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The reforming of alkylcyclopentanes is performed at 100 psig over various dealuminated
zeolite P catalysts supporting various amounts of Pt. As a result of the proper balance between
the Brensted acidity and the metal loading, a maximum aromatic yield was found for a dealumi-
nated catalyst with a Si0,/Al,03 molar ratio of 130 and 0.5 wt% Pt. The activity of this cata-
lyst remained unchanged with time on stream, and the amount of coke deposited on the catalyst
was very low. The aromatic selectivity increased slightly in the initial few hours and then
reached a constant value. It appears that the aromatic selectivity is enhanced by the deposition
of a small amount of coke. The balancing of the acidic and metallic functions of Pt/ zeolite
via dealumination and Pt loading provides a useful reforming catalyst.
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1. Introduction

Reforming has been one of the most important industrial processes for the
upgrading of naphthas over the years, with the chlorided Al;O3 supported Pt or
Pt-—Ir as catalysts. Mills et al. [1] suggested that the reforming catalysts have two
functions, an acidic and a metallic one. Weisz and Swegler [2] have demonstrated
the synergistic role of the two functions, by employing composites of Pt/SiO, and
Si0,—-Al,03. More recently, a number of researchers have studied the reforming
capabilities of zeolites as possible substitutes for the traditional chlorided Pt/
Al,03. The reforming of n-heptane over Pt or Pt/Re-Y faujasite [3], as well as the
aromatization of n-hexane over BaK/L zeolite supported Pt are some examples [4].
It has been also found [5] that a composite containing equal amounts of Pt/
v-Al,03; and Pt/ zeolite maximized the yield of aromatics when methylcyclopen-
tane was used as feed. That behavior is a result of the balancing of the dehydrogena-

1 To whom correspondence should be addressed.

© J.C. Baltzer AG, Science Publishers



352 P.G. Smirniotis, E. Ruckenstein / Aromatic yield in alkylcyclopentane reforming

tion capability due mainly to the Pt/y-Al;O3 in which the dispersion of Pt is high,
with the isomerization capability of the acidic B zeolite over which the Pt dispersion
is lower. Another finding [6,7] was that with naphthenes as feeds, suitable pore
sizes and acidities of the zeolites can enhance bimolecular alkylation reactions that
lead to aromatics with higher carbon atom numbers than the feed hydrocarbon.

In the present study we examine the performance of various samples of Pt/ zeo-
lite in the transformation of methylcyclopentane or ethylcyclopentane, via the
enlargement of the Cs-cyclic ring, to aromatics. The prepared catalysts differed in
the strengths of their metallic and acidic functions, the increase in the amount of Pt
being associated with a decrease in their acidity. The metallic function was con-
trolled by the Pt loading, and the acidity by the extent of dealumination of the zeo-
lite. It was found that with both alkylcyclopentanes a pronounced maximum in
the aromatic yield occurred as a result of the balancing of the two functions of the
catalyst via suitable dealumination and Pt loading. The dealuminated Pt/ zeolite
with a Si0,/Al;03 molar ratio of 130 and 0.5 wt% Pt exhibited an exceptional per-
formance concerning its behavior with the time on stream, since it preserved its
initial activity after three days on stream and the aromatic selectivity increased to a
constant value after a few hours.

2.Experimental

The synthesis of zeolite B employed in the present study was described pre-
viously [6]. The aluminosilicate gel prepared from individual solutions had a nom-
inal molar composition of 30 SiO;: Al;03 : 0.9 Na,O : 3 TEAOH : 250 H,0,
where TEAOH stands for the tetraecthylammonium hydroxide. At the end of the
crystallization period (10 days at 160°C and autogenous pressure), the zeolite p had
a 8i0,/Al,03 molar ratio of 28. The burning of the template occluded was carried
out by calcination at 510°C in high purity O, for 5 h. The dealumination of B zeo-
lite was achieved by heating at 95°C for 4 h in various aqueous solutions of HCI.
The SiO,/Al,03; molar ratios of various dealuminated zeolite p samples, deter-
mined by atomic absorption, as well as the preparation conditions are listed in
table 1. The degree of crystallinity of the dealuminated samples with respect to the
non-dealuminated one was determined by X-ray diffraction (XRD). All the sam-
ples were cation exchanged with 4 M NH,4Cl (Fisher) at 95°C for 4 h. A final calci-
nation for 1 h, at 450°C in O, brought the catalysts to their acidic form. For
comparison purposes, SiO, (Aldrich grade 951) was also employed as support. Cat-
alysts with different Pt loadings were prepared by impregnating the supports with
the appropriate amounts of aqueous solutions of H,PtClg (Aldrich 8 wt% sol.).
Afterimpregnation, the catalysts were dried overnight at 130°C, and finely ground.
The catalysts employed in the present study as well as the oxidation and reduction
conditions to which they were subjected for activation are listed in table 1. Both
the oxidation and the reduction steps were carried out in situ in the reactor and
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Table 1

Catalysts employed in the present study, activation conditions, Pt amount (wt% of the catalyst), Pt
dispersion D (=H/Pt, %) and Pt amount dispersed (wt% of the catalyst). Note: Both the oxidation
and the reduction steps lasted 1 h each. After oxidation a purging of the catalyst with He for 15 min
followed

Sample Catalyst SiO;/AlLO3 Crystallinity To° Tr° Pt D Ptdispersed
O (O wth) () (wt%)

Bl zeolite B 28 100 550 550 0.1 22 0.022

B2 zeolite B 28 100 550 550 0.5 6 0.030

B3? zeolitep 130 90 300 300 0.5 29  0.143

B4b zeolitep 270 83 300 300 1.0 nd¢ -

Si Si0O, - - 300 300 1.0 25  0.290

2 The dealumination was carried out with2 N HClfor4 h.

b The dealumination was carried out with 3.5 NHCl for 4 h.
¢ To = oxidation temperature, Tr = reduction temperature.
4 nd: not determined.

lasted 1 h each. A He purging of the catalyst for 15 min after oxidation was per-
formed. Details regarding the characterization of the catalysts by H,-chemisorp-
tion, acidity measurements, transmission electron microscopy (TEM), Cl-
concentration, and the characterization of the deposited coke by 'H NMR, GC/
MS, thermogravimetric analysis (TGA) and HPLC will be published elsewhere.

The catalytic experiments were performed at 400-450°C in the presence of high
purity H,. In each experiment, 100 + 2 mg of fresh catalyst particles with sizes
below 100 pm (150 mesh) were loaded in the middle of the reactor. The reactor was
a stainless steel tube of 0.318 cm o.d. and 40 cm length, located vertically in a
temperature programmable furnace. The pressure regulation was achieved with a
backpressure regulator, while the H, flow was controlled with a flow controller.
The reactants, methylcyclopentane (Aldrich, 99 + %) or ethylcyclopentane (DWR
Research Co., 99.7%) were introduced into the reactor with a liquid infusion
pump, through a heated line, at a predetermined flow rate. High resolution gas
chromatography has been employed for the on-line identification of the products.
The analysis was performed with a gas chromatograph (HP 5890 series II)
equipped with a mass spectrometer (HP 5971 series). The GC was loaded in series
with a high performance capillary column (HP-1), a molecular sieve packed col-
umn (5A), and a PoraPLOT wide bore capillary column. A PC was attached to the
GC/MS unit for storage and data manipulations.

3. Results and discussion

The Pt dispersion of the samples employed, determined by H,-chemisorption,
is given in table 1. In the five catalysts employed, denoted B1, B2, B3, B4, Si in
table 1, the Pt loading was increased as the molar ratio of SiO;/Al,O; was
increased. The acidity and the acid strength distribution of the catalysts have been
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determined by n-butylamine titration, using suitable indicators [9]. It was found,
as expected, that the total acidity decreases as the molar ratio of Si0,/AL0;
increases, being 4.08 mmol/g catalyst for Bl and 2.80 mmol/g catalyst for B4, for
indicators with pK, <6.8. No change in color for Bl occurred for pK, < — 10.1
and B4 for pK, < — 3.0.

3.1. METHYLCYCLOPENTANE

The performance of various catalysts with methylcyclopentane is presented in
fig. 1. Two main reactions can occur, namely hydrocracking and aromatization to
benzene. The latter reaction involves as a first step the generation of methylcyclo-
pentenes on the Pt sites of the catalyst, the isomerization-enlargement of the Cs-
ring of the latter intermediates to a Cg-ring, followed by the dehydrogenation to
benzene [10]. For a reaction of this type, which involves both the metallic and the
acidic functions, the balancing of the two can ensure the maximization of the aro-
matic yield. Indeed, the benzene yield (benzene is the main product, but small
amounts of C..¢ aromatics are also formed by benzene alkylation [11]) exhibited a
pronounced maximum for the B3 catalyst. Among the catalysts employed, this cat-
alyst provides the optimum combination of the two functions.

From the product distribution presented in table 2, one can observe that the Bl
sample provides high C3—Cs paraffinic selectivities and a low C ¢ aromatic selec-
tivity. In contrast, the dealuminated sample B3 exhibits a dramatic decrease in the
C1—C¢ paraffinic and olefinic selectivities as a result of reduced hydrocracking,
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Fig. 1. Benzene yield (filled symbols) and toluene yields (open symbols) for various Pt zeolite B cata-
lysts and for methylcyclopentane and ethylcyclopentane, respectively (100 psig, 2 h on stream,
WHSV = 2.0 h~1, H,/oil = 12.0).
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Table2
Product distribution and conversion over B1, B2, B3, B4 and Si catalysts at T = 450°C and 100 psig
total pressure (2 h on stream, WHSV = 2.0 h~!, H,/oil = 12.0for both naphthenes)

Products Methylcyclopentane Ethylcyclopentane
(mol%)

Bl B2 B3 B4 Si Bl B2 B3 B4 Si
methane - - 0.1 2.1 - 3.5 1.6 0.7 1.3 1.2
ethane 0.8 1.5 1.3 39 04 28 8.1 14 2.2 1.8
propane 21.9 170 164 239 22 215 29.6 11.4 139 2.1
i-butane 10.7 123 - 55 1.0 139 13.2 10.0  10.1 1.1
2-butene 2.4 0.3 - - - - - - - -
n-butane 100 162 9.9 83 2.0 1338 154 8.1 9.5 2.7
i-pentane 7.1 85 66 53 27 45 1.8 2.0 23 14
n-pentane 4.8 53 41 35 42 3.0 1.1 12 1.5 2.6
2-pentene 2.9 1.0 0.7 - 0.8 - - - - 0.5
2-methylpentane 6.8 1.5 1.1 6.1 281 - - - 0.5 22
3-methylpentane 29 09 07 40 240 - - - 0.3 2.0
n-hexane - - - 22 178 - - 0.1 0.8 1.9
benzene 16.6 258 524 28.0 148 5.0 44 94 109 2.1
cyclohexane 1.3 - - - - - - - - -
2-methylhexane - - - - - - - - - 8.8
3-methylhexane - - - - - - - - - 26.0
heptane - - - - - - - - - 20.0
toluene 6.9 7.9 3.8 5.8 09 219 12.5 504 435 215
ethylbenzene 1.3 04 04 02 - - 1.9 0.6 0.7 -
m-xylene 0.4 0.3 05 03 - 1.8 14 0.4 0.2 -
o-xylene 1.0 0.2 0.3 02 - 21 2.7 0.9 0.3 -
p-xylene 2.0 1.0 09 09 - 59 6.1 2.7 2.1 -

conversion(mol%) 745 931 972 969 93.0 100.0 100.0 100.0 100.0 100.0

but enhances significantly the benzene generation. Hence, this catalyst ensures the
isomerization of the cycloolefinic intermediates and simultaneously minimizes
both the hydrocracking of the feed and the bimolecular alkylation reactions of ben-
zene. It appears that 0.5 wt% Pt of the B3 catalyst provides sufficient dehydrogena-
tion capability, even though the dispersion of Pt on this catalyst (see table 1) is
relatively low.

Catalyst Bl, which has a higher Bronsted acidity, has also a higher C.7 aro-
matic selectivity than B3. This is because, in addition to a suitable pore size which is
needed to increase the proximity of hydrocarbon molecules, a relatively high
Brensted acidity is required for bimolecular alkylation reactions (reactions which
lead to the enlargement of the primary aromatics) to occur [5,12,13].

Sample B4, which has a higher SiO,/Al,03 molar ratio and a larger Pt loading
than B3, provides a lower aromatization than B3, but slightly higher C;—Cg paraffi-
nic and olefinic selectivities because of increased hydrogenolysis.

Pt/Si0, with a metal loading of 1.0 wt% (sample Si), which represents a catalyst
without acidity and relatively high Pt loading, was also employed. The absence of
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acidity is responsible for the low aromatic and C;—C;s paraffinic and olefinic selec-
tivities (table 2). In contrast, the selectivity for the Cg isomers is very high because
of the ring opening of methylcyclopentane over the metal sites. One can observe
that the isomers do not obey the statistical distribution n-hex:2-MP:3-MP
= 2:2: 1, the equilibrium among the isomers being shifted towards the 2-methyl-
pentane. The 3-MP to n-hex ratio determined in the present study is larger than
unity (table 2), indicating, as suggested by Gault [14], that hydrogenolysis occurs.
The observation [14] that hydrogenolysis occurs when the size of the Pt crystallites
is above the critical value of 25 A was confirmed by our TEM investigations,
which indicated that the size of the crystallites was greater than the above value.

3.2. ETHYLCYCLOPENTANE

The performance of ethylcyclopentane is presented in fig. 1 as well. The trends
are similar to those of the previous feed naphthene, and are also a result of the
actions of the two functions of the catalysts. Toluene is, however, the dominant aro-
matic generated via the dehydroisomerization of ethylcyclopentane followed by
dehydrogenation. The selectivities for other aromatics are higher over Bl, due to
the bimolecular alkylation reactions which are enhanced by its higher Bronsted
acidity, and to the partial transalkylation of toluene to benzene and xylenes. The
maximum yield of toluene is somewhat shifted towards the B4 catalyst (for methyl-
cyclopentane the maximum is not as broad and occurs for the B3 catalyst). This
indicates that the proper balancing of the two catalytic functions depends to some
extent on the number of carbons of the feed naphthene. With methylcyclopentane
this balancing occurred for the B3 catalyst (0.5 wt% Pt), while for ethylcyclopen-
tane the optimum conditions seem to occur to a somewhat higher metal loading
and smaller acidity.

If the metal loading is too high, hydrogenolysis becomes dominant for any
bifunctional catalyst. In addition, high metal loadings generate larger amounts of
olefins which can polymerize to coke. Indeed, this occurs with catalysts B4 and Si
for which the hydrogenolysis is more pronounced (see table 2), and the amounts of
coke formed are higher than those for B3 (table 3).

An increase in temperature favors the dehydroisomerization of both naph-
thenes leading to higher aromatic yields, but has an opposite effect on the yields of
C;—Cg linear and branched hydrocarbons (fig. 1).

Table 3
Coke deposited (g coke/100 g catalyst) over Bl, B3 and Si catalysts at 450°C and 100 psig total
pressure (WHSV = 2.0 h~!, for both naphthenes H, /oil = 12.0)

Duration Methylcyclopentane Ethylcyclopentane
(h)
Bl B3 Si Bl B3 Si
3 10.8 0.5 1.0 2.6 0.2 1.1

72 13.4 5.6 1.3 5.5 0.6 1.2
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Table 4

Benzene and toluene selectivities and yields for methylcyclopentane and ethylcyclopentane, respec-
tively over B1, B3, Si catalysts at 450°C and 100 psig total pressure (WHSV = 16.6 h—1,2 h on stream
and H, /oil = 12.0)

Catalyst Methylcyclopentane Ethylcyclopentane
conversion benzene benzene conversion toluene toluene
selectivity yield selectivity yield
Bl 324 28.6 9.3 36.7 30.3 11.1
B3 35.1 68.7 24.1 41.3 59.2 24.4
Si 29.8 23.4 6.9 37.9 27.1 24.7

Reforming at lower conversions (table 4) than those presented in table 2, shows
pronounced maxima for benzene and toluene selectivities and yields. Conse-
quently, the balancing of the two functions of the p zeolite which results in the
above maxima does not depend on the conversion level.

3.3. TIME ON STREAM BEHAVIOR

The activity of the catalysts as a function of time on stream for both naphthenes
is presented in figs. 2 and 3 for methylcyclopentane and ethylcyclopentane, respec-
tively. For the dealuminated catalyst B3 the conversion remains unchanged for 3
days for both feed hydrocarbons, and the aromatic selectivity increases initially
attaining after a few hours a constant value. The small amount of coke deposited on
catalyst B3 appears to enhance the aromatic selectivity (fig. 2). This behavior may
be a result of the selective coking of some residual acid sites in the initial stages of
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Fig. 2. Conversion over Bl (@), B3 (V) and Si () and aromatic selectivity over B1 (O), B2 (V)
and §i (O) as a function of time on stream for methylcyclopentane at 450°C and 100 psig total pres-
sure (WHSV = 2.0 h™1, H, /oil = 12.0).
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Fig. 3. Conversion over Bl (@), B3 (V) and Si (4) and aromatic selectivity over B1 (Q), B2 (V)
and Si () as a function of time on stream for ethylcyclopentane at 450°C and 100 psig total pressure
(WHSV = 2.0 h~1,H, /oil = 12.0).

reaction, which eliminates potential cracking sites and preserves aromatic precur-
sors. The moderate acidity of B3 provides, however, the necessary isomerization
capability without enhancing the hydrocracking favored by the relatively high H,
pressure employed. In contrast, the non-dealuminated B zeolite catalyst loses its
activity after a few hours on stream due to severe coke deposition. In addition to the
extensive coke buildup on the acidic sites, the hydrocracking constitutes another
negative feature of the non-dealuminated zeolite B1. The balancing of the two func-
tions of the bifunctional zeolites by suitable dealumination and Pt loading can
lead to a very good time on stream behavior and high aromatization yield.

The amounts of coke deposited over the present catalysts are listed in table 3
for both feed hydrocarbons. It is worthwhile to note the small amount of coke
deposited over the dealuminated B3 catalyst even after 72 h on stream compared to
that over the non-dealuminated zeolite after 3 h of operation. Under the same con-
ditions, more coke is deposited over the catalyst when methylcyclopentane is
employed as feed than ethylcyclopentane. However, the yield of the aromatization
of ethylcyclopentane to toluene is higher than that of aromatization of methylcy-
clopentane to benzene. Aromatization and coke formation have some common
intermediates and when the aromatization is higher the coke formation is lower.

4. Conclusions

In the present study it was found that the balancing of the Brensted acidity
with the metallic function of Pt/ zeolite by proper dealumination and metal load-
ing can maximize the yield of aromatics in the reforming of alkylcyclopentanes;
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this maximum yield remained unchanged with the time on stream. This beneficial
behavior is attributed to the moderate acidity of the dealuminated zeolite f which
keeps the catalyst surface free of coke and minimizes the hydrocracking which is
stimulated by high hydrogen pressures. An optimum Pt loading, together with an
optimum dealumination maximize the aromatization of the feed naphthenes.
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