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The performances of platinum � zeolite exchangedwith alkali (Na,K, Cs) and alkali-earth (Mg, Ba) cations have been examined
for n-hexane reactions. The nature of coke deposited on the catalysts is slightly influenced by alkali cations because coke is deposited
onmetallic sites. In Pt/alkali-earth catalysts the coke depends on the support acidity.
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1. Introduction

Catalytic reforming is an important process for the
production of high octane gasoline and aromatics from
naphtas [1]. Mainly Pt supported catalysts are used in
these reactions. Zeolites have been successfully
employed in the reforming of hydrocarbons. Catalysts
are deactivated mainly due to the coke deposition. This
process is strongly influenced by different zeolite char-
acteristics as acidity or porous texture [2]. The coking
rate is greater with increasing zeolite acidity and when
the space available for its formation is larger or the
intermediates to coke formation diffuse more slowly
into the gas phase [2]. Pt supported on acidic � zeolite
enhances the extent of bimolecular alkylation reactions
that lead to aromatics with carbon numbers different
from that of the feed hydrocarbon [3,4], but shows the
disadvantage of excessive coke formation and high
hydrocracking. Smirniotis et al. [5] found that the con-
trol of the � zeolite acidity via dealumination minimizes
coke formation and hydrocracking and results in the
preservation of the catalyst activity in the reforming of
alkylcyclopentanes.

When a zeolite is exchanged with cations, two simul-
taneous effects that strongly affect coke deposition take
place. As the exchanged cation size increases a greater
porous blockage is produced and the zeolite acidity also
decreases [6^8]. In this sense, ion exchange of � zeolite
with different cations permits to modify the acidic and
porous characteristics of this support and consequently
the catalytic behaviour of the catalysts prepared from
them. Although many papers about the deactivation of
acid catalysts [2,9,10] are available, there is a lack of
information about the influence of the exchanged cation
on coke formation. The aim of this workwas to study the
coke deposition on Pt supported on alkali or alkali-earth
exchanged � zeolite, during n-hexane transformation.

2. Experimental

The � zeolite with a SiO2/Al2O3 molar ratio of 15
was provided by EXXON in a partially protonic form,
HNa�. This parent zeolite was exchanged twice with a
0.5 M NaNO3 solution. The ion exchange process was
carried out at 80�C under vigorous stirring for 2 h, using
a ratio volume of solution (ml)/zeolite weight (g) of 70.
The dispersion was centrifuged and the solid washed and
dried overnight at 110�C. Further, portions of this zeo-
lite form were exchanged twice with KNO3, MgNO3,
CsCH3COOorBaCH3COO respectively, using the same
procedure. All the samples were calcined in air flow
(3 ` hÿ1 gÿ1) at 500�C for 2 h. The obtained samples were
denominatedNa�, K�, Cs�,Mg� andBa� respectively.

Platinum was loaded into the support materials by
ion exchange using Pt(NH3)4(NO3)2. The procedure was
carried out for 4 h at room temperature and under stir-
ring. The programmed platinum loading was 0.5 wt%
using a Pt(NH3)4(NO3)2 solution of 400 ppm. After cen-
trifuging and washing, the catalyst was dried for 12 h at
110�C and calcined at 300�C in air flow (3 ` hÿ1 gÿ1) for
2 h by increasing the temperature at a rate of 2�C/min.

KL zeolite provided by UOP was used as reference
due to its well known aromatization power.

M� supports (where M � Na, K, Cs, Mg, Ba) were
analyzed by AA and characterized by XRD and FTIR.
XRD experiments were performed in a Rigaku appara-
tus using Cu K� radiation (Ni filter) at 2�/min. FTIR
spectra were collected with a Perkin Elmer 1600
spectrometer using KBr pellets, in order to study the
structural bands of the solids.

Acidic properties of exchanged zeolites were deter-
mined by ammonia temperature programmed desorp-
tion. The experiments were carried out in a fixed bed
flow type apparatus equipped with a TCD. The calcined
samples were saturated at 150�C, for 4 h using a mixture
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of He/NH3 (0.2% NH3). After purging 30 min with He,
NH3 was desorbed by heating at 10�C/min under He
flow.

Textural characteristics of M� supports were studied
by N2 adsorption and dynamic cyclohexane adsorption.
The N2 adsorption was carried out in an ``area meter'' of
Str�olhein Instruments. The samples were outgassed for 4
h at 200�C and 10ÿ2 Torr and N2 was adsorbed at 77 K
(liquid N2 temperature). The dynamic adsorption of
cyclohexane was carried out at 90�C using a Setaram
TG-DSC92 thermobalance. After pre-treatment under
N2 at 500�C for 10 min the samples were cooled to 90�C,
and after stabilizing the sample weight, the N2 flow was
changed by the N2^cyclohexane flow obtained bubbling
N2 (50ml/min) in a cyclohexane saturator at 14.6�C.

Platinum contents were determined by EDX RF and
platinum dispersion was studied by CO chemisorption.
CO chemisorption isotherms were measured between 0
and 200 Torr, using a conventional volumetric system at
room temperature (25�C). The catalysts were also pre-
viously reduced for 2 h at 500�C in H2 flow and then
evacuated at this temperature to less than 10ÿ5 Torr for
2 h. After the first isotherm was measured, the sample
was evacuated at 10ÿ5 Torr for 30 min and a second iso-
therm was measured. Following the second isotherm,
the sample was again evacuated at 10ÿ5 Torr and the vol-
ume of the reactor determined with He. The amount of
chemisorbed CO was calculated by extrapolating the
isotherms to zero pressure, and taking the difference
between the first and second isotherm.

n-hexane reactions were performed in a continuous
flow reactor, using (150 mg) both the support (M�) and
the Pt loaded (Pt/M�) catalysts. Pt/M� catalysts were
previously reduced in situ at 500�C for 5 h. The experi-
ments were carried out at 450�C, molar ratio H2/C6 � 6
and space velocity (WHSV) of 15 hÿ1. Only H2 acts as
carrier gas and n-hexane was mixed with the H2 flow in a
pre-reactor camera heated at 80�C. The reaction prod-
ucts were analyzed by on line gas chromatography with
a FID detector and PONA column. Results are reported
as conversions calculated as the mole-percent of n-hex-
ane reacted, products yields and selectivities. Coke
deposited on supports and catalyst was analyzed by ther-
mogravimetry using a Setaram TG-DSC92 thermoba-
lance which permits to obtain simultaneously the TG
andDSC curves during the coke burning (air flow 60ml/
min, heating rate 20�C/min).

3. Results and discussion

The chemical and porous nature of the different
exchanged � zeolite samples are shown in table 1.
Similar transformations are observed exchanging � zeo-
lite with alkali or alkali-earth cations. The determina-
tion of the BET surface area (table 1) or the dynamic
cyclohexane adsorption (figure 1) shows that in both ser-

ies a greater porous blockage occurs as the size of the
exchanged cation increases. From NH3 TPD spectra
(figure 2) it was observed that the zeolite acidity also
decreases in the order Mg� >Ba� >Na� >K� >Cs�
�KL. In both series for cations of similar size (i.e. Na^
Mg or Cs^Ba), the alkali-earth exchanged zeolites show
greater acidity and mainly stronger acid sites than the
corresponding alkali exchanged zeolites. Porous and
acidic characteristics of exchanged � zeolites tend to the
correspondingKL ones as the cation size increases.

Despite the programmed Pt loading of 0.5 wt% for
all the samples, the data of table 1 show that the Pt con-
tent obtained in both series of catalysts decreases as the
cation size increases, and particle size shows a similar
trend. To compare the effect of the different Pt loading,
Na� support was also prepared with the same Pt content
found for Cs� and Ba� supports (0.2 wt% Pt). CO chem-
isorption data (table 1) show that Pt dispersion
increases when Pt loading decreases and in the case of
the samples exchanged with larger cations (Ba, Cs) the
dispersion is better than for Na� with similar Pt load-
ing. Some authors [11,12] have already reported that the
characteristics of Pt particles (dispersion, special loca-
tion and electronic state of the Pt in the zeolite) can be
influenced by the exchanged cation, namely due to its
basicity.

The catalytic activity of the different supports M�
was determined under the same experimental conditions
that were used for Pt/M� catalysts (450�C, H2/C6 � 6

Table 1
Composition and BET surface area of the different catalysts

Catalyst Unit-cell composition Pt d a SBET
(wt%) (nm) (m2 gÿ1)

Pt/Na� Na2:79H1:06(Al3:85Si60:05O128) 0.52 3.8 540
Pt/Na�-0.2 Na2:79H1:06(Al3:85 Si60:05 O128) 0.20 1.6 540
Pt/K� K3:08H0:77(Al3:85 Si60:05O128) 0.38 1.8 470
Pt/Cs� Cs3:54H0:31(Al3:85 Si60:05O128) 0.21 1.2 313
Pt/Mg� Mg1:55H0:70(Al3:85 Si60:05O128) 0.50 2.1 492
Pt/Ba� Ba1:93(Al3:85 Si60:05O128) 0.24 1.2 335

a Pt particle size estimated byCO chemisorption.

Figure 1. Dynamic cyclohexane adsorption on the different M� sup-
ports andKL zeolite.
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and WHSV � 15 hÿ1). The different acidity of the
exchanged support leads to different reactivity. Alkali
exchanged supports, even in the case of Na� which is the
more acid of this series, do not present significant cat-
alytic activity in n-hexane reactions. However, alkali-
earth exchanged zeolites show an important catalytic
activity. Mg� shows an initial hexane conversion (at
t � 7 min) about 40%, while for Ba� conversion it is
18%, decreasing quickly with the time on stream.
Propane was obtained as themain cracking product, and
no aromatics products were observed, the amount of iso-
merization processes being also depreciable. Pt alkali
catalyst will be considered as monofunctional (Pt func-
tion) and the Pt alkali-earth ones as bifunctional cat-
alysts.

The conversion and products selectivity of n-hexane
obtained for Pt/M� catalysts are presented in table 2.
The Cs form has the lowest activity and the highest aro-
matic selectivity, comparable to Pt/KL zeolite. The bet-
ter Pt dispersion for Pt/Na�-0.2% catalyst can be
responsible for the similar catalytic behaviour observed
for both Pt/Na� catalysts during the first 3 h of reaction.
Pt/alkali-earth exchanged catalysts are more active but
less selective to aromatic products than alkali exchanged
ones,mainly favouring the development of cracking pro-

cesses, which correspond to the acidity evolution dis-
cussed above.

During the n-hexane transformation coke deposition
takes place. The amounts of coke deposited on supports
and catalysts after 3 h on stream were determined by
TG. The coke content deposited on supports or Pt cat-
alysts decreases as the cation size increases (table 2). The
most acidic and active support (Mg�) presents a coke
content of 3.1%while in Ba� the amount of coke is lower
than 1%. No coke was found on alkali exchanged sup-
ports, because, as mentioned above, they do not present
significant catalytic activity. Figure 3 compares DTG
profiles corresponding to the burning of coke deposited
on Mg� support and Pt/Mg� catalyst. Similar profiles
are presented in both DTG curves, showing a minimum
about 500�C, although slightly displaced to higher tem-
peratures for coke deposited on the Pt catalyst. The
greater maximum burning rate observed for coke depos-
ited on the catalyst (1:15� 10ÿ3 vs. 8:70� 10ÿ4 mg/
(s mg)) can also indicate the formation of a more dehy-
drogenated coke on the Pt particles or that Pt catalyses
the coke burning.

DSC curves associated to coke burning are also
appropriated to compare the coke stability (when coke
DTGprofiles show aminimumand the heat flow amaxi-
mum) and can provide additional information about its
nature, because, unfortunately, in this work we did not
analyze the coke composition by conventional tech-
niques. The coke reactivity and its calorific power
increases as the H/C ratio (less aromatic coke) increases
[2]. DSC profiles obtained for Pt/Mg� and Pt/Ba� are
shown in figure 4. Both curves show similar profiles, but
the coke deposited on Pt/Ba� catalyst burned at lower
temperatures and produced a greater heat flow, i.e. less
polymerized or aromatic coke was obtained as the cat-
alyst acidity decreases.

As in the case of Pt/alkali-earth � catalysts, the
amount of coke deposited on Pt/alkali � catalysts
decreases fromNa to K forms and no coke was found on
Pt/Cs� and on Pt/KL catalysts (table 2). As described
previously, chemical and porous texture of KL and Cs�
supports present significant similarities. Iglesia et al.

Figure 2. NH3 temperature programmed desorption profiles of differ-
entM� supports andKL zeolite.

Table 2
Catalytic behaviour observed at 7 min time on stream, and amount of coke deposited (after 3 h of reaction) on the different catalysts during n-hex-

ane reactions (450�C,H2/C6 � 6,WHSV � 15 hÿ1)

Catalyst Conversion
(%)

Selectivity (%) Coke
(wt%)

cracking isomerization aromatization

Pt/Na� 90 41 36 23 8.5
Pt/Na�-0.2 85 33 41 26 8.3
Pt/K� 68 23 52 25 4.6
Pt/Cs� 42 21 44 35 0.0
Pt/Mg� 100 80 4 16 9.6
Pt/Ba� 80 53 28 19 5.7
Pt/KL 51 20 34 46 0.0
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[13] found that no coke was formed on Pt/KL catalyst
during heptane reforming, concluding that L zeolite
pores inhibit coke formation so that Pt inside the pores
remains free of carbon residues.

In the case of our Pt/M� catalysts the porous trans-
formations undergone by the supports as consequence of
the ion exchange depends on the size of the exchanged
cation, producing the blockage of pores or the reduction
of the channel dimension. In this sense, as the cation size
increases, the diffusion of reactants, intermediates or
products becomes more difficult, and the formation of a
small amount of coke could deactivate the catalyst by
blockage of the zeolite channels. It is noteworthy that
similar effects are produced by cations of similar size.
Comparing the effects of the larger cations, similar BET
surface areas and cyclohexane adsorption capacity were
observed for Cs� and Ba�. The kinetics of cyclohexane
adsorption is slower on alkali exchanged zeolites
(figure 1), which can favour the coke formation on these
catalysts. However, it was observed coke deposited on
Ba� support and on Pt/Ba� catalyst and no coke was
found on Cs� samples. In such a basis, the different
behaviour of these samples must be due to different sup-
port acidity or Pt/support interactions.

Comparing the heat flow profiles shown in figures 4
and 5 it is notorious that while in the case of bifunctional
Pt/Mg^Ba� catalysts the curve only presents one peak
as exposed above, for monofunctional Pt/Na^K� cat-
alysts two maxima (about 420 and 520�C) are observed.
Moreover, while for bifunctional catalysts themaximum
is displaced about 100�C between Pt/Mg� and Pt/Ba�
catalysts, for monofunctional catalysts the position of
the maxima is only slightly influenced by the presence of
Na or K cations. The heat flow profiles are also very
similar in both cases. These results point out the greater
similarity of the coke nature deposited on monofunc-
tional catalysts.

On the other hand, (as their catalytic behaviour) simi-
lar amount of coke was deposited on Pt/Na� catalysts
independently of the Pt loading. However, the DSC pro-
files of figure 6 show that for lower Pt content, the
formed coke must contain lighter compounds in its com-
position. The coke burning began at lower temperatures
and two new peaks appeared below 300�C. These results
are in agreement with those of Marecot et al. [14] who
found a loss of the TPO peaks intensity as the Pd disper-
sion decreases, leading even to the disappearance of
some peaks.

Figure 3. DTG profiles of coke deposited on Mg� support and Pt/
Mg� catalyst.

Figure 4. DSC profiles of coke deposited on Pt/M� bifunctional cat-
alysts.

Figure 5. DSC profiles of coke deposited on Pt/M� monofunctional
catalysts.

Figure 6. Effect of the Pt content on the DSC profiles of coke deposited
on Pt/Na� catalysts.
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Differences in the DSC profiles observed in mono-
and bifunctional catalysts are also due to the different
coke localization. While in monofunctional catalysts
cokemust be on the Pt particles, in bifunctional catalysts
a large part of the coke is deposited on the support acid
sites. This fact can be explained on the basis of the results
exposed above. In bifunctional catalysts the large
amount of coke deposited on the acid sites of the support
can mask the appearing of some peaks on the heat flow
profiles. The nature of this coke deposited on the support
is strongly influenced by the acid strength, in such aman-
ner that significant differences (burning temperature
and heat flow) are observed on coke deposited on Pt/
Mg� and Pt/Ba� catalysts. In monofunctional catalysts
n-hexane is transformed mainly on metallic sites and the
catalytic behaviour depends on the strength of the Pt/
support interactions which are influenced by Pt disper-
sion that depends on the exchanged cation. In that case
coke would be only deposited on Pt particles. The
amount of coke deposited decreases according to the cat-
alytic activity decrease, but the coke nature is not
strongly influenced because changes in the interactions
between the active sites and reactant are not so strong as
in the case of bifunctional catalysts. These results are in
good agreement with those of other authors. Smirniotis
et al. [5] found that the aromaticity of the soluble coke
deposited on Pt/� catalyst used for methylcyclopentane
reforming decrease as the dealumination of � zeolite
increases. In the more acid catalyst (less dealuminated)
coke is deposited preferably on acidic sites while as this
parameter decreases, coke is located on Pt sites.

Therefore, from our results we conclude that the
amount of coke deposited on the catalysts depends on
the cation type, decreasing as the cation size increases. In
Pt/alkali catalysts, the coke nature is only slightly influ-

enced by the exchanged cation because coke is deposited
onmetallic sites. The nature of the coke deposited on Pt/
alkali-earth catalysts depends on the strength of the sup-
port acid sites.
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