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Abstract

Zeolites FAU, EMT and their intergrowths were synthesized using 15-crown-5, 18-crown-6 and their equimolar mixture, respectively. The
synthesized products were characterized by XRD, SEM-EDX, N, adsorption and TPD-NHj3. The solids obtained were all highly crystalline. The
FAU samples were formed by octahedral submicrometric crystallites, EMT samples had hexagonal plate morphology of 2-5 wm. The intergrowth
crystals were micrometric hexagonal plates through whose hexagonal faces, the octahedral FAU crystallites intergrow. The intergrowth proportion
was evaluated by means of DIFFaX, resulting in different intergrowth proportions, depending on the molar ratio of template/Al,O; and on the
relative template proportion used in the synthesis gel. For a template/Al,O5 ratio of 0.70, a 50%FAU/50%EMT intergrowth proportion was obtained,
with cluster-type stacking and for template/Al,O3 of 0.30 the intergrowth proportion was 12%FAU/88%EMT with two stacking arrangements:
clusters and random. Platinum was incorporated to these zeolites and their intergrowths by solid ion exchange; the metal dispersion was evaluated
by TEM. For most catalysts the platinum particles were between 4 and 10 nm. All the catalysts were active for n-pentane conversion. The activity
was found to be a function of acidity. The intergrowth catalysts were the most active materials. The iso-pentane selectivity, at 350 °C and carrier
gas composition of Hy:N, =2:1, was 82% independent of time on stream, acidity, Pt/Al ratio and Pt dispersion. The selectivity increased with
decreasing temperature and as carrier gas composition became richer in H. The catalytic remaining activity (at 10 min) decreased in the following
order: FAU > EMT > intergrowth.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The zeolite FAU is one of the most important zeolites for cat-
alytic applications, due to its pore size and acid site accessibility.
This zeolite has a cubic unit cell, a supercage (~1.2nm?>) with
four 12-member ring pore openings (0.74 nm), its space group is
Fd3m, and can be described by the stacking of sodalite layers in
a ABCABC sequence [1]. These layers are related by center of
inversion in the double six-member rings. The EMT zeolite was
synthesized for the first time in 1990 [2]. This has a hexagonal
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structure with a space group P63/mmc, the stacking of layers
results in a ABAB sequence, with a reflection relation between
neighbouring layers. Its arrangement of sodalites cages creates
“hypocage” [3] (0.5 nm?) with three 12-member ring pore open-
ings and a larger cage — ‘hypercage’ [4] (1.3nm?) — with five
12-member ring pore openings. The channel system is tridimen-
sional as in FAU structure, but the nature of the channel system
and of the larger cages in the EMT is significantly different.
Both structures (i.e. FAU and EMT) have tridimensional sys-
tems of large pores and cages. These structures can relate one
to another, by changing one element of symmetry by the other
between neighbouring sheets. Solids with different stackings of
cubic and hexagonal sheets like ZSM-3 [5], ZSM-20 [6-8] and
CSZ-1 [9,10] have been reported. The distribution of the two
symmetry elements between the layers may be influenced by
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the template molecules and their proportion in the synthesis gel.
The geometry of the cage system is strongly dependent on the
actual stacking sequence. In this case the stacking faults do not
block the channels, but the local environments are slightly differ-
ent, so some of the properties of the intergrowth can differ from
those of the pure end members. For industrial applications the
preparation of metal catalysts should be as simple and econom-
ical as possible. Among the methods to introduce metals into
zeolites, impregnation and ion exchange are the most used. Ion
exchange results in high initial dispersion, while impregnation,
that involves mixing the zeolite with a solution of metal precur-
sor followed by evaporation, drying and calcination steps, leads
to rather weak metal support interaction [11]; thus, large parti-
cles are usually obtained. The conventional liquid ion exchange
is limited by precursors solubility, steric hindrance, due to bulky
hydration shell of the exchangeable cations and thermodynamic
equilibrium [12,13]. To overcome this drawback, some times
it is necessary to repeat the exchange procedure several times
and to undertake intermediate calcination in order to facilitate
cation migration [13,14]. Another disadvantage for industrial
applications is the handling of large volume of solution, dur-
ing the preparation process. The solid-state ion exchange is a
highly effective method to introduce cations into zeolite. In this
process, the metal cations are introduced into the zeolite by calci-
nation (usually in vacuum or under inert gas flow) of mechanical
mixture of the zeolite (usually in protonic form) and the metal
precursor (usually halide or oxide) [14]. The major advantage of
this method is to incorporate the metal in one step with high dis-
persion. Hence, in the present work, the solid-state ion exchange,
followed by H; reduction was used to prepare bifunctional cat-
alysts. The FAU/EMT intergrowth synthesis has been reported
in the literature [15-18]. However, we have found a very few
reports on FAU/EMT intergrowth catalytic activity [19-22]. The
objective of the present work is to study the catalytic behavior
of FAU/EMT intergrowth and to compare with pure FAU and
EMT, on the n-pentane hydroisomerization reaction, which has
particular interest for hydrocarbon refining industry.

2. Experimental
2.1. Catalyst preparation and characterization

The zeolites FAU and EMT were synthesized using as tem-
plates (T) 15-crown-5 (1,4,7,10,13-pentaoxacyclopentadecane)
(T1) and 18-crown-6 (1,4,7,10,13,16-hexaoxacyclooctadecane)
(T2), respectively [15-18]. The intergrowths were obtained
by adding equimolar amounts of these templates to the
synthesis gel. The molar composition of the gel used
was 10Si0,:Al,03:2.1 NayO:T; 15-Crown-5:T, 18-Crown-
6:140 H,O, where the template/alumina (T/Al,O3) molar ratio
employed were 0.70 or 0.33.

A sodium aluminate is added to sodium hydroxide under con-
tinuous agitation until complete dissolution was attained, then
the amount required of the specific template is added, under
agitation for 20 min, followed by the addition of colloidal sil-
ica. This solution is aged under continuous agitation for 24 h at
room temperature, using a special reactor with deflector blades

attached to the walls, to increase homogenization of the gel. Fol-
lowing the ageing period, the reactor is heated at 110 °C for 15
days. The resultant solid was filtered, washed and dried at 80 °C
for 16 h. In order to eliminate the template, the samples were
calcined at 600 °C for 16 h.

The catalysts were prepared from FAU, EMT and their inter-
growth by ion exchange with 2 M NH4NOj3 solution, at 80 °C
for 24 h, filtered, washed, dried at 120 °C for 4 h and calcined at
450 °C for 4 h, in air; this procedure was repeated several times.
However, for EMT (0.33) and 50T/50T; (0.33) samples with
two different levels of exchange were prepared. One with 100%
exchange (no alkaline ions left on the sample), and another was
partially exchanged into acid form, that is, part of its exchange
positions are still occupied by alkaline ions, decreasing signifi-
cantly its acidity. In Table 1 a summary of the prepared samples is
given with the appropriate synthesis conditions. Once the zeolite
acid form was obtained, platinum (~1 wt.%) was incorporated
by solid-state ion exchange with Pt(NHj3)4Cl,-H>O at 500 °C for
4 h, under nitrogen flow. This method has several advantages:
avoids handling and disposal of large amounts of solution, cuts
down the cost of wasted chemicals as well as the associated
environmental impact.

The X-ray diffractograms were recorded in a diffragtometer

PHILLIPS PW 1050/25 using a Cu Ka (A =1.5406 A) radia-
tion, in the 26 interval from 5° to 70° and a path of 0.02°. The
surface areas and pore volume were measured in a Micromerit-
ics analyser, model ASAP 2010 at liquid nitrogen temperature
(77 K). The EDX chemical semiquantitative analysis were made
in an EDAX system, model 8400. The scanning was done on a
Hitachi Field emission FE, model S-4500 and el transmission
electron microscopy analysis on a Philips, model CM10. The
acidity was evaluated by NH3z-programmed thermodesorption
and metal dispersion by the CO chemisorption measurements,
both were carried out on a Micromeritics TPD/TPR 2900.

2.2. Catalytic test

The hydroisomerization reaction was investigated in the tem-
perature range of 250-350°C, the effect of the carrier gas
composition was investigated for the Hy:N, =30:0, 20:10, 10:20
at atmospheric pressure. A 30 mL/min flow of H»:N; mixture
saturated with n-pentane at —3 °C, was fed to a pyrex down flow
continuous fixed bed reactor, in line with a gas chromatograph
(Perkin-Elmer, Auto System), equipped with an alumina/KCl

Table 1

Samples prepared

Sample T/A1,O3 pH exchange
HFAU (without template) 0 9 Fully
HFAU (pH=9) 0.7 9 Fully
HFAU (pH=11) 0.7 11 Fully
EMT (0.33) 0.33 9 Partially
HEMT (0.33) 0.33 9 Fully
HEMT (0.7) 0.7 9 Fully
FAU/EMT (0.33) 0.33 9 Partially
HFAU/HEMT (0.33) 0.33 9 Fully
HFAU/HEMT (0.7) 0.7 9 Fully
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PLOT capillary column, a FID and an integrator PE Nelson
model 1022. Before each reaction, the catalyst was reduced
in situ, in a hydrogen flow of 30 mL/min at 450°C for 4h
[20-22].

3. Results and discussion
3.1. Catalyst characterization

The zeolites FAU, EMT and their intergrowth highly crys-
talline were obtained, as shown by the powder X-ray diffraction,
scanning electron microscopy and specific surface areas. These
solids show nitrogen adsorption isotherms type I (Langmuir)
typical of micropore solids (see Fig. 1). In Table 2 are given the
specific surface area values for as-synthesized samples. As can
be seen in Table 2, these zeolites have high Langmuir surface
areas. The external surface areas are, as expected, very small.
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Langmuir (Alang, m?/g), micropore (Am, m?/g) and external (Aext, m?/g)

specific surface areas, and micropore volume (Vp,, cm>/g)

t-plot
Catalysts ALang (mZ/g) Am (mZ/g) Aext (mZ/g) Vm (cm3/g)
FAU (without 998 986 12.4 0.34
template)
FAU (pH=9) 1061 1060 1.8 0.38
EMT (0.33) 998 985 12.8 0.34
EMT (0.7) 1073 1067 5.5 0.31
FAU/EMT (0.33) 1044 1035 8.8 0.36
FAU/EMT (0.7) 1067 1060 6.3 0.37

Volume Adsorbed cm3/g STP

(b)

The intergrowth does not affect the total pore volume or the
surface area.

Well-defined crystals for FAU and EMT were observed by
scanning electron microscopy (SEM) (see Fig. 2). The FAU crys-
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Fig. 1. Adsorption isotherms of N, at 77 K, for (a) FAU (without template), (b) FAU (pH=9), (c) EMT (0.33), (d) EMT (0.7), (¢) FAU/EMT (0.33) and (f) FAU/EMT

0.7).
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Fig. 2. SEM micrographs of (a) FAU, (b) EMT (0.33), (c) FAU/EMT (0.7) and (d) FAU/EMT (0.33).

tals are octahedral (<1 wm), while EMT crystals are hexagonal
plates (2-5 wm). The intergrowth crystals are shown in Fig. 2¢
and d, where one can clearly see the FAU octahedral crystals
growing out from the hexagonal EMT plates. This is strong evi-
dence that supports the result obtained from the DIFFaX analysis
for the intergrowth FAU/EMT ‘clusters’ distribution.

Fig. 3a shows the simulated X-ray diffraction patterns of the
pure systems overlapped one over the other to show the positions
when both phases are present. The X-ray powder pattern does
not completely differentiate between the contributions from a
mixture of phases or from an intergrowth; in general the pres-
ence of defects affects the width and shape of the peaks profile.
In order to estimate the proportion and type of intergrowth the
DIFFaX programme [23] was used. This software generates the
X-ray powder diffraction patterns considering coherent planar
defects such as twins and stacking faults. DIFFaX computes
the average interference wave function scattered for each layer

from a faulted crystal with a random stacking sequence of lay-
ers. In real crystals not only stacking defects are present but also
dislocation, crystal size, domains, substitutional atoms, vacan-
cies, etc. also contribute to the diffraction pattern. Although, the
matching between the experimental X-ray powder pattern and
the simulated one are not completely accurate, a fair approxi-
mation is obtained. Fig. 3b and ¢ shows the experimental X-ray
diffraction patterns of FAU/EMT intergrowth systems synthe-
sized with T/Al,03 of 0.33 and 0.7, respectively. It can be
observed that the peaks present coincide with the correspond-
ing positions of FAU and EMT. The intergrowth proportion
was evaluated by matching the experimental X-ray diffraction
pattern with the simulated pattern generated by DIFFaX [23].
Fig. 4 shows the experimental X-ray pattern corresponding to
FAU/EMT synthesized with T/Al,03 =0.70 and the simulated
pattern obtained by DIFFaX, assuming a block type random dis-
tribution of 50%FAU-50%EMT. As can be seen there is a good

Table 3

Catalyst chemical composition (% atomic) by EDX

Catalysts O (%) Al (%) Si (%) Si/Al Pt (%) Na (%) K (%)
Pt/HFAU (without template) 57.8 11.1 31.0 2.8 0.13 - -
Pt/HFAU (pH=9) 50.8 8.11 38.2 4.7 0.11 - -
Pt/HFAU (pH=11) 57.7 8.32 33.8 4.1 0.25 - -
Pt/EMT(0.33) 522 9.73 353 3.6 0.21 2.56 -
Pt/HEMT(0.7) 56.6 7.72 35.5 4.6 0.19 - -
Pt/FAU/EMT (0.33) 53.7 9.33 33.6 3.6 0.21 2.90 0.63
Pt/HFAU/HEMT (0.7) 58.4 6.95 34.4 49 0.18 - -
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Fig. 3. (a) Simulated XRD diffraction patterns of FAU and EMT pure sys-
tems. (b and c) Experimental XRD patterns of intergrowth FAU/EMT for
(T +T2)/Al, O3 ratios 0.33 and 0.70, respectively.

agreement between both experimental and simulated patterns.
The inset shows an enlarged section of the 26 = 5-7° in order to
visualize clearly the similarities between both patterns.

Fig. 5 shows the experimental and simulated patterns for
FAU/EMT synthesized with T/Al;03=0.33. Two models of
intergrowth distribution were assumed, random stacking of
layers and cluster formation. The best fit was obtained for
random-stacking layers with a proportion 10%FAU/90%EMT
(Fig. 5b). A reasonable match was also obtained for a cluster
arrangement with a proportion of 12%FAU/88%EMT (Fig. 5¢).

The diffractograms for the catalysts in their final reduced
state are shown in Fig. 6. Whatever the catalyst the crystallinity
is preserved, except for the FAU sample synthesized without
template (Fig. 6a). This sample lost most of its zeolite structure;
probably due to its low thermal stability, as a consequence of
its low Si/Al ratio. The incorporation of platinum, via solid ion
exchange onto all the prepared samples, was confirmed by the
peaks at 260 =39.9°, 46.4° and 67.6°, corresponding to metallic
platinum.

The chemical composition is given in Table 3. As can be
seen, all the samples were fully decationized, except the sam-

l,au
15 20 25 30 35
20
Fig. 4. (a) Experimental XRD pattern of intergrowth FAU/EMT,

(T +T2)/Al,03=0.70. (b) Simulated XRD pattern of intergrowth with
stacking of clusters: oFF =0.90; o EE =0.90.

la.u
(a)
(©
5 10 15 20 25 30 35
28
Fig. 5. (a) Experimental XRD pattern for intergrowth  with

(T +T2)/Al,03=0.33, (b) simulated for layers with random stackings
10%FAU/90%EMT, and (c) simulated for stacking of clusters of « FF=0.3 and
oEE=0.9.
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Fig. 6. XRD patterns of Pt-modified zeolite: (a) Pt/HFAU (without tem-
plate), (b) P/HFAU (pH=9), (c) PYHFAU (pH=11), (d) PYEMT (0.33), (e)
PYHEMT (0.7), (f) PYFAU/EMT (0.33), (g) PYHFAU/HEMT (0.7), and (h)
PYHFAU/HEMT (75/25, 0.7).

ples PYEMT(0.33) and Pt/FAU/EMT (0.33), which were only
partially exchanged (see Table 1). The Pt/H" ratio, the unit
cell formula for the zeolites FAU and EMT and the acidity
(meqNH3/g) are given in Table 4. For FAU synthesized without
template, a higher Al content was obtained in the final prod-
uct. For the FAU structure synthesized with template, the pH
increase from 9 to 11 resulted in a slight increase in Al content
(lower Si/Al ratio), owing to a higher basicity in the synthe-
sis (see Table 4). The platinum incorporated is also higher for
the latter. For the EMT and FAU/EMT series, the increase in
T/Al,O3 ratio, from 0.33 to 0.7, decreases Al content (higher
Si/Al ratio). For these samples, the higher the Al content, the
higher the Pt/H™ ratio (see Table 4).

The high platinum dispersion was observed by TEM. Highly
dispersed platinum nanocrystals can be observed in Fig. 7,
for PUHEMT (0.7) sample. The crystal sizes were in the
range of 4-10nm for most samples, except for Pt/FAU/EMT
(0.33), whose crystal sizes were between 1.5 and 3.5 nm,
and for Pt/EMT (0.33) with metal clusters of 20-50 nm (see
Table 5).

Table 4

The Pt/H" ratio, unit cell formula and acidity (mequiv.NH3/g)

Catalysts Py/H*  Unit cell mequiv.NH3/g
Pt/HFAU (pH=9) 0.014  H3z4Alz34Si1580384 2.06

PYHFAU (pH=11) 0.030  H3gAlzgSi1540384 2.35
Pt/EMT(O.33) 0.021 Na5‘5H15A5A1218i750192 1.57
Pt/HEMT(0.33) 0.030  Hje.7Al16.7Si7930192 2.58
PY/HEMT(0.7) 0.024  H;7Al17Si790192 2.24
PYFAU/EMT (0.33) 0.036 - 1.84
Pt/HFAU/HEMT (0.33) 0.011 - 2.87

Pt/HFAU/HEMT (0.7) 0.026 - 2.55

hd : Zﬁ\m"i': - i
Fig. 7. TEM micrograph of PUHEMT (0.70).

3.2. Catalytic test

The catalysts were active for n-pentane conversion, particu-
larly for hydroisomerization into i-pentane. Fig. 8a shows the
behavior of Pt/zeolite catalysts prepared from gel composition
of T/Al,03 =0.7. The PYHFAU/HEMT (0.7) intergrowth cata-
lyst showed the highest initial activity for this series. The catalyst
prepared from zeolite FAU (pH = 11) was the most active and sta-
ble in the series of faujasites, probably due to the slightly higher
acidity than that for FAU (pH =9). Comparing the catalytic per-
formance of the structures synthesized with T/Al,03=0.7, the
intergrowth structure shows higher initial catalytic activity than
EMT or FAU structures alone, while FAU shows higher resid-
ual catalytic activity in the time scale studied (time on stream,
tos=2-10min) (see Fig. 8a). The Pt/HEMT sample, showed
slightly higher activity than the Pt/HFAU, both synthesized with
T/Al,03=0.7 and at pH=9, but less active than the Pt/HFAU
sample, synthesized with T/Al;O3=0.7 and at pH=11. This
behavior is in agreement with the catalyst acidity (see Table 4
and Fig. 9), as reported elsewhere [16,24-26].

The catalyst prepared from the zeolite FAU (synthesized
without template) was the less active, due to the structural col-
lapse that occurred during catalyst preparation. This low thermal
and hydrothermal stability was a consequence of its low Si/Al

Table 5

Metal dispersion measured by TEM (dp¢, nm) and by CO chemisorption (D, %)
Catalysts dp¢ (nm) D (%)
PYHFAU (without template) 4-7 1.1
Pt/HFAU (pH=9) 4-8 31.1
Pt/HFAU (pH=11) 4-10 42.0
Pt/EMT (0.33) 20-50 clusters 17.6
PYHEMT (0.33) - 7.53
Pt/HEMT (0.7) 5 57.9
PtYFAU/EMT (0.33) 1.5-35 9.58
Pt/HFAU/HEMT (0.33) - 10
PtY/HFAU/HEMT (0.7) 6 14.4
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(0.33).

ratio [27]. However, the catalyst shows some activity, probably
associated to the presence of platinum active sites.

The behavior of Pt/EMT (0.33) and Pt/FAU/EMT (0.33) cat-
alysts, with different amount of alkaline cation (see Table 3),
is shown in Fig. 8b. For both partially and totally decationized
samples the intergrowth structures are more active. The higher
the degree of proton exchange, the higher the activity for EMT
and for the intergrowth structure. Therefore, not only the acid
sites in the supercages for FAU and in the hypercages for EMT
structures, but also the acid sites in the hypocages for EMT
structures do participate in the reaction. The PYHFAU/HEMT
(0.33) intergrowth catalyst showed the highest activity for this
series. In general, it appears that the structures synthesized with
a T/Al,03=0.33 are more active than those synthesized with
a T/Al;03=0.7. This is probably related to the fact that at

60
50
40
30
20

Conversion, %

10

Acidity, meqNH3/g

Fig. 9. Conversion (%) as function of acidity (mequiv.NH3/g) for all catalysts.

low T/Al;O3 ratio the aluminum incorporation into the struc-
ture is favoured, with the corresponding increase in acidity (see
Table 4).

For this series, one can see that the catalyst activity increases
with its acidity, as can be seen in Fig. 9, where the ini-
tial conversion (%) (at 2min) is plotted versus total acidity
(mequiv.NH3/g). In the range studied, neither the Pt/H" ratio
nor the metal dispersion had an observable effect on activity. On
the contrary, the intergrowth structures do have a pronounced
effect on activity. Thus, the FAU/EMT (0.33) has an intergrowth
proportion of 10%FAU/90%EMT, whereas FAU/EMT (0.7) has
50%FAU/50%EMT, and this is reflected in the activity. This
appears to suggest that the intergrowth enhances the catalyst
activity. The lower activities for PUEMT (0.33) or Pt/FAU/EMT
(0.33) are due to the presence of alkaline cations that limit the
acidity (see Tables 3 and 4), stressing the key role played by the
acid sites in determining the catalyst activity [28-31].

At 350°C and with a carrier gas flow composition of
H>:Nj, =2:1, the iso-pentane yield appeared to be a direct func-
tion of conversion, as shown in Fig. 10, for whatever structure
(i.e. FAU, EMT or FAU/EMT) and at different times on stream.
The slope of this curve is the selectivity; therefore, it appears to
be independent of structure, time on stream, acidity, Pt/H* ratio
and metal dispersion, for this series of catalysts under these con-
ditions (given temperature and carrier gas composition). From
the slope is obtained a value of 82% selectivity, which is slightly
higher than the one reported in the literature (72%) [32]. This
value compares very well with that calculated, using a Gibbs
free energy of —1.18 kcal/mol [33]. In fact, for Pt/MOR cata-
lyst, it has been reported that the selectivity is a function both of
conversion and of the degree of deactivation [34].

The residual activity at 10 min, measured as the ratio of con-
version (X1g, %) at 10 min to initial conversion at 2 min (X»,
%) is given in Table 6. For such short range of time, the resid-
ual catalytic activity is in the order FAU >EMT > intergrowth.
Dougnier et al. [16] reported similar results for the cracking of

40 =
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iso-pentane, %
(]
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Conversion, %

Fig. 10. Iso-pentane yield (%) as function of conversion (%) for zeolites
Pt/HFAU: (O) pH=11; (W) pH =9; ({) without template; (O) zeolites PYHEMT
(0.7); (@) PYEMT (0.33); and intergrowths: (A) PYHFAU/HEMT (0.7) and (A)
Pt/FAU/EMT (0.33).
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Table 6

Remaining activity at 10 min (X;0/X3)

Catalysts X10/X>
Pt/FAU (without template) 0.38
Pt/HFAU (pH=9) 0.85
Pt/HFAU (pH=11) 0.90
PYEMT (0.33) 0.72
PYHEMT (0.33) 0.73%
PYHEMT (0.70) 0.76
PtY/FAU/EMT (0.33) 0.65
PY/HFAU/HEMT (0.33) 0.92
Pt/HFAU/HEMT (0.7) 0.62

2 The remaining activity was calculated at 8 min on stream, Xg/X5.

n-heptane and Berreghis et al. [28] for the hydrocracking of n-
heptane. However, for Pt/HFAU/HEMT (0.33) residual activity
is comparable with that of template-synthesized Pt/HFAU.

The increase in the Hy:N» carrier composition, leads to higher
activity, stability and selectivity, as shown in Fig. 11, due to the
increase in the hydrogenation of olefins. This fact inhibits the
coke precursor formation, which is the main cause of catalyst
deactivation and enhances the selectivity to isoparaffins through
hydrogenation of intermediate branched olefins.

The intergrowth FAU/EMT is a highly active and selective
catalyst. For the intergrowth Pt/HFAU/HEMT (0.33), the con-
version increases with the reaction temperature, while selectivity
to i-pentane increases and approaches 100% with decreasing
temperature, as shown in Fig. 12. The isomerization at low
temperature is enhanced, since this is an exothermic reaction.
While at higher temperatures the endothermic reactions such as
cracking become more important.

The studied catalyst was highly selective to i-pentane. How-
ever, some minor products were also observed. Among them,
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Fig. 11. (a) Conversion (%) as a function of time on stream (min). (b) selectivity
(%) as a function of conversion (%), at T=350°C, Hy:N; =30:0 (H); 20:10 (O);
10:20 (A); for PYHFAU (0.7).
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Fig. 12. (a) Conversion (%) as a function of tos (min). (b) selectivity (%) as a
function of conversion (%), for T=350°C (H); 300 °C (0); 275°C (A); 250°C
(O); Hp:Np =2:1, on PYHFAU/HEMT (0.33).

methane, ethane, propane, i-butane and n-butane, were reported
as cracking products, pentenes reported as dehydrogenation
products, and those with carbon numbers higher than five
are reported as C5+. In Fig. 13, minor product distribution
is presented. The presence of cracking and C5+ fractions
can be explained by C5 disproportionation to C4+C6 and
to C3+C7. C6 and C7 can undergo cracking to C3 and C4.
These products can also be explained by C5 dimerization to
C10, followed by a fast isomerization and cracking to C4 +C6
and to C3+C7. Comparing the catalysts P/HEMT(0.33),
PYEMT(0.33), PYHFAU/HEMT(0.33) and Pt/FAU/EMT (0.33),
it can be seen that the cracking activity increases with the degree
of protonic exchange. This probably is due to the increase in the
amount and strength of accessible acid sites.

_

BCracking
4 m @ Dehydrogenation
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Yield, %
CaNWhOO~N®OOD

Catalysts

Fig. 13. Cracking (%), dehydrogenation (%) and C5+ (%) yield at 350°C,
H,/N, =20/10.
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Fig. 14. Typical cracking product distribution.

The Fig. 14 shows the typical cracking product distribution
observed for these catalysts. The major component is i-butane,
while CHy and C;Hg are present at trace level, indicating that
the hydrogenolysis reaction is practically insignificant.

4. Conclusions

The intergrowths of zeolites FAU/EMT were synthesized
using mixtures of 15-crown-5 and 18-crown-6 as templates in the
synthesis gels. Well-dispersed platinum was successfully incor-
porated onto the zeolite via solid-state ion exchange procedure.
The catalytic activity of the FAU/EMT intergrowth structure
was higher than that for the pure EMT or FAU structures under
the same reaction conditions. The structure order of activity was
FAU/EMT >EMT > FAU, for samples synthesized at pH =9 and
T/Al,03=0.7. The structure synthesized with lower T/Al,O3
incorporated more aluminum and were more active. The synthe-
sis of FAU structure at pH=11 lead to a more acidic samples;
and consequently, more active. The acidity and the presence of
intergrowth structure were the key factors that control the activ-
ity. The catalytic remaining activity at 10 min follows the order
FAU > EMT > intergrowths FAU/EMT. The selectivity obtained
at 350 °C, and a carrier gas flow composition of Hy:Np =2:1 was
82% independent of structure, time on stream, acidity, Pt/Al ratio
or metallic dispersion. The selectivity is, however, a function of
temperature and carrier gas composition. Thus, the selectivity
increases as the temperature decreases and/or hydrogen content
increases in the gas carrier.
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