters between 1.6 and 10
nm, respectively.

- A distinctly positive effect of inert gas atmosphere on the iron dispersion
shows up when decomposition occurs under 480 mbar of helium (FeY480FB): the
iron phase nearly completely consists of particles smaller than the size of
the supercage. Only 2.7% of the iron is found to have dimensions greater
than 1.6 nm

For all samples decomposed under fluidized bed conditions, the iron fraction
encaged inside the zeolite matrix shows a size distribution down to the
theoretical limit of a three-dimensional cluster.

If the iron zeolites formed during fluidized bed decomposition are subjeced
to prolonged heating at 550 K in the sealed ampoule, the original particle size
distribution remains almost constant. After 6 hours heating at this temperature,
even the highly dispersed sample proves to be stable against sintering (Table III)

(b)).

6. A Model for the Thermal Decomposition Process of Fe(COg/NaY Adducts

The supercages of the NaY zeolite were found to be filled completely with three
Fe(CO)g molecules upon saturation (11). A relatively strong complex-matrix
1nteract1on leads to increased thermal stability of the adduct compared to the
free complex (12,13,14). This interaction is not sufficiently strong, however, to
prevent the carbonyl from partial desorption upon heating under vacuum (12,14,15).

Two slow processes of decomposition at low and high temperatures, separated
by a fast endothermic reaction, have been distinguished by thermogravimetry
(14). The fast reaction starts at a CO/Fe ratio equal to 3 t 0.5 and leaves
relatively thermostable species with CO/Fe equal to 0.4 t 0.2, which strongly
interact with the matrix. From i.r., results, these two intermediate phases are
assigned to species bearing bridged CO and to highly unsaturated Fe (CO)
clusters, respectively. The slow departure of the first CO ligands upon heat1n§
is in line with high dissociation energies determined for the first bond scission
(16,17).
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Table III Approximate PSD of Fe(O) in Y zeolite after
decomposition of the Fe(CO)S/NaY adduct in a
fluidized bed under different atmospheres (a)
and after sintering at 553 K for 6 hours (b)

Particle Amount of particles in each size fraction /wt %
size v'/3 /nm| Fevors® Fey17FB® FeY480FB®
(a) (b) (a) (b) (a) (b)

0.33 45. 34. 26. 26. 57. 55.
0.56 6.5 14, 23. 22. 14.6 16.
0.91 19. 21. 32. 29. 2.8 4.0
1.0 20. 20
1.27 4.4 7. o 4.1 2.8 3.0
1%3 |10 60 | o T TTo | 0.5 0.5
2.0 0.3 0.4
2.5 0.9 1.0
3.6 3.6 3.9 10.3 8.7
6.0 . . 8.1 9. ]1 o ]0 1
9.4 5. 0.6 1.6

¢ preparation conditions are given in Table I

dashed line: approximated supercage dimensions
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Alternatively, an autocatalytic step may be involved in thermal decomposition
of Fe(CO)r (18), since the complex was observed to decompose at iron surfaces
already a% 333 K (19). A model 1is proposed for the thermal decomposition of
Fe(C0)g/NaY adduct, taking into account the results discussed.

- Under vacuum (Fig. 2a), a great amount of Fe(C0)5 adsorbed moves along the
channels and passes lattice defects or the crystal surface upon heating. Due
to the autocatalytic effect of iron, initially generated iron nuclei act as
agglomeration centres for the carbonyl molecules. The formation of large
iron particles as well as considerble loss of iron are the result of this
effect.

- A sufficiently high inert gas pressure leads to a limited mean free path of
the carbonyl molecules (Fig. 2b). Due to the restricted mobility, only a
small fraction reaches places where agglomeration can occur; most molecules
are thus decomposed to highly unsaturated intermediates (CO/Fe = 0.4) inside
the zeolite lattice. These ‘anchored' species hardly undergo further fusion
until they are completely decomposed to metallic iron. The use of fast
heating rates and homogeneous bed temperatures as well as fast gas exchange
by application of fluidized bed conditions improve the dispersion.

These highly dispersed iron systems are surprisingly stable against sintering
even at 550 K. Since much greater, graphite supported iron particles were
reported to sinter already above 450 K (20), the present results clearly stress
the unique stabilizing function of an intact zeolite matrix.

CONCLUSIONS

Magnetic isotherms have been used to characterize highly dispersed Ni- and Fe-
phases on zeolites in the nm range. Ni(II) exchanged NaA, NaX, NaY and NaM
zeolites reduced by hydrogen between 573 and 823 K exhibit a bidisperse Ni
phase. The amount and the volume of particles exceeding the cage dimensions
increases in the sequence of the zeolites: M < Y < X < A, The growth of the
particles is mainly controlled by the concentration of lattice defects in the
matrix, Particle fusion is found to be the rate determining step. The fraction
of the small particles remains nearly constant as a result of competition between
further reduction and sintering.

Y zeolites saturated with iron pentacarbonyl via the gas phase proved to be
suitable precursors for highly dispersed iron systems. A particular preparation
method, including fast thermal decomposition of the adducts in a fluidized bed
under inert atmosphere, provides the best dispersion. About 97 wt% of the iron
phase is accommodated in the supercages of the zeolite. The iron systems are
stable against sintering at typical CO hydrogenation reaction temperatures due to
the zeolite pore structure. Work is in progress to determine the influence of
different zeolite pore dimensions on particle size, stability, and catalytic
behaviour of iron model catalysts.
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