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Effect of Ba and rare earths cations on the properties and
dehydrocyclization activity of Pt/K-LTL catalysts
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Several Pt/L-zeolite catalysts were prepared by the impregnation method from L-zeolite samples previously exchanged with B2+,
Ladt, Pr3t, Nd3t+ and Sm3t+. Lanthanides (Ln3t) increase the overall dispersion of platinum, measured by H,—O; titration. TPR and
CO/FTIR measurements indicate that these ions modify the distribution of Pt in the zeolite lattice, increasing the fraction of metal on the
externa surface. Additionally, both CO/FTIR and competitive hydrogenation of toluene-benzene mixtures indicate that, in the presence
of Ln3t, the electron density of the platinum decreases in comparison with Pt/K L-zeolite. On the other hand, B2t does not substantially
modify neither the distribution nor the electronic state of Pt. The reactivity measurements in the hydroconversion of n-heptane show
that Pt/BaKL and Pt/KL exhibit similar catalytic behaviour with a high dehydrocyclization activity. However, the exchange of K+ by
Ln3* increases the production of heptane isomers, while selectivities to aromatic and terminal hydrogenolysis products significantly

decrease.
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1. Introduction

Since the high activity and selectivity of the non-acidic
Pt/KL-zeolite catalysts in the aromatization of n-alkanes
was noticed [1] numerous works have been performed to
explain the origin of this catalytic behaviour [2-8]. Sev-
eral authors have reported that aromatization selectivity is
very senditive to the identity of the countercation present
in the zeolite, in such a way that for alkaline or aka
line earths cations the bigger the ionic radius the higher
the dehydrocyclization activity. Thus, when L-zeolite is
exchanged with alkaline ions, the aromatization selectiv-
ity of the catalyst for n-hexane increases in the order
Lit < KT < Rb* < Cst[2,3,9]. Inasimilar way, Hughes
et a. [10] found that alkaline earths increase the aromati-
zation activity in the order BT < Mg?t < Ca&2t < Ba?™.
When comparing the effect of cations with different radius
and charge, however, the relationship between basicity and
dehydrocyclization activity is not straightforward. Thus,
Pt/Bal -zeolite catalysts exhibit similar or higher aromati-
zation activity than Pt/KL-zeolite [10,11], in spite of the
fact that the ionic potential of KT is lower than the one of
Ba*. Inthis case, it seemsthat other effects, in addition to
the ionic potential of the charge-compensating cations, can
influence the catalytic behaviour. The goal of this research
is to analyze the effect of a divalent cation (Ba?*) and sev-
eral trivalent cations (La*t, Pr3t, Nd*+ and Sm®t) on the
physicochemical properties of Pt/KL cataysts, as well as
on their performances in the conversion of n-heptane in
presence of hydrogen.
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Lanthanides, which display a strong basic character,
have shown a remarkable promoter effect of metal cata-
lysts for different reactions [12,13]. However, their ef-
fect on Pt/KL catalysts has been scantly investigated [14—
16]. As La*r, Pr3t, Nd* and Sm*t have a very simi-
lar ionic radius, the KL-zeolite was exchanged with these
cations in order to evaluate the sensitivity of the dehy-
drocyclization reaction and other properties of the cata-
lysts to the changes of basicity of the zeolite produced by
such ions. Catalysts were characterized by H,—O, titration,
TPR and CO/FTIR. Additionally, competitive hydrogena
tion of toluene and benzene mixtures was used as a chem-
ical method to determine the electronic state of platinum.

2. Experimental
2.1. Catalyst preparation

Fractions of a commercial K-LTL zeolite (Union Car-
bide SK-45; KgAlgSi»7O7,, in atoms per unit cell) were ex-
changed with Ba?*+, La®t, Pr3t, Nd®t and Sm3t. 300 ml
of agueous solutions of nitrates containing 215 meq of these
cations (Me"T/K+ = 2/1 eg/eq), were added dropwiseto a
suspension of 30 g of zeolite in 500 ml of distilled water
under stirring. After 72 h at reflux temperature, the slurry
was filtered and washed with distilled water to remove oc-
cluded ions and then dried at 393 K and calcined at 873 K
for 6 h. The powder was pelleted and crushed to 0.6-1 mm
particle size and then platinum was incorporated by incip-
ient wetness impregnation, using Pt(NH3)4(OH), agueous
solutions in adequate concentration to obtain 1 wt% of Pt
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Table 1

Catalysts characterization.
Catalyst Counterc. content? IE Pty D

(meg/u.c.) (%) (Wt%) (%)

K+ Me+P

PY/KL 9.0 0.0 - 0.95 42
Pt/KBaL 6.6 2.4 26.9 0.96 40
P/KLalL 6.8 2.2 24.1 0.93 61
P/KPrL 6.6 24 26.6 0.97 71
Pt/KNdL 7.0 2.0 21.6 1.04 69
Pt/K SmL 7.2 18 20.4 0.94 66

aBased on O = 72.
bMert = Ba2t, Ladt, Pr3t, Nd3* or Sm3+.

in the catalysts. After drying, the solids were successively
calcined under O, stream at 573 K for 3 h and reduced
with H, at 773 K for 3 h. In both cases, the temperature
was ramped at 2 K/min. The reduced catalysts were stored
in a desiccator. Their chemical composition, given in ta
ble 1, was determined by atomic absorption spectroscopy
(AAS).

2.2. Catalyst characterization

2.2.1. Chemisorption measurements

Platinum dispersion (D) in the reduced catalyst is defined
as D = Pts/Pt;, where Pts is the number of metal atoms
exposed per gram of catalyst and Pt; is the total number of
metal atoms loaded in 1 g of catalyst. Pts was obtained by
the H,—0O; titration method [17] in a flow system with a
thermal conductivity detector. Samples of 0.5 g of reduced
catalysts were heated at 723 K under H, stream for 30 min.
After evacuation under a flow of Ar for 1 h at 573 K and
cooling at room temperature, pulses of O, were introduced
in the carrier gas until total saturation of the metal sur-
face. Titration of the adsorbed O, was performed with H,
at room temperature. From the volume of hydrogen uptake
and assuming an atomic stoichiometry Hy,/Pts = 3/1, the
number of exposed Pt atoms was calculated. Pt; was ob-
tained by AAS anaysis.

2.2.2. Temperature-programmed reduction

TPR profiles of the calcined precursors were obtained in
a flow system with a thermal conductivity detector. Sam-
ples of 0.5 g were outgassed at 573 K for 1 h under an
argon stream. After cooling, the profiles were registered
heating the samples from 273 to 813 K at 8 K min—! under
aflow of 60 cm®min—?! of a mixture of 5% Hy/Ar.

2.2.3. Infrared spectroscopy

FTIR spectra of the reduced catalysts were recorded at
room temperature in a Nicolet 5ZDX spectrometer, in the
range 4800-400 cm~! with a resolution of 4 cm~t. The
self-supported wafer of the reduced sample was succes-
sively outgassed at 1072 Paand 723 K for 1 h, treated at
723 K under hydrogen atmosphere for 2 h and outgassed at
10-2 Pafor 2 h at 298 K. After recording the IR spectra,
the samples were contacted with 4 kPa of CO for 5 min
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and then a new spectrum was recorded. The bands of the
chemisorbed CO were obtained by subtraction of both spec-
tra. In order to gain information about the location of Pt
clugters in the zeolite lattice, a new spectrum of CO was
taken after outgassing at 523 K for 30 min.

2.3. Reactivity measurements

The catalytic activity measurements in the dehydrocy-
clization of n-heptane were performed in a fixed-bed tubu-
lar reactor, containing 2 g of catalyst, diluted with SIC,
at 100 kPa, 723 K, Hy/n-C; = 7.3 mol/mol and a liquid
space velocity of 3.42 h—1. A bed of SiC above the cata-
lyst was employed as preheater. High-purity hydrogen was
successively passed through a Deoxo purifier and a 5A mo-
lecular sieve filter. The reactor was heated at 773K for 1 h
under the adequate hydrogen flow and, when the reaction
temperature was stabilized at 723 K, the liquid feed was
introduced and the first sample collected 15 min later. Fol-
lowing a conventional methodology [18,19], we had previ-
oudly confirmed that in these experimental conditions both
external and internal diffusion limitations were absent.

The reactor effluent was condensed at 273 K and an-
alyzed by gas-liquid chromatography (TCD). Liquid sam-
pleswere injected in a4 mx 3.18 mm O.D. column packed
with 1,2,3-tris(2-cyanoethoxy)propane (10 wt%) on Chro-
mosorb P (60—80 mesh) at 353 K. The exit gas stream was
analyzed at 313 K in a4 m x 3.18 mm O.D. column of
powdered activated charcoal. Helium (40 cm® min—1) was
used as carrier gas.

Competitive hydrogenation of toluene/benzene mixtures
was carried out in a conventional flow reactor with 0.5 g of
catalyst at 373 K and atmospheric pressure. The benzene
and hydrogen pressures did remain constant, while that of
toluene was modified in the range 1.9-9.6 kPa. The total
flow was 125 cm® min—! (STP) and the conversion was al-
ways lower than 10%. Prior to the reaction, the catalyst
was treated at 723 K under flow of hydrogen for 30 min.
Reaction products were analyzed on line in a FID chro-
matograph at 373 K with a 20% CW 20 M on supercoport
80/100 packed column. Helium (20 cm® min—t) was used
as carrier gas.

3. Results and discussion
3.1. Catalyst characterization

Table 1 summarizes the cations content per u.c. and the
degree of exchange reached for each zeolite support. The
degree of exchange (IE) is defined as the number of equiv-
aents of a cation exchanged per 100 equivalents of K.
Platinum loaded (Pt;) and metal dispersion (D%) for the
catalystsare also included. The degree of exchange reached
is very much the same for al the samples. The dispersion
valuesfound for Pt/KL and Pt/KBaL are very similar (about
40%), while with the incorporation of the rare earths it went
up to 60—70%.
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Figure 1. TPR profiles of the catalysts.

3.1.1. TPR measurements

The TPR profiles of the catalyst precursors (figure 1)
show that complete reduction of Pt occurs below 623 K,
indicating that in the conditions used to prepare the cata-
lysts they are completely reduced. The profile of Pt/KL
shows a broad reduction peak at 475 K with a shoul-
der a 408 K. This profile substantially agrees with that
obtained by Osgard et a. [20] for a 0.5% Pt/KL-zeolite
prepared by impregnation using Pt(NH3)4Cl, as precur-
sor. In our case, however, the TPR maximum appears
at a lower temperature (about 48 K), probably due to the
different nature of the precursors used: Pt(NH3)4(OH)a.
The same authors [20] reported that the Pt/KL catalysts
prepared by impregnation contain, after calcination, pre-
dominantly Pt*+ ions within the zeolite channels, origi-
nated by autoreduction of Pt>* and their subsequent ox-
idation to PtO,. Although this reaction is feasible, we
think that in our catalyst, after calcination, most of plat-
inum is located inside the pores as Pt>*. This sugges-
tion is supported by the fact that the ratio H, uptake/Pt;
is about 1.35, which corresponds to 65% Pt>* and 35%
Pt**. In such a case, one can expect that the broad pesk

163
Table 2
Physical parameters of the cations.
Cation lonic radius (A) P2
K+ 133 0.75
Ba?t 1.35 1.48
La3t 115 2.60
pr3+ 1.09 2.75
N3+ 1.08 2.77
Sm3+ 1.04 2.88

8¢ = ionic potential of the cations = ionic charge/ionic radius.

at 475 K includes the reduction of both PtO and PtO,
species, in order to account for the average platinum va-
lence observed. The shoulder at 408 K, on the other hand,
must be related to a platinum species more easily reducible
than the preceding one, probably Pt>* located on the ex-
ternal surface of the zeolite, i.e., on the intercrystalline
space.

As shown in figure 1, the incorporation of Ba?* or Ln®+
(lanthanides) to the zeolite substantially modifies the TPR
profile of Pt/KL. The relative intensity of the peak at 475 K
decreases, whereas the shoulder at 408 K shifts to higher
temperatures and its intensity increases with the increase
of the ionic potential of the compensating cation, i.e., ¢ =
ionic chargefionic radius (K+ < Ba®T < L&t < Pr¥t <
Nd®" < Sm®", table 2). For the PUKPrL sample, the
intensity of both peaks is similar, while for the Pt/KSmL
catalyst, the second peak is the most important one and
appears at 426 K. These results suggest that the change of
the ionic potentia of the countercations affects not only the
relative population of the different forms of platinum, but
also the strength of the platinum—zeolite interaction of the
more easily reducible Pt form.

3.1.2. Infrared spectroscopy

The FTIR spectra of the adsorbed CO on the catalysts are
depicted in figure 2. All the spectra exhibit a broad band in
the range 2150-1925 cm™1, with amaximum at 2073 cm~*
and severa shoulders, which are assigned to CO linearly
bonded to Pt species supported on LTL [2,3,21]. Bands
below 1900 cm—!, attributed to bridged carbonyls on P,
are very weak and they were not included in figure 2.

For non-zeolitic suppports, the frequency of the max-
imum at ca. 2073 cm~! corresponds to CO chemisorbed
on non-interacting metal [22-24]. With regard to Pt/KL
catalysts, this signal is also associated to CO bonded to
non-interacting platinum particles, located in the outer sur-
face of the zeolite [2,3,21]. On the other hand, the shoul-
ders at 2053 and 2012 cm~?! are ascribed to Pt clusters
inside the zeolite, but in different environments [9,21]. Fi-
nally, the band appearing at 2120 cm™1! is taken as evi-
dence for the existence of electron-deficient platinum sites
[2,24-26].

When comparing the IR spectra in figure 2, it is ob-
served that the intensity of the shoulder at ca. 2120 cm~?
grows and the peak at 2073 cm~! shifts to 2080 cm~?
with increasing ionic potential of the cation (P/KL <
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Figure 2. FTIR spectra of CO adsorbed on the catalysts at room temper-
ature and 4 kPa.

PUKBaL <« PYKLaL < PYKPrL < PYKNAL < Pt
KSmL). These results indicate that the relative abundance
of the electron-deficient platinum species (Pt®*) increases
with the ionic potentia of the charge-compensating cati-
ons.

Since CO bonded to the Pt cluster |ocated on the external
surface of the zeolite is easily removable [21], additional
information can be deduced from the feature of the IR spec-
tra obtained after outgassing at 523 K the chemisorbed CO
(figure 3). The shift of the wavernumber of the band at
1962 cm~! to 1983 cm~! in the order Pt/KL < PY/KBalL <
Pt/KLaL < PYKPrL < PtY/KNdL < PtY/KSmL, together
with the increase of the intensity of the band at 2032 cm~1
in the same sequence, indicate a parallel decrease of the
electron density of Pt inside the channels [25]. Probably,
the stronger interaction of the Ln3+ cations with the oxy-
gens of the walls of the framework [27] causes the elec-
tron density decrease observed for Pt clusters in these cat-
alysts. However, an alternative explanation, based on the
direct interaction Pt—countercation in the way described by
Stakheev et a. [21] for PUK(Me)L catalysts, may also be
plausible. The fact that no bands are detected in the spectra
of figure 3 at wavenumbers higher than 2080 cm~* sug-
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Figure 3. FTIR spectra of CO remaining on the catalysts upon adsorption
a room temperature and 4 kPa and subsequent evacuation at 523 K and
10~2 Pa.

gests that electron-deficient Pt species (band at 2120 cm—?
in figure 2) can be located on the external surface of the
zeolite.

3.2. Reactivity of the catalysts

Table 3 shows the performances of the catalysts in the
conversion of n-heptane at 723 K, after 15 min on stream.
The reaction leads to aromatics (toluene and benzene), hep-
tane isomers (i-C7), methane, hydrocracking products (Co—
Cs) and cycloalkanes. Coversion of n-heptane is defined
as the number of molecules of n-heptane transformed per
100 molecules fed to the reactor and the yield to toluene
(Y1a1) is calculated as the number of molecules of n-heptane
transformed into toluene per 100 molecules of n-heptane
fed. The selectivity to a product i (S;) is defined as the
number of n-heptane molecules transformed into ¢ per 100
molecules of n-heptane converted. The turnover frequency
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Table 3
Reactivity of the catalysts in n-heptane conversion and Kt /g values.
Catalyst
P/KL  PY/KBaL  PYKLaL PYKPrL  PYKNdL ~ PYKSmKL
Conversion (%) 21.2 20.7 127 11.3 9.6 9.2
TOF x 103 (s 1) 92.9 95.2 383 29.3 25.6 257
Y7ol 9.1 89 24 23 19 17
TOFrq x 103 (s71) 399 40.9 7.2 5.9 5.1 47
Selectivity (mol%)
Toluene 429 43.0 18.9 20.3 20.0 185
Benzene 52 7.6 0.0 0.0 0.0 0.0
Methane 5.6 7.2 24 0.8 10 0.0
C—Cs 174 17.3 25.9 25.0 24.0 270
i-heptane 15.7 125 48.0 50.4 51.0 49.1
Cycloakanes 13.2 120 4.7 35 4.1 54
K1/ 19 20 36 37 38 38

(TOF) is the number of n-heptane molecules transformed
per exposed platinum atom per second.

Data in table 3 show that Pt/KL and Pt/KBaL are the
most active catalysts for n-heptane conversion, in spite
of the fact that they have lower number of exposed plat-
inum atoms than the samples containing lanthanides (ta-
ble 1). On the other hand, PYKL and Pt/KBalL give a
similar product distribution, aromatization being the most
favoured reaction (Stq = 42.9%), while for lanthanide-
containing catalysts hydroisomerization of n-heptaneis the
main reaction (S;-neptane = 48-51%). Since the ionic po-
tentials of lanthanides cations are higher than those of
Ba®t or K+ (table 2), these results agree with the general
idea that a basic environment of Pt is essential to trans-
form n-paraffins into aromatic. Thus, if one assumes that
al the Pts atoms measured by H,—O, titration are active
for n-heptane dehydrocyclization, the lower the ionic po-
tential of the countercation the higher TOF of aromatiza-
tion.

The ionic potential (¢) is a measure of the electron
acceptor—donor capacity of the cation (i.e., its polarizing
power) in its close vicinity. Therefore, ¢ is an important
physicochemical parameter of the countercation to explain
the relative electronic state of the metal in a series of cat-
alysts and, consequently, their activity and selectivity in
the reaction under study. The ionic potential, however,
does not seem to be the only property to be taken into
account in order to rationalize the behaviour of these cat-
alytic systems. In fact, the location and mobility of the
incorporated cation inside the zeolite channels can also
modify the state of platinum. For this reason, in order
to know the actual electronic properties of platinum, it is
necessary to measure them directly on each catalyst. To
do this, we have used the competitive hydrogenation of
toluene-benzene mixtures. This is a structure-insensitive
reaction, but the ratio of the adsorption coefficients of
toluene and benzene (K7 /g) is a very sendtive thermody-
namic function of the electronic state of the Pt particlesin
the catalyst. The K+ /g values were obtained from the rela-

tive hydrogenation rates of toluene and benzene, following
the method of Tri et al. [28], which was used by Larsen
and Haller [29] to estimate the chemical state of Pt sup-
ported on L-zeolite. Since the ionization energy of toluene
(8.82 V) is lower than that of benzene (9.25 eV) [30]
(i.e., toluene is a better electron donor than benzene), it
will be preferentially adsorbed on the more electrophilic
metal sites, thus hindering the adsorption of benzene. Con-
sequently, the higher the electron density of the meta the
lower the Kt /p.

The order of increase of Kt /g vaues, summarized in
table 3, is paralel to both the increase of the IR band in-
tensity at ca. 2120 cm~%, related to the electron-deficient
platinum (figure 2), and the positive shift of the IR bands of
the irreversibly adsorbed CO (figure 3). On the other hand,
a relationship between K7 /g and the toluene turnover fre-
guency (TOFry in table 3) is aso evident, in agreement
to what one should expect. These findings indicate that an
effect of the countercations on the platinum atoms exists,
probably through the oxygen of the zeolite framework, as it
was suggested by Barthomeuf [27]. The fact that the Kt /g
values and the catalytic properties of Pt/KL and Pt/KBalL
are very similar is not surprising, in spite of the fact that
the ionic potential of Ba®™ and, consequently, its Lewis
acid character is higher than that of K+. It was reported
[10,31] that, after the exchange step, the Ba®* cations are
located at the open sites of the zeolite, where the reac-
tion

B&t + H,0 — BaOHt + H* (1)

can take place, generating Bregnsted acid sites. However,
by thermal treatment the Ba?+ ions move to sites inacces-
sible to water molecules, preventing the Ba?+ hydrolysis
reaction [27]. In such a case, the electronic state of Pt
depends, to a great extent, on the mobility and definitive
location of the cations in the lattice, in such a way that the
dehydrocyclization activity of a catalyst can be different to
that expected from ¢ values.
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For lanthanides-containing catalysts, a paralel trend is
observed between both Y74 and TOFy, values and ¢ or
K+ /g. The differences between the dehydrocyclization ac-
tivity of these samples reasonably agree with the ionic po-
tential, but they are relatively higher than those expected
from the Kr/g values, which are experimental measure-
ments of the basicity of the platinum ensembles. Therefore,
these results suggest that the dehydrocyclizationis sensitive
to the dlight changes in the platinum basicity originated by
the lanthanide cations.

It is interesting to point out that the selectivity of arom-
atization correlates to the terminal hydrogenolysis selectiv-
ity of the catalysts, as also found by Iglesia and Baum-
gartner [5] for dehydrocyclization of n-heptane on Pt/KL
catalysts. Since hydrogenolysis requires metal ensembles
with an electron donor character, the practical disappear-
ance of methane on catalysts containing lanthanides can be
related to the reduction of the electron density of the metal
in these catalysts, due to the relatively high Lewis acidity
of those cations. Such electronic changes could explain
why benzene is not formed on these catalysts which, in
fact, behave rather as hydroconversion bifunctional cata-
lysts.

4. Conclusions

The surface properties and the dehydrocyclization activ-
ity and selectivity of Pt/KL-type catalysts depend on the
identity of the countercations in the zeolite. The partia
exchange of K+ by Ba?* does not substantially modify the
dispersion, nor TPR and CO/FTIR spectra, nor n-heptane
aromatization activity of the Pt/KL catalyst. These results
agree with the similar platinum basicity exhibited by the
PUKL and P/KBalL catalysts, as measured from the Kt /g
values, in spite of the fact that Ba?+ isastronger Lewis acid
than K*. This behaviour is probably related to the capabil -
ity of the Ba?™ cation to emigrate upon thermal treatment
to zeolite sites where the hydrolysis of the water is not
possible.

When K+ isexchanged with La®*, Pr3t, Nd®+ or Sm3*,
the dehydrocyclization and hydrogenolysis activities of the
catalysts are lower and their isomerization activity higher
than for both Pt/KL and Pt/KBaL. This behaviour is poba-
bly a consequence of the increase of the amount of electron-
deficient platinum in PYKLnL samples, as evidenced by
FTIR and in agreement with the values of Ky/g. On the
other hand, the differences of aromatization activity be-
tween Pt/La-, Pr-, Nd- and Sm-KL catalysts are small, as
expected from the close similarity between the physico-
chemical properties of the lanthanides ions. These differ-
ences, however, are higher than those between the corre-
sponding values of Ky g.
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