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Abstract

The aromatization ofn-octane was investigated on a Pt/KL catalyst prepared by vapor phase impregnation (VPI), a preparation m
that in previous studies was found to result in the highest Pt dispersion and maximum incorporation of Pt inside the channels of
compared to any other method. Although the aromatization ofn-octane on Pt/KL has been investigated previously, those studies w
conducted on nonoptimized catalysts. Our results show that, even on the Pt/KL catalyst prepared by the VPI method that exhibited optim
performance for then-hexane aromatization, the activity forn-octane aromatization at 500◦C and 1 atm was low and it quickly dropped aft
a few hours on stream. The product distribution obtained from then-octane conversion showed benzene and toluene as the dominant ar
compounds, with small quantities of ethylbenzene (EB) ando-xylene (OX), which are the expected products from the direct closure o
six-member ring. The analysis of the product evolution as a function of conversion indicated that the benzene and toluene are
products resulting from the hydrogenolysis of ethylbenzene ando-xylene. Diffusional effects play a significant role in determining t
product distribution. Since ethylbenzene ando-xylene are produced inside the channels of the zeolite, they are hydrogenolyzed befo
can escape. By contrast, on the Pt/SiO2 catalyst used for comparison, ethylbenzene ando-xylene were the dominant aromatic produc
although the overall aromatization activity was much lower than on the Pt/KL catalyst. The rapid deactivation found in the aromatization
n-octane on Pt/KL compared to that ofn-hexane can also be explained in terms of the diffusional effects. The C8-aromatics produced
the zeolite diffuse out of the system with much greater difficulty than benzene. Therefore, they form coke and plug the pores to
extent than benzene. Temperature programmed oxidation and sorption studies on spent samples demonstrate that the degree of p
is much higher duringn-octane aromatization than duringn-hexane aromatization.
 2003 Elsevier Inc. All rights reserved.

Keywords:n-Octane aromatization; Pt/KL; Pt/SiO2; Vapor phase impregnation; DRIFTS; Catalyst deactivation; Diffusional effects on selectivity
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1. Introduction

The aromatization ofn-alkanes is an important rea
tion with many industrial applications which could b
carried out on both bifunctional (acid–metal) and mo
functional (only-metal) catalysts. The use of metal ca
lysts on nonacidic supports for this reaction have bee
matter of research for many years. In 1969, Davis
Venuto [1] investigated the production of aromatic fro
different C8–C9 paraffin carbon skeleton structures o

* Corresponding author.
E-mail address:resasco@ou.edu (D.E. Resasco).
0021-9517/03/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9517(02)00039-8
nonacidic Pt–Al2O3–K catalysts. In all cases, the aroma
products obtained were those predicted by a direct
membered ring closure. Later, Davis [2] further studied
addition of Sn to Pt/K–Al2O3. They found that the main
C8 aromatic products were ethylbenzene ando-xylene and
they were produced at a ratio near one, but on the cat
containing Sn,o-xylene production was favored. They al
observed the same product distribution as the pressure
varied from 1 to 13 atm. In another study Davis et al. [3] o
served that the Pt loading also influenced the distributio
aromatic products. From these two studies they conclu
that these differences would suggest that the aromatiza
is a structure sensitive reaction, but found it hard to exp
how changes in structure can affect the ethylbenzene-o-
xylene (EB/OX) ratio.

http://www.elsevier.com/locate/jcat
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More closely related to the subject of the present wo
Meriaudeau et al. [4] compared the aromatization ofn-
octane on Pt/SiO2 and Pt/silicalite in order to study the rol
of support microporosity on the aromatic selectivity. W
data from a pulse reactor, they demonstrated that the rea
over Pt/silicalite was strongly influenced by diffusional lim
itations, which lowered the overall conversion, but enhan
the selectivity towards ethylbenzene over other C8 arom
ics.

The exceptionally high activity of Pt supported on alk
line L zeolites for the aromatization ofn-hexane has bee
known for 20 years [5,6]. The reaction mechanism forn-
hexane aromatization on Pt/KL [7,8] and the improvemen
of catalytic properties by varying promoters and prepa
tion methods [9–21] have been the focus of many publ
tions. Less attention has been dedicated to the aromatiz
of longer chain alkanes, e.g.,n-octane, on Pt/KL catalysts.
One of the most complete studies ofn-octane aromatiza
tion on Pt/KL was conducted by Huang et al. [12]. Fro
their carbon-14 tracer studies, they concluded that the
havior of the Pt/KL catalyst was very similar to that of othe
catalysts on nonacidic supports without microporosity. T
unique behavior exhibited forn-hexane in terms of selectiv
ity and catalyst life was not present forn-octane. However
the particular catalyst used in that study was prepared b
standard ion-exchange method, which results in a large
tion of metal clusters outside the channels of the zeolite [
In fact, effective aromatization catalysts can be correctly
pared by ion-exchange methods. However, special pre
tions need to be taken to avoid leaving Pt clusters out o
zeolite channels and/or residual acidity in the KL supp
In the patent literature, there exist several examples of m
ified ion-exchange methods that result in effective cataly
These preparations are typically done at pH 10.5–12 an
the presence of excess alkali or alkaline earths [14–16].
erwise, the standard ion-exchange method is not an effe
method, as we have recently shown [17].

During the past few years, we have studied method
characterizing and maximizing the fraction of Pt clust
inside the L zeolite by incorporating the Pt via vapor-ph
impregnation [11,17–21]. Therefore, in this contribution,
report a study of the aromatization ofn-octane as compare
to n-hexane over a Pt/KL catalyst prepared by vapor-pha
impregnation to determine whether a well-prepared Pt/KL
catalyst can keep the excellent behavior observed fon-
hexane aromatization.

2. Experimental

2.1. Catalyst preparation

Pt/KL catalysts were prepared with 1 wt% Pt by tw
methods, incipient wetness (IWI) and vapor phase impre
tion (VPI), whereas Pt/SiO2 catalyst was only prepared b
the IWI method. The K–LTL-zeolite (Lot 1041, BET area=
n

n

-

292 m2/g, SiO2/Al2O3 ratio = 6) was produced by Toso
Co. The precipitated silica Hi-Sil 233 (CAS 7631-86-9, B
are= 140 m2/g) was provided by PPG Siam Silica Co., L
Prior to addition of the platinum metal, the supports w
dried in an oven at 110◦C overnight and calcined at 400◦C
in a dry air flow of 100 cm3/min g for 5 h.

In the IWI method, tetraamineplatinum (II) nitra
(Merck) was weighed and dissolved in deionized wa
(0.69 cm3/g support) and then impregnated over the dry s
port by slowly dropping the solution under a dry-nitrogen
mosphere. Next, the mixture was dried in an oven at 110◦C
overnight. The cool mixture was loaded into a glass tube
calcined at 350◦C in a flow of dry air of 100 cm3/min g
for 2 h and left to cool to room temperature. The result
catalyst (Pt/KL-IWI or Pt/SiO2) was stored in a desiccato
The Pt/KL-VPI catalyst was prepared by physically mixin
weighed platinum (II) acetylacetonate (Alfa Aesar) and
support under nitrogen atmosphere. The mixture was
loaded into the reactor tube under a He flow of 2 cm3/min.
The mixture was slowly ramped to 40◦C and held there fo
3 h and ramped again to 60◦C and held again for 1 h. Afte
that, it was further ramped to 100◦C, at which temperatur
the mixture was held for 1 h to sublimate the Pt(AcAc)2. Af-
ter sublimation, the mixture was ramped to 130◦C and held
for 15 min to ensure that the entire precursor was sublim
The reactor was cooled to room temperature. After tha
was ramped to 350◦C in a flow of air for 2 h and calcined a
that temperature to decompose the Pt precursor. Finally
Pt/KL prepared by the VPI method was stored in a desic
tor.

All the catalysts prepared by the VPI method have alw
shown in our studies very high stability and practically
cracking activity, which is an indication of the absence
substantial residual acidity [17,20]. Nevertheless, we wa
to prepare a sample in which any potential residual aci
was eliminated. For that purpose, a fraction of the Pt/KL-
VPI catalyst was prereduced in H2 at 500 ◦C and then
immersed in a KOH (pH 10) solution for 1 h at roo
temperature. After the catalyst was immersed, the solu
turned grayish, so some metal loss from the catalyst
have occurred during this treatment. Before the reaction
catalyst was rereduced in situ in the same way as the o
samples. We identify this catalyst as Pt/KL-VPI-KOH.

2.2. Catalytic activity measurement

The catalytic activity studies were conducted at
mospheric pressure in a 0.5-in glass tube with an inte
K-type thermocouple for temperature measurement. Th
actor was a single-pass, continuous-flow type, with a
alyst bed of 0.20 g. Prior to reaction, the temperature
slowly ramped in flowing H2 at 100 cm3/min g for 2 h up
to 500 ◦C and reduced in situ at that temperature for 1
n-Hexane was added by injection from a syringe pu
In all experiments, the hydrogen ton-hexane (orn-octane)
molar ratios were kept at 6: 1. The products were ana
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lyzed in a Shimadzu GC-17A equipped with a capillary H
PLOT/Al2O3 “S” deactivated column, using a temperatu
program to obtain optimal product separation. To iden
m- andp-xylene, the analysis of the liquid product was p
formed in an AT-3 1000 capillary column. The activity da
are reported in terms of totaln-hexane orn-octane conver
sion and product selectivity, which is defined as weigh
each individual product per weight ofn-hexane orn-octane
converted.

2.2.1. Hydrogen chemisorption
The amount of adsorbed hydrogen on all fresh catal

was measured in a static volumetric adsorption Pyrex
tem, equipped with a high-capacity pump that provide
vacuum on the order of 10−9 Torr. Prior to each experimen
0.4 g of dried fresh catalyst was reduced in situ at 500◦C
for 1 h under flowing H2, cooled down to 300◦C, evacu-
ated to at least 10−7 Torr at 300◦C for 20 min, and then
cooled down to room temperature under vacuum. Ads
tion isotherms were obtained with several adsorption po
ranging from 0 to 100 Torr. The H/Pt values were obtaine
directly by extrapolating to zero pressure.

2.2.2. Diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) of adsorbed CO

The fresh and spent Pt/KL and Pt/SiO2 catalysts were
characterized by DRIFTS using adsorbed CO as a probe
Bio-Rad FTS-40 spectrometer equipped with an MCT de
tor. Experiments were performed in a diffuse reflectance
from Harrick Scientific, Type HVC-DR2, with ZnSe win
dows. For each IR spectrum, 128 scans were taken at a
lution of 8 cm−1. Prior to each spectrum being taken, a ba
ground was collected on the sample reduced in situ und
flow of H2 at 300◦C for 1 h and purged in He for 30 mi
at room temperature. Then a flow of 3% CO in He was s
over the sample for 30 min, followed by a purge in He fl
for 30 min. After this treatment, the spectrum of adsorb
CO was collected.

2.2.3. Temperature-programmed oxidation (TPO)
Temperature-programmed oxidation was employed

analyze the amount and characteristics of the coke dep
on spent catalysts. TPO of the spent catalysts was perfo
in a continuous flow of 5% O2/He while the temperatur
was linearly increased at a heating rate of 12◦C/min. Before
the TPO was conducted on a 0.03 g sample placed
1
4
′′

quartz fixed-bed reactor, the spent catalyst was d
at 110 ◦C overnight and weighed. The catalyst was th
flushed by 5% O2 in He for 30 min before the temperatu
ramp was started. The CO2 produced by the oxidatio
of coke species was monitored by a mass spectrom
The amount of coke was calibrated using 100-µl pulse
pure CO2. The evolved CO2 partial pressure was normalize
by the total pressure and the maximum signal in the pu
of CO2.
-

s

.

2.2.4. Isobutane sorption
To determine the degree of pore plugging after react

the amount of isobutane sorbed by the zeolite was meas
on spent catalysts and compared to that sorbed by the
KL zeolite. The experiment was conducted in a volume
system equipped with a 0–100 Torr MKS Barotron precis
gauge. Prior to each adsorption run, the sample was activ
by heating in vacuum (10−6 Torr) at 350◦C for 2 h; then the
temperature of the adsorbent bed was set to 100◦C. The
Pyrex system was also kept constant at 100◦C by a heating
tape connected to a temperature controller. A fixed am
of isobutane (37 cm3 at 100 Torr and 100◦C) was expanded
into the adsorption cell (total volume= 54 cm3). The total
amount of isobutane sorbed was calculated from the pres
change.

3. Results

3.1. Characterization of the fresh catalysts

The state of the fresh catalysts was characterized by2
and CO chemisorption after reduction in H2 at 500◦C. As
shown in Table 1, the hydrogen uptake (H/Pt) values ob-
tained on the Pt/KL-VPI, Pt/KL-IWI, and Pt/SiO2 catalysts
were 0.9, 0.6, and 0.2, respectively. That is, the VPI c
lyst exhibited higher H2 uptake than the IWI catalyst. Thes
results are consistent with our previous work [18]. Mo
importantly, the DRIFTS measurements of adsorbed
showed that the VPI Pt/KL catalyst had the majority of th
Pt clusters inside the channels of the zeolite. The CO s
tra for the three catalysts investigated are shown in Fig
In comparison with the Pt/SiO2 catalyst, which displays
well-defined sharp peak at around 2074 cm−1 for the stretch-
ing frequency of linearly adsorbed CO, Pt/KL catalysts dis-
play complex bands which extend from 2080 cm−1 to much
lower wavenumbers (e.g., as low as 1930 cm−1). In a pre-
vious paper [18], we utilized DRIFTS of adsorbed CO
compare the morphology of Pt particles inside the KL
olite, prepared by IWI and VPI methods. In that case,
results agreed very well with the hypothesis that CO it
modifies the structure of the small Pt clusters inside
KL zeolite. That is, CO adsorption does not probe the sm
metal particles in their original structure, but rather gen
ates by disruption over time new molecular arrangem
that are stabilized inside the zeolite [22]. In the presenc

Table 1
Analysis data of fresh and spent catalysts

Catalyst %Pt H/Pt Coke after Coke after i-C4 uptake i-C4 upta
C6 rxn C8 rxn after C6 after C8
(wt%) (wt%) rxn∗ rxn∗

Pt/SiO2 1 0.2 – – – –
Pt/KL-VPI 1 0.9 0.8 2.3 70 35
Pt/KL-IWI 1 0.6 1.5 2.1 – –
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Fig. 1. DRIFTS spectra of CO adsorbed on Pt/KL-VPI, Pt/KL-IWI, and
Pt/SiO2 catalysts reduced in situ at 500◦C. The reduced catalysts we
exposed to a flow of 3% CO in He for 30 min at room temperature
purged in He for 30 min.

CO, Pt carbonyls can be formed and stabilized by the
lite, which could act as a ligand. Previously published E
AFS data have shown that small Pt clusters present in
KL zeolite before the admission of CO can be comple
disrupted and new Pt–CO species can be formed upon
posure to CO [23]. The important point to notice is that
formation of Pt carbonyls only occurs when the Pt clus
are very small. One may not expect the Pt particles out
the zeolite to be converted to Pt carbonyls. Therefore, F
of adsorbed CO is a useful technique for making gen
conclusions about the location (i.e., inside the L-zeolite
external to it) and distribution of the Pt clusters prior to d
ruption. For our purposes, the results strongly support
idea that the low wavenumber bands (below 2000 cm−1)
are related to the Pt clusters located inside the channe
the L-zeolite while the bands at and above 2075 cm−1 are
due to the Pt external to the pores. In agreement with
assignment we saw, in our previous work, an increas
the intensity of the latter bands after agglomeration of
Pt clusters caused by oxidation–reduction cycles [11].
nally, the bands between 2050 and 2000 cm−1 were assigned
to CO adsorbed on particles near the pore mouth, altho
still inside the zeolite channels. By applying this analy
to the spectra of Fig. 1, one infers that the two Pt/KL cata-
lysts have most of Pt particles inside the channel. As we h
discussed previously [20], the H/Pt values are consistent
lower for the IWI than for the VPI catalysts, which implie
that, although in both cases the Pt is inside the zeolite c
nels, the metal clusters are smaller in the VPI catalysts
previously shown, this smaller size imparts higher ther
stability to the clusters due to a more efficient interact
with the walls of the zeolite.

Similar conclusions can be obtained from the anal
of the spectrum obtained on the Pt/KL catalyst treated
with KOH. As shown in Fig. 2, the majority of the ban
lie below 2050 cm−1, indicating that a large fraction of P
is still inside the zeolite. However, the fraction of bands
-

f

-

Fig. 2. DRIFTS spectra of CO adsorbed on the KOH-treated cat
(Pt/KL-VPI–KOH), reduced in situ at 500◦C. The reduced sample wa
exposed to a flow of 3% CO in He for 30 min at room temperature
purged in He for 30 min.

the region 2050–2000 cm−1 clearly increased compared
that around 1930 cm−1. Therefore, it is possible that som
Pt cluster rearrangement may have occurred as a result
treatment in KOH.

3.2. Catalytic activity measurements

The Pt/KL-VPI, Pt/KL-IWI, and Pt/SiO2 catalysts were
tested for the aromatization ofn-octane and compared
that of n-hexane. The evolution of the conversion a
total aromatics selectivity are shown in Figs. 3a and
respectively. In agreement with previous reports [17,18,
the VPI Pt/KL exhibited the highestn-hexane aromatizatio
conversion, benzene selectivity, and stability. Contras
with the excellent performance obtained on this catalyst w
n-hexane, the selectivity and stability were disappointin
low when the feed was changed ton-octane. In fact, Fig. 3a
shows that for then-octane aromatization the stability
Pt/SiO2 was somewhat better than that of Pt/KL, although
the overall conversion was very low. Interestingly, over
Pt/SiO2 catalyst, the aromatic selectivity withn-octane was
considerably higher than that withn-hexane, which contras
with the behavior observed over the Pt/KL catalysts.

Table 2 summarizes the product distribution obtained
ter 10 h on stream over the Pt/SiO2, Pt/KL-IWI, Pt/KL-
VPI, and Pt/KL-VPI-KOH catalysts for n-hexane and
n-octane aromatization. As mentioned above, whenn-hexane
was the feed, the Pt/KL catalysts, particularly the one pr
pared by VPI, exhibited high conversion and high benz
selectivity while the Pt/SiO2 showed much lower ability
to produce aromatics. In fact, its main product was hex
from direct dehydrogenation.A different result was obtai
when n-octane was used as feed. Although the select
to total aromatics was higher over Pt/KL than on Pt/SiO2,
the aromatics obtained with Pt/KL were mostly benzene an
toluene. By contrast, the Pt/SiO2 catalyst produced mostl
ethylbenzene (EB) ando-xylene (OX) as its dominant arom
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as a
Fig. 3. (a) Total conversion ofn-hexane (open symbols) andn-octane (full symbols) as a function of time on stream. (b) Selectivity to total aromatics
function of time on stream. Catalysts: Pt/KL-VPI (triangles), Pt/KL-IWI (squares), and Pt/SiO2 (circles). Reaction conditions: 500◦C, H2/n-C6 (n-C8)
molar ratio 6: 1, WHSV 5 h−1.
time
ned
,
ced
as

wa

at
me

op
As
n
h
that
ma-
r-
d

am.
cat-
igh

ay
d on
atization products, but no benzene was produced at any
The differences in the aromatic product distribution obtai
over Pt/KL and Pt/SiO2 are better illustrated in Fig. 4
which shows the ratio of benzene to C8 aromatics produ
from n-octane as a function of time on stream. This ratio w
initially very high for the two Pt/KL catalysts. Although it
decreased with time on stream, the amount of benzene
at any time higher than three times that of then-octane aro-
matics.

Another important difference between Pt/KL and Pt/SiO2

is interesting to note. As shown in Table 2, over Pt/SiO2

the production of OX was only slightly higher than th
of EB. The decay of both products as a function of ti
was almost parallel. As a result, the EB/OX ratio remained
constant with time on stream. On the other hand, Pt/KL ex-
.

s

hibited a much higher production of EB than OX. The dr
in OX production was much more rapid than that of EB.
illustrated in Fig. 5, the EB/OX product ratio obtained o
the VPI Pt/KL catalyst rapidly increased during the first 7
and stayed at a value of about 2.5, much higher than
reported for other Pt catalysts supported on nonacidic
terials without microporosity [24]. A slight but clear diffe
ence between the IWI and VPI Pt/KL catalysts can be note
here. On the IWI catalyst, the EB/OX ratio started at a high
value of about 2.0 from the very first moments on stre
After about 7 h, this ratio was about the same for both
alysts. As discussed below, it is important to note that h
EB/OX ratios have only been observed on Pt/zeolite cat-
alysts [4], which reveal the role that shape-selectivity m
have in this reaction. Therefore, the difference observe
Table 2
Product distribution fromn-hexane andn-octane aromatization

Feed:n-hexane Feed:n-octane

Pt/SiO2 Pt/KL-IWI Pt/KL-VPI Pt/SiO2 Pt/KL-IWI Pt/KL-VPI Pt/KL-VPI-KOH

Coniversion (%) 18.8 71.1 90.6 16.8 30.1 37.7 14.3
(after 10 h on stream)

Products (%)
C1–C5 8.8 22.4 12.2 7.1 34.0 29.4 32.6
Hexenes 78.7 5.9 0.7 3.5 1.2 0.7 5.4

Benzene 15.1 85.6 93.6 0.0 27.4 27.7 19.2
Toluene – – – 0.9 22.8 28.3 26.0
Heptenes – – – 34.8 2.6 3.0 1.8
Octenes – – – 5.4 1.4 1.9 1.4
Ethylbenzene – – – 21.5 5.9 6.5 9.2
m-Xylene – – – 1.2 1.1 1.2 1.2
p-Xylene – – – 0.4 0.3 0.2 0.2
o-Xylene – – – 24.8 2.8 3.0 3.0

Total aromatics 15.1 85.6 93.6 48.8 60.2 69.2 58.7

Reaction conditions: 500◦C, H2/n-C6 (orn-C8) 6: 1 molar ratio, WHSV 5 h−1, 10 h on stream.
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Fig. 4. Benzene to C8-aromatics product ratio duringn-octane aromati-
zation as a function of time on stream over Pt/KL-VPI, Pt/KL-IWI, and
Pt/SiO2 catalysts. Reaction conditions: 500◦C, H2/n-C8 molar ratio 6: 1,
WHSV 5 h−1.

the two Pt/KL catalysts before coke deposition might be
lated to slight differences in the molecular transit inside
zeolite pores related to the different metal particle sizes.
ter several hours on stream, the coke deposits that par
block the pores may erase the initial differences.

Figure 6a shows the variation of the steady-state pro
selectivity with conversion as the reaction temperature
varied from 300 to 500◦C, at a fixed WHSV= 5 h−1. It
can be observed that the selectivity to methane continuo
increased with conversion. The selectivity to C8 aroma
exhibited a maximum at about 6.5% conversion and t
it decreased. This decrease is accompanied by an inc
in the production of benzene, indicating that benzene
secondary product, which results from hydrogenolysis
C8 aromatics, rather than from cyclization of previou
hydrogenolyzedn-octane. The detailed product distributi
and the corresponding temperatures and conversion
shown in Table 3, which clearly illustrates the enhan
hydrogenolysis of EB and OX to benzene and toluen
higher temperatures. Figure 6b shows a similar grap
steady-state selectivity vs conversion, but in this case
conversion was varied by changing the WHSV from 9

Fig. 5. Ethylbenzene:o-xylene (EB/OX) ratio duringn-octane aromatiza
tion over Pt/KL-VPI, Pt/KL-IWI, and Pt/SiO2 catalysts. Reaction cond
tions: 500◦C, H2/n-C8 molar ratio 6: 1,WHSV 5 h−1. Included for com-
parison are data adapted from Ref. [2].
e

e

Fig. 6. Steady-state product selectivity as a function of conversion du
n-octane aromatization. (a) Conversion varied by increasing temper
from 300 to 500◦C, at a fixed WHSV= 5 h−1. (b) Conversion varied
by changing the WHSV from 9 to 1 h−1, at a fixed temperature 500◦C.
Circles: C8-aromatics; triangles: toluene; squares: methane.

1 h−1, at a fixed temperature (500◦C). In line with the results
obtained by varying the temperature, the data shows th
higher conversions the selectivity to C8 aromatics drop
while the amount of benzene and methane increased.
detailed product distribution is reported in Table 4.
interesting trend in the EB/OX ratio as a function o
space velocity is clearly apparent. As illustrated in Fig
EB/OX ratio markedly drops approaching a value of ab
one as the space velocity decreases.

An aspect that in some studies of Pt/KL catalysts has
been neglected is the role of residual acidity on the zeo
but it may have very detrimental effects on selectivity a
catalyst life. It has been shown [25,26] that the C1–C5 p
ucts greatly increase when residual acidity is present on
zeolite. We may ask whether, in our case, the presenc
residual acidity has an effect on the secondary hydroge
ysis of EB and OX to benzene and toluene. To analyze
effect of residual acidity we may compare the product dis
bution of the Pt/KL catalysts with that of the KOH-treate
catalyst, which should have any residual acidity elimina
The first difference is the drop in conversion observed on
KOH-treated catalyst. This drop may be due to the los

Table 3
Product distribution ofn-octane aromatization over Pt/KL-VPI at various
reaction temperatures

Reaction temperature,◦C

300 350 400 450 500

Conversion (%) 0.2 1.0 6.3 12.1 29.3
Products selectivity (%)

C1–C5 1.4 1.4 4.2 9.4 28.9
Hexenes 3.9 16.8 7.0 5.5 1.5
Benzene 0.0 0.0 3.0 5.9 22.7
Toluene 0.0 18.2 19.0 24.0 25.5
Heptenes 66.6 45.2 24.9 22.4 4.5
Octenes 28.1 15.2 7.6 9.2 3.1
Ethylbenzene 0.0 0.0 20.6 15.7 8.6
m- andp-xylene 0.0 3.3 2.8 1.9 1.4
o-Xylene 0.0 0.0 11.0 6.1 3.8

Reaction conditions: H2/n-C8 molar ratio 6: 1, WHSV 5 h−1, 10 h on
stream.
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Table 4
Product distribution ofn-octane aromatization over Pt/KL-VPI at various
WHSV

WHSV, h−1

1.0 3.0 5.0 7.0 9.0

Conversion (%) 60.7 28.5 16.1 14.0 10.7
Products selectivity (%)

C1–C5 34.5 28.5 26.4 26.7 24.1
Hexenes 0.65 1.9 2.7 2.8 3.1
Benzene 32.5 22.6 18.7 18.7 16.7
Toluene 23.3 26.1 25.1 24.8 25.1
Heptenes 1.0 3.1 4.6 4.3 5.1
Octenes 1.0 4.0 7.4 8.2 10.4
Ethylbenzene 3.5 8.2 9.6 9.2 10.0
m- andp-xylene 1.1 1.6 1.6 1.6 1.6
o-Xylene 2.4 3.9 3.7 3.5 3.6

Reaction conditions: 500◦C, H2/n-C8 molar ratio 6: 1, 10 h on stream.

metal area caused either by leaching or pore plugging
ing the treatment in the KOH solution. However, the m
important comparison is the production of the second
products benzene/toluene relative to the C8 aromatics.
benzene/EB ratio obtained on the KOH-treated catalyst w
about half of that obtained on the untreated Pt/KL catalysts,
indicating that some residual acidity may have existed on
untreated catalysts and it may enhance the EB-to-ben
conversion. However, it is important to note that, even w
all possible residual acidity has been removed, the cata
still had a high level of EB and OX secondary hydrogen
ysis activity. Therefore, the high conversion of EB and O
into benzene and toluene is mostly due to the geometric
straints of the zeolite channels.

An additional important aspect observed in the prod
distributions obtained at various temperatures and sp
velocities is the absence of products that could be assoc
with a C5-ring closure. For example, methylcyclopenta
and 2- or 3-methylpentane were only present at the leve
traces in the product from then-hexane reaction. Similarly
negligible amounts of isooctanes, methylcyclopentane
other alkylcyclopentanes were obtained from then-octane
e

Fig. 7. Ethylbenzene:o-xylene (EB/OX) ratio duringn-octane aromatiza
tion over the Pt/KL-VPI catalyst as a function of space velocity. Reacti
conditions: 500◦C, H2/n-C8 molar ratio 6: 1, 10 h on stream.

reaction. On the other hand, the fraction ofmeta-xylene plus
para-xylene in the C8-aromatic products is higher for t
Pt/KL catalysts than for Pt/SiO2. This difference might be
due to a small degree ofn-octane isomerization via 1,5 rin
closure followed by 5-member ring-opening and subseq
1,6 ring closure.

To further investigate the effect of secondary reacti
on the product distribution, we conducted activity measu
ments usingn-C7 as well as C7 and C8 aromatics as fe
keeping the same H2:reactant molar ratio of 6: 1 as for
the n-octane activity measurements. The results obta
at 500 ◦C and at a WHSV of 5 h−1 are summarized in
Table 5. The vast majority of the products of C8 arom
ics come from hydrogenolysis of the alkyl groups attac
to the aromatic ring. The conversion of EB and OX on
resulted in C1, C2, benzene, and toluene. No ring-ope
products and very small amounts of isomerization prod
were observed. Very different deactivation patterns were
hibited by the different aromatic compounds. As illustra
in Fig. 8, the OX conversion dropped much more rapi
than the EB conversion, which could be explained in te
of the different diffusion rates of the two aromatics throu
the zeolite channels. To illustrate this difference, the inte
tion of EB, OX, and toluene with the KL zeolite was furth
Table 5
Product distribution of different feeds over Pt/KL-VPI catalysts

Reactant

n-Octane Ethylbenzene o-Xylene Toluene n-Heptane

Conversion (%) 37.7 71.5 16.7 64.9 36.4
Products selectivity (%)

C1–C2 27.0 20.1 11.8 15.4 21.6
C3–C5 2.4 0.0 0.0 0.0 6.2
Hexenes 0.7 0.00 0.0 0.0 7.5
Benzene 27.7 46.5 6.4 84.3 28.5
Toluene 28.3 32.9 78.9 − 33.1
Heptenes 3.0 0.0 0.0 0.0 2.3
Octenes 1.9 0.0 0.2 0.0 0.0
Ethylbenzene 6.5 − 0.2 0.0 0.0
m- andp-xylene 1.4 0.0 1.8 0.0 0.0
o-Xylene 3.0 0.2 − 0.0 0.0

Reaction conditions: 500◦C, H2/reactant molar ratio 6: 1, WHSV 5 h−1, 10 h on stream.
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Fig. 8. Total conversion of different hydrocarbons over the Pt/KL-VPI
catalyst as a function of time on stream. Reaction conditions: 500◦C,
H2/hydrocarbon molar ratio 6: 1 WHSV 5 h−1.

investigated using the static volumetric adsorption app
tus. The uptakes of EB, OX, and toluene after the bare
lite was exposed to the same initial pressure of hydroca
vapor are summarized in Table 6. It is seen that the OX
take was significantly lower than those of EB and tolue
which can be rationalized in terms of the critical molecu
diameters relative to the zeolite pore size. The pore siz
the KL zeolite is 0.71 nm [27], which is larger than the cr
cal diameters of EB and toluene but smaller than that of
Therefore, one can expect that the mobility of OX inside
channels of the zeolite will be very much restrained.

3.3. Characterization of the spent catalysts

The coke residues left on the catalyst during reac
were quantified by TPO. Table 1 summarizes the amo
of coke deposited during 9 h on stream withn-hexane and
n-octane reactions on the different catalysts. On the
Pt/KL catalyst, more than twice as much coke was depos
during then-octane aromatization as during then-hexane
aromatization, which parallels the faster rate of deactiva
observed withn-octane. The corresponding TPO profiles
shown in Fig. 9. Not only the overall oxygen consumpti
but the relative size of the peaks are clearly different.
large oxidation peak appearing at high temperature aften-
octane reaction is possibly due to the plugging of zeo
pores, which would retard the oxidation of the coke depo
On the IWI catalyst, the difference between the amoun

Table 6
Hydrocarbon uptakes on the KL zeolite as measured in a static volum
apparatus

Toluene Ethylbenzene ortho-Xylene

Temperature (◦C) 180 180 180
Initial moles in cell 7.6× 10−5 7.1× 10−5 6.9× 10−5

Equilibrium pressure 1.7 2.5 5.9
(Torr)

Moles adsorbed 5.7× 10−5 4.4× 10−5 0.6× 10−5

Critical molecular 0.67 0.67 0.74
diameter (nm)
Fig. 9. Temperature programmed oxidation (TPO) profiles of coke dep
left over the Pt/KL-VPI catalyst after 9 h on stream duringn-hexane
(thin line) andn-octane aromatization (heavier line). Reaction conditio
500◦C, H2/n-C6 (orn-C8) molar ratio 6: 1, WHSV 5 h−1.

coke deposited withn-octane and with C6 was not as gre
but it must be noted that the IWI catalyst already had tw
as much coke as the VPI catalyst after then-hexane reaction

To confirm that pore blocking of L-zeolite is mo
pronounced under then-octane reaction than under t
n-hexane reaction, sorption of a small molecule such
isobutane was used as a probe of the zeolite pore vo
accessible after reaction. Table 1 shows the sorption cap
values obtained on the VPI Pt/KL catalyst after 9 h reactio
periods at 500◦C and at a WHSV of 5 h−1, usingn-octane
andn-hexane feeds. The two values are reported relativ
the isobutane sorption capacity of the bare zeolite. It ca
observed that while after reaction withn-hexane 70% of the
zeolite pores were available, only 35% remained availa
after then-octane reaction.

3.4. Regeneration of spent catalysts

To investigate whether the fast deactivation observed
der C8 aromatization can be reversed by oxidizing the c
deposits, we conducted two consecutive reaction cycles
an intermediate regeneration step consisting in oxidizing
carbon deposits in air flow for 90 min at 400◦C, followed by
reduction at 500◦C for 60 min. Before the oxidation step, th
n-octane flow was stopped and the catalyst was left at 50◦C
under hydrogen flow for 60 min. The amount of coke pres
after each of these cycles was quantified by TPO. It was
served that after the regeneration procedure, the amou
carbon left on the catalyst was about one third of that pre
after the reaction cycle. Interestingly, even though a sig
icant fraction of carbon remained on the catalyst after
treatment, the initial activity and selectivity was regain
The evolution of conversion and selectivity during the i
tial and second cycles is illustrated in Fig. 10. It is clear t
not only the initial activity was regained after regenerati
but also the deactivation pattern was almost identical to
of the fresh catalyst. There was a small variation in the e
lution of EB/OX ratio as a function of time on stream. T
EB/OX ratio on the second cycle seems to increase a
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full
Fig. 10. (a) Totaln-octane conversion before and after regeneration in air at 400◦C as a function of time on stream. Open symbols: first reaction cycle;
symbols: reaction cycle after regeneration, (b) Left axis: selectivity to total aromatics; right axis: ethylbenzene:o-xylene (EB/OX) ratio.
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tle faster than on the fresh catalyst. This slight differe
could be due to a higher inhibition of the OX mobility in
side the channels of the zeolite caused by the presen
the fraction of carbon residues not removed by the reg
eration or to a small metal particle growth. Still, this d
ference is very small compared to that observed in Fig
with the IWI catalyst. It is well known that Pt agglomer
tion plays a major role in the deactivation of these catal
in long term operations. In that case, effective regenera
requires not only the removal of coke deposits, but the re
persion of Pt within the KL-zeolite channels, which can
achieved by a careful treatment including the addition of2,
Cl2 and HCl [28,29].

4. Discussion

In contrast to the results obtained by Huang et al. [12
a Pt/KL catalyst prepared by ion exchange, the differen
observed in this work between Pt/KL and Pt/SiO2 are
significant. The product distribution clearly indicates th
the effect of the zeolite structure plays a major role
determining selectivity. By comparing the data on the t
Pt/KL catalysts one can see that although the differen
between the behavior of the VPI and IWI catalysts
not so pronounced withn-octane as withn-hexane, there
are still some advantages on the VPI catalyst related t
more homogenous distribution of small Pt clusters ins
the zeolite. Both, the overall conversion and the selecti
to total aromatics are higher. Nonetheless, the cata
performance displayed by even our best Pt/KL formulation
(VPI) is unsatisfactory for the aromatization ofn-octane
under the conditions of this study (500◦C, 1 atm). Contrary
to the high stability displayed by the VPI Pt/KL in the
aromatization ofn-hexane, severe deactivation is obser
f

with n-octane. The conversion dropped drastically dur
the first 10 h on stream while the selectivity to aromatics w
much lower than that obtained withn-hexane. The TPO an
isobutane adsorption results indicate that the activity d
must be due to the blockage of zeolite pores by the c
deposits.

On the Pt/SiO2 catalyst, the conversion level did not d
fer much fromn-hexane ton-octane. However, an impo
tant difference was observed in the selectivity to aroma
which was much higher forn-octane than forn-hexane. This
difference might be due to the known increase in ring clos
activity as the chain length increases [30].

Interesting observations have been made in the p
uct distribution obtained on the different catalysts. O
Pt/SiO2, the main aromatic products fromn-octane were
EB and OX, which are the only two expected products fr
direct six-membered-ring closure [1,2,31]. Although on
Pt/KL catalysts the dominant C8 aromatics were also
and OX, the majority of the aromatic products obtain
were benzene and toluene, which result from secondar
action of EB and OX. It is interesting to compare the relat
amount of EB and OX that do not undergo secondary
drogenolysis by measuring the EB/OX ratio in the products
On the Pt/SiO2 catalyst, this ratio was almost one, which
the same as that observed in previous studies using nona
nonzeolitic supports (e.g., SiO2 [12] and K–Al2O3 [2,24]).
The ratio did not change much as a function of time
stream. By contrast, on the Pt/KL it changed both as a func
tion of time and as a function of space velocity. At very lo
space velocities it was also near one, but as the space v
ity increased, the EB/OX ratio greatly increased. Similarly
the ratio greatly increased as a function of time on stre
These selectivity changes can all be explained in term
diffusional effects in and out of the zeolite.
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A few years ago, Meriaudeau et al. [4] observed h
EB/OX ratios over Pt/silicalite. They proposed that the d
fusion of products affects the rate of reaction and prod
selectivity and ascribed the higher conversion ofn-C8 to
EB compared to that to OX to a faster diffusion rate of
through the zeolite channels. They indicated that the
that a difference in conversion was observed demonstr
that the mass transfer was the rate limiting step. Our
sults suggest that although differences in diffusion rates
affect the product distribution, the observed difference
conversion do not necessarily imply that mass transfe
rate limiting. We have previously observed important sha
selective effects in the hydrogenolysis of methylcyclop
tane that were easily explained in terms of restriction in
passage of hydrocarbons through the channels of the KL
olite. In that case, the preferred orientation of the MCP m
cule along the molecular axis resulted in enhanced pro
tion of 3MP relative to 2MP [32]. Here, we can expect t
the EB molecule can diffuse more rapidly through the KL
olite channels than the OX molecule. This restrictive mo
ment results in a longer residence time of OX than of
inside the zeolite channel. Therefore, one does not nee
invoke diffusion being the rate limiting step to explain t
change in the EB/OX ratio. When the OX and EB are pro
duced inside the zeolite, the OX is more effectively c
verted into benzene and toluene than the EB. There
even though the six-membered-ring closure may not fa
EB over OX, the resulting EB/OX ratio is larger than tha
originally produced. This analysis gives further suppor
the above conjecture that the Pt/KL catalyst employed in
Ref. [12], which was prepared by the ion-exchange met
had the majority of the Pt outside the channels of the z
lite [13,20] and so it behaved like Pt/SiO2. In that case, the
EB/OX ratio was near one because there was very little
fect of the zeolite structure.

In the experiments conducted at low space velocities
may expect that EB would have the time to come out of
zeolite and reenter, so eventually the secondary conve
erases the differences as it is experimentally verified
Fig. 7). As the space velocity increases, the EB that diffu
out of the zeolite is removed more quickly from the cata
bed and does not have time to continue reacting.

The more rapid deactivation displayed when the reac
was OX than when it was EB (see Fig. 8) also refle
the longer residence time that the OX molecule may h
inside the zeolite. Another evidence for the important rol
diffusion in selectivity is the variation of the EB/OX ratio
as a function of time on stream. As shown in Fig. 5,
ratio on the very clean VPI Pt/KL catalyst is initially near
unity, but very rapidly starts increasing as coke begin
make the diffusion of OX through the pores more difficu
On the IWI catalyst, the presence of larger Pt clusters m
the diffusion of OX slower, even on the clean catalyst. A
result, the EB/OX ratio on this catalyst is higher from th
start.
-

,

It is highly possible that the C8 aromatics produc
inside the channels of the zeolite are responsible for
rapid deactivation observed duringn-octane aromatization
as opposed to the high stability displayed duringn-hexane
aromatization. As mentioned above, they may spend m
time inside the zeolite and they are the only new spe
that appear in the system, compared to the situatio
n-hexane aromatization. The other species that could r
in coke formation are benzene and olefins, but they are
present during then-hexane aromatization, but they cause
significant deactivation if when the Pt/KL catalyst is well
prepared.

These results would suggest that the crystal size of
zeolite may have a great impact on product distribution
catalyst life, particularly when the feed contains C8 alkan
In fact, the idea of short-channel KL zeolites has been
viously discussed by Treacy [33] to minimize the probl
of Pt entombment due to Pt agglomeration and coking.
concept has also been included in several recent patent
describe Pt/KL zeolites in which the crystals are very fl
cylinders of “hockey-puck” or “coin” shape [34,35]. The
materials have exhibited an enhanced life on stream
greatly outlasts that of long-channel Pt/KL catalysts [36].

Another observation that is worth mentioning is that
product distribution obtained fromn-octane aromatizatio
indicates that the formation of five-membered ring interm
diates is very low. Only traces of branched alkanes and
sentially no alkylcyclopentanes were observed at any
version. It has been shown that duringn-hexane aromati
zation, five-membered-ring closure occurs to a much lo
extent than six-membered-ring closure [37]. The same
ference seems to be present duringn-octane aromatiza
tion.

A final comment on the effect of pressure is importa
The rapid deactivation observed with C8 feed at atmosph
pressure may not be necessarily the same at the h
pressures typically used in industrial operations. Differen
in product distribution and catalyst lifetime have be
observed between the lab and industrial operations in
process.

5. Conclusions

Pt/KL catalysts are not as effective for the aromatizat
of n-octane as they are for the aromatization ofn-hexane.
Even on a well-prepared Pt/KL catalyst that exhibits exce
lent performance undern-hexane, the deactivation is rap
undern-octane and the selectivity to C8 aromatics is lo
This low selectivity is due to secondary hydrogenolysis
C8 aromatics to benzene and toluene. The hydrogen
sis of the C8 aromatics is particularly pronounced witho-
xylene, which diffuses through the zeolite channels m
less rapidly than benzene, toluene, or even ethylbenz
which is the other C8 aromatic produced from direct r
closure.
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