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Abstract

The aromatization ofi-octane was investigated on g/ RL catalyst prepared by vapor phase impregnation (VPI), a preparation method
that in previous studies was found to result in the highest Pt dispersion and maximum incorporation of Pt inside the channels of the zeolite
compared to any other method. Although the aromatization-o€tane on PAKL has been investigated previously, those studies were
conducted on nonoptimized catalysts. Our results show that, even ory#le ¢aitalyst prepared by the VPI method that exhibited optimum
performance for the-hexane aromatization, the activity feroctane aromatization at 50€ and 1 atm was low and it quickly dropped after
a few hours on stream. The product distribution obtained frombetane conversion showed benzene and toluene as the dominant aromatic
compounds, with small quantities of ethylbenzene (EB) angllene (OX), which are the expected products from the direct closure of the
six-member ring. The analysis of the product evolution as a function of conversion indicated that the benzene and toluene are secondary
products resulting from the hydrogenolysis of ethylbenzene arglene. Diffusional effects play a significant role in determining this
product distribution. Since ethylbenzene angylene are produced inside the channels of the zeolite, they are hydrogenolyzed before they
can escape. By contrast, on thg B0, catalyst used for comparison, ethylbenzene aixylene were the dominant aromatic products,
although the overall aromatization activity was much lower than on tfi€LRtatalyst. The rapid deactivation found in the aromatization of
n-octane on PKL compared to that of-hexane can also be explained in terms of the diffusional effects. The C8-aromatics produced inside
the zeolite diffuse out of the system with much greater difficulty than benzene. Therefore, they form coke and plug the pores to a greater
extent than benzene. Temperature programmed oxidation and sorption studies on spent samples demonstrate that the degree of pore blockil
is much higher during-octane aromatization than duringhexane aromatization.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction nonacidic Pt—AlOs—K catalysts. In all cases, the aromatic
products obtained were those predicted by a direct six-
membered ring closure. Later, Davis [2] further studied the

The aromatization of:-alkanes is an important reac- addition of Sn to PtK—Al,03. They found that the main
tion with many industrial applications which could be C8 aromatic products were ethy|benzene an(y|ene and
carried out on both bifunctional (acid-metal) and mono- they were produced at a ratio near one, but on the catalyst
functional (only-metal) catalysts. The use of metal cata- containing Snp-xylene production was favored. They also
lysts on nonacidic supports for this reaction have been aobserved the same product distribution as the pressure was
matter of research for many years. In 1969, Davis and varied from 1 to 13 atm. In another study Davis et al. [3] ob-

Venuto [1] investigated the production of aromatic from served that the Pt loading also influenced the distribution of

different C8—C9 paraffin carbon skeleton structures over aromatic products. From these two studies they concluded
that these differences would suggest that the aromatization
is a structure sensitive reaction, but found it hard to explain

* Corresponding author. how changes in structure can affect the ethylbenzene-to-
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More closely related to the subject of the present work, 292 n?/g, SiG/Al,Os ratio = 6) was produced by Tosoh
Meriaudeau et al. [4] compared the aromatizationnef Co. The precipitated silica Hi-Sil 233 (CAS 7631-86-9, BET
octane on P1SiO, and Pysilicalite in order to study the role  are= 140 n?/g) was provided by PPG Siam Silica Co., Ltd.
of support microporosity on the aromatic selectivity. With Prior to addition of the platinum metal, the supports were
data from a pulse reactor, they demonstrated that the reactiordried in an oven at 110C overnight and calcined at 40C
over Pysilicalite was strongly influenced by diffusional lim-  in a dry air flow of 100 crd/min g for 5 h.
itations, which lowered the overall conversion, but enhanced In the IWI method, tetraamineplatinum (ll) nitrate
the selectivity towards ethylbenzene over other C8 aromat- (Merck) was weighed and dissolved in deionized water
ics. (0.69 cn?/g support) and then impregnated over the dry sup-

The exceptionally high activity of Pt supported on alka- port by slowly dropping the solution under a dry-nitrogen at-
line L zeolites for the aromatization ef-hexane has been mosphere. Next, the mixture was dried in an oven at°X10
known for 20 years [5,6]. The reaction mechanism der overnight. The cool mixture was loaded into a glass tube and
hexane aromatization on ML [7,8] and the improvement  calcined at 350C in a flow of dry air of 100 crd/ming
of catalytic properties by varying promoters and prepara- for 2 h and left to cool to room temperature. The resultant
tion methods [9-21] have been the focus of many publica- catalyst (PtKL-IWI or Pt/SiOy) was stored in a desiccator.
tions. Less attention has been dedicated to the aromatizatiorThe PYKL-VPI catalyst was prepared by physically mixing
of longer chain alkanes, e.gi;octane, on PAKL catalysts. weighed platinum (Il) acetylacetonate (Alfa Aesar) and dry
One of the most complete studies mfoctane aromatiza-  support under nitrogen atmosphere. The mixture was then
tion on PYKL was conducted by Huang et al. [12]. From loaded into the reactor tube under a He flow of 2¢min.
their carbon-14 tracer studies, they concluded that the be-The mixture was slowly ramped to 4C and held there for
havior of the PtKL catalyst was very similar to that of other 3 h and ramped again to 6C and held again for 1 h. After
catalysts on nonacidic supports without microporosity. The that, it was further ramped to 10@, at which temperature
unique behavior exhibited far-hexane in terms of selectiv-  the mixture was held for 1 h to sublimate the Pt(AcA&f-
ity and catalyst life was not present feroctane. However,  ter sublimation, the mixture was ramped to X&and held
the particular catalyst used in that study was prepared by thefor 15 min to ensure that the entire precursor was sublimed.
standard ion-exchange method, which results in a large frac-The reactor was cooled to room temperature. After that, it
tion of metal clusters outside the channels of the zeolite [13]. was ramped to 350C in a flow of air for 2 h and calcined at
In fact, effective aromatization catalysts can be correctly pre- that temperature to decompose the Pt precursor. Finally, the
pared by ion-exchange methods. However, special precau-Pt/KL prepared by the VPI method was stored in a desicca-
tions need to be taken to avoid leaving Pt clusters out of the tor.
zeolite channels and/or residual acidity in the KL support.  All the catalysts prepared by the VPI method have always
In the patent literature, there exist several examples of mod-shown in our studies very high stability and practically nil
ified ion-exchange methods that result in effective catalysts. cracking activity, which is an indication of the absence of
These preparations are typically done at pH 10.5-12 and insubstantial residual acidity [17,20]. Nevertheless, we wanted
the presence of excess alkali or alkaline earths [14—16]. Oth-to prepare a sample in which any potential residual acidity
erwise, the standard ion-exchange method is not an effectivewas eliminated. For that purpose, a fraction of thgkt
method, as we have recently shown [17]. VPI catalyst was prereduced inzHat 500 °C and then

During the past few years, we have studied methods of immersed in a KOH (pH 10) solution for 1 h at room
characterizing and maximizing the fraction of Pt clusters temperature. After the catalyst was immersed, the solution
inside the L zeolite by incorporating the Pt via vapor-phase turned grayish, so some metal loss from the catalyst may
impregnation [11,17-21]. Therefore, in this contribution, we have occurred during this treatment. Before the reaction, the
report a study of the aromatizationmfoctane as compared catalyst was rereduced in situ in the same way as the other
to n-hexane over a PKL catalyst prepared by vapor-phase samples. We identify this catalyst agRL-VPI-KOH.
impregnation to determine whether a well-preparetBt
catalyst can keep the excellent behavior observednfor 2.2. Catalytic activity measurement
hexane aromatization.

The catalytic activity studies were conducted at at-
mospheric pressure in a 0.5-in glass tube with an internal

2. Experimental K-type thermocouple for temperature measurement. The re-
actor was a single-pass, continuous-flow type, with a cat-
2.1. Catalyst preparation alyst bed of 0.20 g. Prior to reaction, the temperature was

slowly ramped in flowing K at 100 cni/ming for 2 h up
Pt/KL catalysts were prepared with 1 wt% Pt by two to 500°C and reduced in situ at that temperature for 1 h.
methods, incipient wetness (IWI) and vapor phase impregna-n-Hexane was added by injection from a syringe pump.
tion (VPI), whereas PSiO;, catalyst was only prepared by In all experiments, the hydrogen tohexane (om-octane)
the IWI method. The K-LTL-zeolite (Lot 1041, BET area molar ratios were kept at 61. The products were ana-
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lyzed in a Shimadzu GC-17A equipped with a capillary HP-
PLOT/AI»O3 “S” deactivated column, using a temperature
program to obtain optimal product separation. To identify
m- and p-xylene, the analysis of the liquid product was per-
formed in an AT-3 1000 capillary column. The activity data
are reported in terms of totathexane om-octane conver-
sion and product selectivity, which is defined as weight of
each individual product per weight afthexane on-octane
converted.

2.2.1. Hydrogen chemisorption

The amount of adsorbed hydrogen on all fresh catalysts
was measured in a static volumetric adsorption Pyrex sys-
tem, equipped with a high-capacity pump that provided a
vacuum on the order of 1@ Torr. Prior to each experiment,
0.4 g of dried fresh catalyst was reduced in situ at 500
for 1 h under flowing H, cooled down to 300C, evacu-
ated to at least 10 Torr at 300°C for 20 min, and then
cooled down to room temperature under vacuum. Adsorp-
tion isotherms were obtained with several adsorption points
ranging from 0 to 100 Torr. The HPt values were obtained
directly by extrapolating to zero pressure.

2.2.2. Diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) of adsorbed CO
The fresh and spent AL and PySiO, catalysts were

2.2.4. Isobutane sorption

To determine the degree of pore plugging after reaction,
the amount of isobutane sorbed by the zeolite was measured
on spent catalysts and compared to that sorbed by the bare
KL zeolite. The experiment was conducted in a volumetric
system equipped with a 0-100 Torr MKS Barotron precision
gauge. Prior to each adsorption run, the sample was activated
by heating in vacuum (1 Torr) at 350°C for 2 h; then the
temperature of the adsorbent bed was set to AD0The
Pyrex system was also kept constant at 10y a heating
tape connected to a temperature controller. A fixed amount
of isobutane (37 cihat 100 Torr and 100C) was expanded
into the adsorption cell (total volume 54 cn?). The total
amount of isobutane sorbed was calculated from the pressure
change.

3. Results
3.1. Characterization of the fresh catalysts

The state of the fresh catalysts was characterized by H
and CO chemisorption after reduction in ldt 500°C. As
shown in Table 1, the hydrogen uptake/@) values ob-
tained on the PKL-VPI, Pt/KL-IWI, and Pt/SiO;, catalysts
were 0.9, 0.6, and 0.2, respectively. That is, the VPI cata-

characterized by DRIFTS using adsorbed CO as a probe in ayst exhibited higher K uptake than the IWI catalyst. These

Bio-Rad FTS-40 spectrometer equipped with an MCT detec-
tor. Experiments were performed in a diffuse reflectance cell
from Harrick Scientific, Type HVC-DR2, with ZnSe win-

results are consistent with our previous work [18]. More
importantly, the DRIFTS measurements of adsorbed CO
showed that the VPI PKL catalyst had the majority of the

dows. For each IR spectrum, 128 scans were taken at a resoPt clusters inside the channels of the zeolite. The CO spec-

lution of 8 cnm L. Prior to each spectrum being taken, a back-

tra for the three catalysts investigated are shown in Fig. 1.

ground was collected on the sample reduced in situ under aln comparison with the P8I0, catalyst, which displays a

flow of Hy at 300°C for 1 h and purged in He for 30 min
at room temperature. Then a flow of 3% CO in He was sent
over the sample for 30 min, followed by a purge in He flow
for 30 min. After this treatment, the spectrum of adsorbed
CO was collected.

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

well-defined sharp peak at around 2074 ¢rfor the stretch-
ing frequency of linearly adsorbed CO,/RL catalysts dis-
play complex bands which extend from 2080thto much
lower wavenumbers (e.g., as low as 1930¢jn In a pre-
vious paper [18], we utilized DRIFTS of adsorbed CO to
compare the morphology of Pt particles inside the KL ze-
olite, prepared by IWI and VPI methods. In that case, our
results agreed very well with the hypothesis that CO itself

analyze the amount and characteristics of the coke depositgnodifies the structure of the small Pt clusters inside the
on spent catalysts. TPO of the spent catalysts was performed<L zeolite. That is, CO adsorption does not probe the small

in a continuous flow of 5% &YHe while the temperature
was linearly increased at a heating rate of €2min. Before

metal particles in their original structure, but rather gener-
ates by disruption over time new molecular arrangements

the TPO was conducted on a 0.03 g sample placed in gthat are stabilized inside the zeolite [22]. In the presence of

%" quartz fixed-bed reactor, the spent catalyst was dried

at 110°C overnight and weighed. The catalyst was then
flushed by 5% @ in He for 30 min before the temperature
ramp was started. The GOproduced by the oxidation

of coke species was monitored by a mass spectrometer
The amount of coke was calibrated using 100-ul pulses of
pure CQ. The evolved CQpartial pressure was normalized
by the total pressure and the maximum signal in the pulses
of COs.

Table 1
Analysis data of fresh and spent catalysts

oPt t Coke after Coke after i-C4 uptake i-C4 uptake
%Pt HPt Coke after Coke after i-C4 ke i-C4 k
C6 rxn C8rxn after C6 after C8

Catalyst

(Wt%) (Wt%) rxn rxn’*
PY/SiO, 1 02 - - - -
PYKL-VPI 1 0.9 0.8 23 70 35
PYKL-IWI 1 0.6 15 2.1 — -
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Fig. 2. DRIFTS spectra of CO adsorbed on the KOH-treated catalyst
(Pt/KL-VPI-KOH), reduced in situ at 500C. The reduced sample was
exposed to a flow of 3% CO in He for 30 min at room temperature and
purged in He for 30 min.

Fig. 1. DRIFTS spectra of CO adsorbed onit-VPI, Pt/KL-IWI, and
Pt/SiO, catalysts reduced in situ at 50€. The reduced catalysts were
exposed to a flow of 3% CO in He for 30 min at room temperature and
purged in He for 30 min.

CO, Pt carbonyls can be formed and stabilized by the zeo-the region 2050-2000 cnt clearly increased compared to
lite, which could act as a ligand. Previously published Ex- that around 1930 cmt. Therefore, it is possible that some
AFS data have shown that small Pt clusters present in thePt cluster rearrangement may have occurred as a result of the
KL zeolite before the admission of CO can be completely treatmentin KOH.
disrupted and new Pt—CO species can be formed upon ex-
posure to CO [23]. The important point to notice is that the 3.2. Catalytic activity measurements
formation of Pt carbonyls only occurs when the Pt clusters
are very small. One may not expect the Pt particles outside  The PYKL-VPI, Pt/KL-IWI, and Pt/SiO; catalysts were
the zeolite to be converted to Pt carbonyls. Therefore, FTIR tested for the aromatization af-octane and compared to
of adsorbed CO is a useful technique for making general that of n-hexane. The evolution of the conversion and
conclusions about the location (i.e., inside the L-zeolite or total aromatics selectivity are shown in Figs. 3a and 3b,
external to it) and distribution of the Pt clusters prior to dis- respectively. In agreement with previous reports [17,18,20],
ruption. For our purposes, the results strongly support the the VPI PYKL exhibited the highesi-hexane aromatization
idea that the low wavenumber bands (below 2000 &m  conversion, benzene selectivity, and stability. Contrasting
are related to the Pt clusters located inside the channels ofwith the excellent performance obtained on this catalyst with
the L-zeolite while the bands at and above 2075 &rare n-hexane, the selectivity and stability were disappointingly
due to the Pt external to the pores. In agreement with this low when the feed was changedrtenctane. In fact, Fig. 3a
assignment we saw, in our previous work, an increase in shows that for the:-octane aromatization the stability of
the intensity of the latter bands after agglomeration of the Pt/SiO, was somewhat better than that of RL, although
Pt clusters caused by oxidation-reduction cycles [11]. Fi- the overall conversion was very low. Interestingly, over the
nally, the bands between 2050 and 2000 émwvere assigned  Pt/SiO, catalyst, the aromatic selectivity withoctane was
to CO adsorbed on particles near the pore mouth, althoughconsiderably higher than that withhexane, which contrasts
still inside the zeolite channels. By applying this analysis with the behavior observed over the/RL catalysts.
to the spectra of Fig. 1, one infers that the twght cata- Table 2 summarizes the product distribution obtained af-
lysts have most of Pt particles inside the channel. As we haveter 10 h on stream over the /&0y, Pt/KL-IWI, Pt/KL-
discussed previously [20], the/IRt values are consistently VPI, and P{KL-VPI-KOH catalysts for n-hexane and
lower for the IWI than for the VPI catalysts, which implies r-octane aromatization. As mentioned above, wirdrexane
that, although in both cases the Pt is inside the zeolite chan-was the feed, the PKL catalysts, particularly the one pre-
nels, the metal clusters are smaller in the VPI catalysts. As pared by VPI, exhibited high conversion and high benzene
previously shown, this smaller size imparts higher thermal selectivity while the PtSiO, showed much lower ability
stability to the clusters due to a more efficient interaction to produce aromatics. In fact, its main product was hexene
with the walls of the zeolite. from direct dehydrogenation. A different result was obtained
Similar conclusions can be obtained from the analysis whenr-octane was used as feed. Although the selectivity
of the spectrum obtained on the/RL catalyst treated  to total aromatics was higher over/RL than on PSiO,,
with KOH. As shown in Fig. 2, the majority of the bands the aromatics obtained with L were mostly benzene and
lie below 2050 cm?, indicating that a large fraction of Pt toluene. By contrast, the P3iO, catalyst produced mostly
is still inside the zeolite. However, the fraction of bands in ethylbenzene (EB) angtxylene (OX) as its dominant arom-
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Fig. 3. (a) Total conversion of-hexane (open symbols) andoctane (full symbols) as a function of time on stream. (b) Selectivity to total aromatics as a
function of time on stream. Catalysts:/RL-VPI (triangles), PfKL-IWI (squares), and BSiO, (circles). Reaction conditions: 500, Hy/n-C6 (n-C8)
molar ratio 6: 1, WHSV 5 b1,

atization products, but no benzene was produced at any timehibited a much higher production of EB than OX. The drop
The differences in the aromatic product distribution obtained in OX production was much more rapid than that of EB. As
over PYKL and PY¥SiO, are better illustrated in Fig. 4, illustrated in Fig. 5, the EBOX product ratio obtained on
which shows the ratio of benzene to C8 aromatics producedthe VPI PYKL catalyst rapidly increased during the first 7 h
from n-octane as a function of time on stream. This ratio was and stayed at a value of about 2.5, much higher than that

initially very high for the two PtKL catalysts. Although it

at any time higher than three times that of thectane aro-

matics.

Another important difference betweeryRL and Py SiO,
is interesting to note. As shown in Table 2, ovey HO,

constant with time on stream. On the other handKBtex-

Table 2

Product distribution fronz-hexane ana-octane aromatization

reported for other Pt catalysts supported on nonacidic ma-
decreased with time on stream, the amount of benzene wagerials without microporosity [24]. A slight but clear differ-
ence between the IWI and VPI RL catalysts can be noted
here. On the IWI catalyst, the EBX ratio started at a high
value of about 2.0 from the very first moments on stream.
After about 7 h, this ratio was about the same for both cat-
the production of OX was only slightly higher than that alysts. As discussed below, it is important to note that high
of EB. The decay of both products as a function of time EB/OX ratios have only been observed oryZ&olite cat-
was almost parallel. As a result, the EBX ratio remained

alysts [4], which reveal the role that shape-selectivity may
have in this reaction. Therefore, the difference observed on

Feed:n-hexane

Feedi-octane

PY/SIO, PY/KL-IWI Pt/KL-VPI Pt/SiO, PY/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 54
Benzene 151 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 14 1.9 14
Ethylbenzene - - - 215 5.9 6.5 9.2
m-Xylene - - - 1.2 1.1 1.2 12
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: 500C

, Hp/n-C6 (orn-C8) 6: 1 molar ratio, WHSV 5 h'1

, 10 h on stream.
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Fig. 6. Steady-state product selectivity as a function of conversion during
n-octane aromatization. (a) Conversion varied by increasing temperature
from 300 to 500°C, at a fixed WHSV=5 h~1. (b) Conversion varied

by changing the WHSV from 9 to 11, at a fixed temperature 50C.

Pt/SiO, catalysts. Reaction conditions: 580G, Hy/n-C8 molar ratio 6 1, Circles: C8-aromatics; triangles: toluene; squares: methane.

WHSV 5 h-1,
1h~1, ata fixed temperature (50Q). In line with the results

the two PYKL catalysts before coke deposition might be re- obtained by varying the temperature, the data shows that at
lated to slight differences in the molecular transit inside the higher conversions the selectivity to C8 aromatics dropped
zeolite pores related to the different metal particle sizes. Af- while the amount of benzene and methane increased. The
ter several hours on stream, the coke deposits that partiallydetailed product distribution is reported in Table 4. An
block the pores may erase the initial differences. interesting trend in the EBDX ratio as a function of

Figure 6a shows the variation of the steady-state productspace velocity is clearly apparent. As illustrated in Fig. 7,
selectivity with conversion as the reaction temperature was EB/OX ratio markedly drops approaching a value of about
varied from 300 to 500C, at a fixed WHSV=5 h™1, It one as the space velocity decreases.
can be observed that the selectivity to methane continuously An aspect that in some studies of/Rt catalysts has
increased with conversion. The selectivity to C8 aromatics been neglected is the role of residual acidity on the zeolite,
exhibited a maximum at about 6.5% conversion and then but it may have very detrimental effects on selectivity and
it decreased. This decrease is accompanied by an increaseatalyst life. It has been shown [25,26] that the C1-C5 prod-
in the production of benzene, indicating that benzene is a ucts greatly increase when residual acidity is present on the
secondary product, which results from hydrogenolysis of zeolite. We may ask whether, in our case, the presence of
C8 aromatics, rather than from cyclization of previously residual acidity has an effect on the secondary hydrogenol-
hydrogenolyzea-octane. The detailed product distribution ysis of EB and OX to benzene and toluene. To analyze the
and the corresponding temperatures and conversions areffect of residual acidity we may compare the product distri-
shown in Table 3, which clearly illustrates the enhanced bution of the PtKL catalysts with that of the KOH-treated
hydrogenolysis of EB and OX to benzene and toluene at catalyst, which should have any residual acidity eliminated.
higher temperatures. Figure 6b shows a similar graph of The first difference is the drop in conversion observed on the
steady-state selectivity vs conversion, but in this case, theKOH-treated catalyst. This drop may be due to the loss of
conversion was varied by changing the WHSV from 9 to

Table 3

3.0 Product distribution of:-octane aromatization over ML-VPI at various
25 reaction temperatures
' Reaction temperaturéC
x2-° —A— PUKL-VPI 300 350 400 450 500
9,5 —0— PYKL-IWI Conversion (%) @ 10 6.3 121 293
o -
w —A— PYSIO, Products selectivity (%)
1.0 ) C1-C5 14 14 4.2 94 289
—— Sn:PUSIO, Hexenes D 168 7.0 55 15
0.5 % Pt-ALOs Benzene )] 0.0 30 59 227
0.0 Toluene 00 182 190 240 255
0 5 10 15 20 o5 30 Heptenes 66 452 249 224 45
Time on stream. h Octenes 24 152 7.6 9.2 31
! ’ Ethylbenzene o 00 206 157 86
’ : : : - andp-xylene Q0 33 28 19 14
Fig. 5. Ethylbenzenen-xylene (EB/OX) ratio duringn-octane aromatiza- m-andp-xy
9 Y vlene (EE/OX) gr o-Xylene Q@ 00 110 61 38

tion over PYKL-VPI, Pt/KL-IWI, and Pt/SiO, catalysts. Reaction condi-
tions: 500°C, Hy/n-C8 molar ratio 6 1, WHSV 5 b1, Included for com-
parison are data adapted from Ref. [2].

Reaction conditions: pyn-C8 molar ratio & 1, WHSV 5 i1, 10 h on
stream.



S. Jongpatiwut et al. / Journal of Catalysis 218 (2003) 1-11 7

3.0 - E—
Table 4 ]
Product distribution of:-octane aromatization over fL-VPI at various *
WHSV 25 1
WHSV, h~1 %
Q 20 |
10 30 50 7.0 9.0 a -
Conversion (%) 60 285 161 140 107
Products selectivity (%) 1.5 1
C1-C5 345 285 264 267 241
Hexenes ®5 19 27 2.8 31 10 : ‘ : :
Benzene 35 226 187 187 167 0.0 20 40 6.0 8.0 10.0
Toluene 233 261 251 248 251 p
Heptenes D 31 4.6 43 51 WHSV, h
Octenes D 40 74 82 104
Ethylbenzene 5 82 96 0.2 100 Fig. 7. Ethylbenzenen-xylene (EB/OX) ratio duringn-octane aromatiza-
m- and p-xylene 11 1.6 ]_'6 1.6 16 tion over the PtKL-VPI catalyst as a function of space velocity. Reaction
o-Xylene o4 29 27 a5 26 conditions: 500°C, Hy/n-C8 molar ratio 6 1, 10 h on stream.

Reaction conditions: 500C, Hy/n-C8 molar ratio 6 1, 10 h on stream. . .
2/ reaction. On the other hand, the fractiomaodtaxylene plus

para-xylene in the C8-aromatic products is higher for the

metal area caused either by leaching or pore plugging dur-pt/KL catalysts than for BSiO;. This difference might be
ing the treatment in the KOH solution. However, the most due to a small degree efoctane isomerization via 1,5 ring
important comparison is the production of the secondary closure followed by 5-member ring-opening and subsequent
products benzene/toluene relative to the C8 aromatics. The1,6 ring closure.
benzengEB ratio obtained on the KOH-treated catalystwas  To further investigate the effect of secondary reactions
about half of that obtained on the untreategi®t catalysts, on the product distribution, we conducted activity measure-
indicating that some residual acidity may have existed on the ments using:-C7 as well as C7 and C8 aromatics as feed,
untreated catalysts and it may enhance the EB-to-benzeneeeping the same #¥eactant molar ratio of 61 as for
conversion. However, it is important to note that, even when the n-octane activity measurements. The results obtained
all possible residual acidity has been removed, the catalystat 500°C and at a WHSV of 5 h! are summarized in
still had a high level of EB and OX secondary hydrogenol- Table 5. The vast majority of the products of C8 aromat-
ysis activity. Therefore, the high conversion of EB and OX ics come from hydrogenolysis of the alkyl groups attached
into benzene and toluene is mostly due to the geometric con-to the aromatic ring. The conversion of EB and OX only
straints of the zeolite channels. resulted in C1, C2, benzene, and toluene. No ring-opening

An additional important aspect observed in the product products and very small amounts of isomerization products
distributions obtained at various temperatures and spacewere observed. Very different deactivation patterns were ex-
velocities is the absence of products that could be associatedibited by the different aromatic compounds. As illustrated
with a C5-ring closure. For example, methylcyclopentane in Fig. 8, the OX conversion dropped much more rapidly
and 2- or 3-methylpentane were only present at the level of than the EB conversion, which could be explained in terms
traces in the product from thehexane reaction. Similarly,  of the different diffusion rates of the two aromatics through
negligible amounts of isooctanes, methylcyclopentane, orthe zeolite channels. To illustrate this difference, the interac-
other alkylcyclopentanes were obtained from thectane tion of EB, OX, and toluene with the KL zeolite was further

Table 5
Product distribution of different feeds over/RL-VPI catalysts
Reactant
n-Octane Ethylbenzene o-Xylene Toluene n-Heptane
Conversion (%) 37 715 167 64.9 364
Products selectivity (%)
C1l-C2 270 201 118 154 216
C3-C5 24 00 0.0 0.0 6.2
Hexenes o 0.00 00 0.0 75
Benzene 27 465 6.4 843 285
Toluene 283 329 789 - 331
Heptenes K3 0.0 0.0 0.0 23
Octenes O 0.0 02 0.0 0.0
Ethylbenzene () — 0.2 0.0 0.0
m- and p-xylene 14 0.0 18 0.0 0.0
o-Xylene 30 0.2 - 0.0 0.0

Reaction conditions: 500C, H,/reactant molar ratio 61, WHSV 5 i1, 10 h on stream.
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Fig. 8. Total conversion of different hydrocarbons over thgkRtVPI
catalyst as a function of time on stream. Reaction conditions: D0
Hy/hydrocarbon molar ratio 61 WHSV 5 i1,

Fig. 9. Temperature programmed oxidation (TPO) profiles of coke deposits
left over the PtKL-VPI catalyst after 9 h on stream during-hexane

(thin line) andn-octane aromatization (heavier line). Reaction conditions:
500°C, Hy/n-C6 (orn-C8) molar ratio 6 1, WHSV 5 i1,

investigated using the static volumetric adsorption appara-

tus. The uptakes of EB, OX, and toluene after the bare zeo-coke deposited with-octane and with C6 was not as great,
lite was exposed to the same initial pressure of hydrocarbonbut it must be noted that the IWI catalyst already had twice
vapor are summarized in Table 6. It is seen that the OX up- as much coke as the VPI catalyst after thieexane reaction.
take was significantly lower than those of EB and toluene,  To confirm that pore blocking of L-zeolite is more
which can be rationalized in terms of the critical molecular pronounced under the-octane reaction than under the
diameters relative to the zeolite pore size. The pore size ofrn-hexane reaction, sorption of a small molecule such as
the KL zeolite is 0.71 nm [27], which is larger than the criti- isobutane was used as a probe of the zeolite pore volume
cal diameters of EB and toluene but smaller than that of OX. accessible after reaction. Table 1 shows the sorption capacity
Therefore, one can expect that the mobility of OX inside the values obtained on the VPI BL catalyst after 9 h reaction

channels of the zeolite will be very much restrained. periods at 500C and at a WHSV of 5 h!, usingn-octane
andn-hexane feeds. The two values are reported relative to
3.3. Characterization of the spent catalysts the isobutane sorption capacity of the bare zeolite. It can be

observed that while after reaction withhexane 70% of the

The coke residues left on the catalyst during reaction zeolite pores were available, only 35% remained available
were quantified by TPO. Table 1 summarizes the amountsafter then-octane reaction.
of coke deposited during 9 h on stream witthexane and
n-octane reactions on the different catalysts. On the VPI 3.4. Regeneration of spent catalysts
Pt/KL catalyst, more than twice as much coke was deposited
during then-octane aromatization as during thehexane To investigate whether the fast deactivation observed un-
aromatization, which parallels the faster rate of deactivation der C8 aromatization can be reversed by oxidizing the coke
observed withi-octane. The corresponding TPO profiles are deposits, we conducted two consecutive reaction cycles with
shown in Fig. 9. Not only the overall oxygen consumption, an intermediate regeneration step consisting in oxidizing the
but the relative size of the peaks are clearly different. The carbon deposits in air flow for 90 min at 409G, followed by
large oxidation peak appearing at high temperature after reduction at 500C for 60 min. Before the oxidation step, the
octane reaction is possibly due to the plugging of zeolite n-octane flow was stopped and the catalyst was left at 800
pores, which would retard the oxidation of the coke deposits. under hydrogen flow for 60 min. The amount of coke present
On the IWI catalyst, the difference between the amount of after each of these cycles was quantified by TPO. It was ob-

served that after the regeneration procedure, the amount of

Table 6 carbon left on the catalyst was about one third of that present
Hydrocarbon uptakes on the KL zeolite as measured in a static volumetric aft€r the reaction cycle. Interestingly, even though a signif-
apparatus icant fraction of carbon remained on the catalyst after this
treatment, the initial activity and selectivity was regained.

Toluene Ethylbenzene ortho-Xylene ) ' e - =
Temperature’C) 180 180 180 The evolution of conversion and selectivity during the ini-
Initial moles in cell 76 x 10-5 71x10°5 6.9 x 105 tial and second cycles is illustrated in Fig. 10. It is clear that
Equilibrium pressure 1.7 2.5 5.9 not only the initial activity was regained after regeneration,
(Torr) but also the deactivation pattern was almost identical to that
Moles adsorbed Fx107°  44x107° 0.6 10°° of the fresh catalyst. There was a small variation in the evo-
Critical molecular 0.67 0.67 0.74

lution of EB/OX ratio as a function of time on stream. The

diamet ; . i
lameter (nm) EB/OX ratio on the second cycle seems to increase a lit-
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Fig. 10. (a) Totak-octane conversion before and after regeneration in air af @0&s a function of time on stream. Open symbols: first reaction cycle; full
symbols: reaction cycle after regeneration, (b) Left axis: selectivity to total aromatics; right axis: ethylbenzglesie (EB/ OX) ratio.

tle faster than on the fresh catalyst. This slight difference with n-octane. The conversion dropped drastically during
could be due to a higher inhibition of the OX mobility in- the first 10 h on stream while the selectivity to aromatics was
side the channels of the zeolite caused by the presence ofmuch lower than that obtained withhexane. The TPO and
the fraction of carbon residues not removed by the regen-isobutane adsorption results indicate that the activity drop
eration or to a small metal particle growth. Still, this dif- must be due to the blockage of zeolite pores by the coke
ference is very small compared to that observed in Fig. 5 deposits.

with the IWI catalyst. It is well known that Pt agglomera- On the PLSIO, catalyst, the conversion level did not dif-
tion plays a major role in the deactivation of these catalysts for much fromn-hexane tor-octane. However. an impor-

in long term operations. In that case, effective regeneration,n; gifference was observed in the selectivity to aromatics,
requires not only the removal of coke deposits, but the redis- which was much higher for-octane than fon-hexane. This

persion of Pt within the KL'Ze°|,'te chgnnels, Wh'_c_h can be difference might be due to the known increase in ring closure

achieved by a careful treatment including the addition gf O activity as the chain length increases [30].

Clz and HCI[28,29]. Interesting observations have been made in the prod-

uct distribution obtained on the different catalysts. Over

Pt/SiO;, the main aromatic products fromoctane were

EB and OX, which are the only two expected products from

i direct six-membered-ring closure [1,2,31]. Although on the
In contrast to the results obtained by Huang et al. [12] 0N py/| catalysts the dominant C8 aromatics were also EB

a PyKL ca.talysy prepared by ion exchange, the-d|fferences and OX, the majority of the aromatic products obtained

git;i?fri\éz?]tInTrt:alsp;’ggrukctbgit:tﬁsgtic;ﬁ;]LCIaer;crilypiz\?i?;t:srethat were benzene and toluene, which result from secondary re-

' action of EB and OX. lItis interesting to compare the relative

the eﬁggt of the ;ephte structure. plays a major role in amount of EB and OX that do not undergo secondary hy-
determining selectivity. By comparing the data on the two . . .
drogenolysis by measuring the EBX ratio in the products.

Pt/KL catalysts one can see that although the differences he PISi | hi . | hich |
between the behavior of the VPI and IWI catalysts are On the PfSIO; catalyst, this ratio was almost one, which is

not so pronounced with-octane as withi-hexane, there the same as thatobservedin.previous studies using nonacidic
are still some advantages on the VPI catalyst related to its "0NZeolitic supports (e.g., SiJ12] and K-AROs [2,24]).

more homogenous distribution of small Pt clusters inside 1he ratio did not change much as a function of time on
the zeolite. Both, the overall conversion and the selectivity Stream. By contrast, on the/&L it changed both as a func-

to total aromatics are higher. Nonetheless, the catalytic tion of time and as a function of space velocity. At very low
performance displayed by even our besti®t formulation space velocities it was also near one, but as the space veloc-
(VPI) is unsatisfactory for the aromatization efoctane ity increased, the EBOX ratio greatly increased. Similarly,
under the conditions of this study (50@, 1 atm). Contrary  the ratio greatly increased as a function of time on stream.
to the high stability displayed by the VPI ML in the These selectivity changes can all be explained in terms of
aromatization of:-hexane, severe deactivation is observed diffusional effects in and out of the zeolite.

4, Discussion



10 S. Jongpatiwut et al. / Journal of Catalysis 218 (2003) 1-11

A few years ago, Meriaudeau et al. [4] observed high It is highly possible that the C8 aromatics produced
EB/OX ratios over Ptsilicalite. They proposed that the dif- inside the channels of the zeolite are responsible for the
fusion of products affects the rate of reaction and product rapid deactivation observed durimgoctane aromatization,
selectivity and ascribed the higher conversionne€8 to as opposed to the high stability displayed duringexane
EB compared to that to OX to a faster diffusion rate of EB aromatization. As mentioned above, they may spend more
through the zeolite channels. They indicated that the fact time inside the zeolite and they are the only new species
that a difference in conversion was observed demonstratedthat appear in the system, compared to the situation in
that the mass transfer was the rate limiting step. Our re- n-hexane aromatization. The other species that could result
sults suggest that although differences in diffusion rates mayin coke formation are benzene and olefins, but they are also
affect the product distribution, the observed differences in Presentduring the-hexane aromatization, but they cause no
conversion do not necessarily imply that mass transfer is significant deactivation if when the AL catalyst is well
rate limiting. We have previously observed important shape- Prepared.
selective effects in the hydrogenolysis of methylcyclopen- ~ These results would suggest that the crystal size of the
tane that were easily explained in terms of restriction in the Z€olite may have a great impact on product distribution and
passage of hydrocarbons through the channels of the KL ze-Catalyst Iife,' particularly when the feed contains C8 alkanes.
olite. In that case, the preferred orientation of the MCP mole- I fact, the idea of short-channel KL zeolites has been pre-
cule along the molecular axis resulted in enhanced produc-Viously discussed by Treacy [33] to minimize the problem
tion of 3MP relative to 2MP [32]. Here, we can expect that of Pt entombment due to Pt agglpmeratlon and coking. This
the EB molecule can diffuse more rapidly through the KL ze- conce_pt has also bgen |_nclud_ed in several recent patents that
olite channels than the OX molecule. This restrictive move- describe PKL zeolites in which the crystals are very flat

ment results in a longer residence time of OX than of EB CYlinders of *hockey-puck” or “coin” shape [34,35]. These

inside the zeolite channel. Therefore. one does not need tOmaterials have exhibited an enhanced life on stream that
’ eatly outlasts that of long-channe)/Rt catalysts [36].

invoke diffusion being the rate limiting step to explain the or

change in the EPOX ratio. When the OX and EB are pro- Another observation that is worth mentioning is that the
duced inside the zeolite .the OX is more effectively con- product distribution obtained from-octane aromatization

verted into benzene and toluene than the EB. Therefore indicates that the formation of five-membered ring interme-
even though the six-membered-ring closure méy not favor’diates is very low. Only traces of branched alkanes and es-
EB over OX, the resulting EBOX ratio is larger than that sentially no alkylcyclopentanes were observed at any con-

- : L version. It has been shown that duringhexane aromati-
originally produced. This analysis gives further support to ; ) )
the above coniecture that the/RL catalvst emploved in zation, five-membered-ring closure occurs to a much lower
Ref. [12 which1 W renar d/b th ionyexch F;] y method extent than six-membered-ring closure [37]. The same dif-
-112], ich was prepared by the ange metnod, to ence seems to be present durimgctane aromatiza-
had the majority of the Pt outside the channels of the zeo- tion
“Etg [éi,ZO].and SO It behavel;j I|ke,F3|Cr)12. In that Casel,.tTe ‘ A final comment on the effect of pressure is important.
/OX ratio was near one because there was very little ef- 1, rapid deactivation observed with C8 feed at atmospheric
fect of the zeolite structure.

: » pressure may not be necessarily the same at the higher
In the experiments conducted at low space velocities one esqres typically used in industrial operations. Differences
may expect that EB would have the time to come out of the

in product distribution and catalyst lifetime have been

zeolite and reenter, so eventually the secondary conversion,pseryed between the lab and industrial operations in this
erases the differences as it is experimentally verified (Seeprocess.

Fig. 7). As the space velocity increases, the EB that diffuses

out of the zeolite is removed more quickly from the catalyst

bed and does not have time to continue reacting. 5. Conclusions
The more rapid deactivation displayed when the reactant

was OX than when it was EB (see Fig. 8) also reflects  py/KL catalysts are not as effective for the aromatization
the longer residence time that the OX molecule may have of s-octane as they are for the aromatizatiometiexane.
inside the zeolite. Another evidence for the important role of Even on a well-prepared B{L catalyst that exhibits excel-
diffusion in selectivity is the variation of the E®X ratio lent performance under-hexane, the deactivation is rapid
as a function of time on stream. As shown in Fig. 5, the undern-octane and the selectivity to C8 aromatics is low.
ratio on the very clean VPI PKL catalyst is initially near  This low selectivity is due to secondary hydrogenolysis of
unity, but very rapidly starts increasing as coke begins to C8 aromatics to benzene and toluene. The hydrogenoly-
make the diffusion of OX through the pores more difficult. sis of the C8 aromatics is particularly pronounced with

On the IWI catalyst, the presence of larger Pt clusters makesxylene, which diffuses through the zeolite channels much
the diffusion of OX slower, even on the clean catalyst. As a less rapidly than benzene, toluene, or even ethylbenzene,
result, the EBOX ratio on this catalyst is higher from the which is the other C8 aromatic produced from direct ring
start. closure.
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