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Alkylation of a-methylnaphthalene with long-chain olefins
over large-pore zeolites
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The liquid-phase alkylation of a-methylnaphthalene with long-chain olefins (C;;__;2) has been investigated firstly in the
presence of H-Y and H-Beta zeolites with different pore architectures. The H-Y zeolites exhibited outstanding catalytic
performances. The influences of various reaction parameters like temperature, pressure, mole ratio of o-methylnaphthalene to
olefins (7, ), solvent concentration, volume hour space velocity (VHSV) and time on stream on the reaction were studied in detail.
Under the optimal reaction parameters, more than 90% conversion of olefins and 100% selectivity for the desired mono-alkyl

methylnaphthalene were achieved.
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1. Introduction

Alkylnaphthalene sulfonates are one of the most
important anionic surfactants, and their surface activ-
ities are obviously better than those of alkylbenzene
sulfonates. With the usage of alkylnaphthalene sulfo-
nates as a chemical oil-displacing agent for enhanced oil
recovery, satisfactory results could be obtained and the
ultralow interfacial tension between oil and water
achieved. Moreover, because of their outstanding
surface activity, they may be used in many fields
such as cleaning, dye printing, emulsifying, ore milling,
and nanotechnology, etc. Long-chain monoalkyl
methylnaphthalenes are the core intermediates for
alkylnaphthalene sulfonate surfactants. To date, the
long-chain alkylation of benzene has already been
widely and thoroughly investigated [1-3], but not for
naphthalene and its derivatives. To our knowledge, no
relative studies for the long-chain alkylation of methyl-
naphthalene have been reported. The alkylation of
o-methylnaphthalene with long-chain olefins goes
through a carbonium ion mechanism, and has con-
ventionally been catalyzed by homogeneous acid cata-
lysts, such as H,SOy4, BF3, HF, AICl5, FeCls, etc., which
give rise to many problems concerning the handing,
health, safety, corrosion and waste disposal of the
catalysts [4,5]. In order to overcome these problems,
many efforts have been devoted to the search of various
heterogeneous acid catalysts to replace the homoge-
neous acid catalysts, which include clays, amorphous
silica-alumina, mixed oxides and zeolites. Among solid
acid catalysts, zeolites are extensively used on a large
scale for the alkylations of aromatics [6-9]. Venuto et al.
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observed Beta and Y zeolites to be better catalysts for
benzene alkylation with olefins than amorphous silica—
alumina gels [10]. The large pore zeolites may catalyze
reactions of large-size moleculars. More and more
attention has recently been paid to large pore zeolites
such as H-mordenite, H-Y, and H-Beta used as
environmentally friendly catalysts for alkylations
of polynuclear aromatic compounds [11-15]. Fraenkel
et al. firstly investigated the gas phase alkylation of
naphthalene [16-18] with methanol over H-ZSM-5,
H-Mordenites and H-Y zeolites. The medium pore size
H-ZSM-5 showed a high f-selectivity, but only of
moderate activity; while the large pore size zeolites, HY
and H-M, owing to the existence of supercages
providing enough space for multiple reactions would
lead to lower f-selectivity, and higher activity. Moreau
et al. recently reported that HY, in terms of activity or
selectivity, is a better catalyst than H-M or H-f in the
selective synthesis of 2,6-dialkylnaphthalenes in liquid
phase isopropylation, cyclohexylation or tert-butylation
[16-24]. Moreover, Inui and coworkers carried out the
isopropylation of naphthalene by isopropyl alcohol
using the atmospheric pressure flow fixed-bed reactor
over Y, Beta, mordenite, MCM-41, and MCM-48
catalysts, respectively, and deactivation was found on
all catalysts within 3 h of reaction time on stream, with
Y zeolite being comparatively stable [25].

In the present paper, we have first studied the
alkylation of «-methylnaphthalene with long-chain
olefins (Cy,_j, mixture), catalyzed by large pore zeolites
such as H-Y and H-Beta zeolites as acid catalysts, with
the usage of a fixed-bed continuous-flow reactor. Gas
chromatography and gas chromatography mass spectro-
metry were used as the appraisal method for alkylation
technology [26,27]. The influences of various reaction
parameters like reaction temperature (T/K), system
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pressure (P/MPa), mole ratio of a-methylnaphthalene to
olefins (m,), solvent concentration (mole ratio of
cyclohexane to a-methylnaphthalene, ny,), volume hour
space velocity (VHSV) and time on stream (TOS/min)
on the reaction were investigated in detail. The optimal
reaction parameters were achieved, and the results had
been analyzed and discussed.

2. Experimental

The three-dimensional large pore zeolites H-Y and H-
Beta were used in the alkylation of a-methylnaphthalene
with long-chain olefins. The H-Y catalyst was prepared
by calcining NHy4-Y (obtained from the Chinese
Wenzhou Huahua Group, SiO,/Al, O3 = 5) in a flow
of dried air at 813 K for 5 h. H-Beta were prepared
by the conventional liquid-state ion-exchange method.
Na-Beta (offered by the Institute of Industrial Catalysis,
DUT, SiO;/A1,03 = 27) zeolite was soaked in 0.6 M
aqueous solution of NH4NO;3 by a ratio of 4 ml/g and
stirred at 363 K for 1 h. After being repeated for four
times, the zeolite was washed thoroughly with deionized
water to get rid of any residual ions which may have
been occluded in zeolite pores. The washed sample was
then dried at 393 K and calcined in a flow of dried air at
813 K for 5 h. The prepared H-Y and H-Beta zeolites
were pressed, crushed and then sieved to 20-60 meshes.
After this, the sample was dried at 393 K and then
calcined at 813 K for 5 h.

Infrared spectra were recorded at room temperature
on a Fourier transform infrared spectrometer (Nicolet
Impact 410) with a resolution of 4 cm~! and 64 scans in
the region from 4000 to 400 cm~'. The H-Y and H-Beta
were pressed into a self-supporting wafer (ca.
15 mg cm~2), and introduced into a quartz IR cell with
CaF, windows. The samples were pretreated in situ in a
stream of 30 ml/min He from RT to 773 K and
5x 1073 Pa for 90 min. The cell was subsequently
cooled to room temperature and pyridine vapor was
passed into the cell and adsorbed onto the zeolite for a
period of 30 min. After removal of the excess pyridine,
the spectrum was recorded. Then the sample was
evacuated at 473 K for 30 min and a corresponding
spectrum was recorded to distinguish the acid site. The
relative intensities of vibration bands at 1540 cm~! and
1450 cm™! were ascribed to the Bronsted and Lewis acid
site respectively. NH3 temperature-programmed desorp-
tion (NH3-TPD) was performed on a conventional set-up
equipped with a thermal conductivity detector (TCD).
The catalyst charge was 0.2 g with particle size of 20-60
meshes. The sample was first flushed with He (30 ml/
min) at 873 K for 30 min, then cooled to 423 K and
saturated with NHj; until equilibrium. It was then
flushed with He (30 ml/min) again until the integrator
baseline was stable. NH3;-TPD was then promptly
started at a heating rate of 15 K/min from 423 to

873 K. All NH3-TPD profiled were deconvoluted into
three peaks wusing a Gaussian and Lorentzian
curve-fitting method.

The experiments were performed in a fixed-bed
continuous-flow reactor equipped with 20 mm diameter
and 400 mm length stainless steel tube, 2.0 g of 20—60
mesh zeolite catalysts, already having been calcined for
1 h, were loaded in the reaction tube. The reaction
mixture was fed into the reactor by a quantity measuring
pump and pressure was kept by N,. Analyses of the
products were done on a gas chromatograph (HP 6890,
equipped with HP-5column, 30 x 0.32 mm x 0.25 um;
FID detector) and further product identification was
done on a GC-MS (HP 5973 mass selective detector,
column: HP-5MS  column, 30 m x 0.25 mm X
0.25u m). The concentration of reactants and products
were directly given by the system of GC chemstation
from the area of each chromatograph peak. The
conversion of alkenes, and selectivity of alkylmethyl-
naphthalene were used as the evaluation standard of this
technology. The conversion of olefins was defined as
CrL%, which is the wt% of olefins consumed in the
reaction. The selectivity of monoalkyl methylnaphtha-
lene was calculated by: Samn% = Wamn/Wprox 100,
where Wamn is the amount of the desired product,
monoalkylmethylnaphalene, and Wy, is the total
amount of the alkylated products.

a-Methylnaphthalene (GC grade > 98%) and indus-
trial grade of long-chain olefins (Ci;_2, wt% = 45/55,
mixed olefins, bought from Fushun Petrochemical
Company) mixture were used. Analytical grade cyclo-
hexane and NH4NO; were used without further purifi-
cation.

3. Results and discussion
3.1. Effect of catalyst type

Typical reaction results for the large pore zeolites
with different pore architectures, H-Y and H-Beta,
catalysts used in the alkylation of a-methylnaphthalene
with long-chain olefins under standard conditions are
listed in table 1.

It is obvious to observe that H-Y catalyst exhibits
better catalytic performances for the reaction than those
of H-Beta. If the reaction was catalyzed by H-Y, 90.0%
conversion for olefins and about 99.0% selectivity for

Table 1
The alkylation of a-methylnaphthalene with long-chain olefins over
different catalysts

Entry Catalyst CL% CmNY% Samn %o
1 H-Y 90.0 8.9 99.0
2 H-Beta 34.0 1.7 39.8
Reaction conditions: catalyst, 2.0 g; 7 = 473 K; P = 1.0 MPa;
HSV = 6 mL-h~! g! cat; nyee = 10:1; ngoy = 2:1; TOS = 240 min.
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Figure 1. NH3-TPD profiles of H-Y and H-Beta catalysts (RSAD is
defined as relative strength of NHj; desorption).

monoalkylated products have been obtained. However,
catalyzed by H-Beta, only 34.0% conversion for olefins
and 39.8% selectivity for the desired products are
obtained. This result can be explained by the TPD
profiles of the two samples presented in figure 1. The
higher Si/Al ratio H-Beta sample exhibited three NH;
desorption peak at ca. 543 K, 673 K and 873 K, which
could be assigned to the site of weak, moderate—strong
and strong acidity, respectively. The H-Y sample also
provided the site of weak acidity at ca. 543 K and a
relatively broader range of moderate—strong acidity site
between 623 K and 753 K shown. Moreover, the
amount of acid site determined by the NH3-TPD shows
much more for HY zeolite than that for Hf, which is in
agreement with their activity. This suggests that the
catalytic activity is proportionally increasing with the
amount of acid sites, especially with the amount of
moderate—strong acidity sites. The in situ IR spectra of
pyridine adsorbed on different zeolite catalysts are
shown in figure 2, from which one could readily find
that H-Y (b) contained more Bronsted acidity sites
(1540 cm™!) than H-Beta (a), while the amount of Lewis
acidity sites (1450 cm™!) almost remains the same.
Therefore, it can be safely say that the Bronsted acidic
sites are active sites for the alkylation over both H-Y
and H-Beta zeolites. Moreover, as can be seen from
figure 1, there exists a strong acidity site at 873 K in
H-Beta but not in HY, which leads to low selectivity for
desired products since the strong acidity sites could
enhance cracking and polymerization reactions. There-
fore, a series of byproducts such as the short-chain alkyl
methylnaphthalene, alkylnaphthalene, alkylmethyl tet-
rahydronaphthalene, alkyl dimethylnaphthalene, muti-
alkylated short-chain products etc. were detected when
catalyzed by H-Beta. As for H-Y, olefin polymers were
hardly found over the relatively strong acidity sites
along with the moderate—strong acidity sites. In addi-
tion, the pore size of H-Y is about 0.8—-0.9 nm, which is
appropriate for the products to diffuse out from the
pre-channel, while that of H-Beta was about 0.6-0.75 nm,
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Figure 2. In situ IR spectra of pyridine adsorbed on H-Y and H-Beta
zeolite catalysts.
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which is small for alkylmethylnaphthalene and long
chain olefins. The longer staying time in the pore
passage of H-Beta may cause the products to crack to
short-chain polyalkylated by-products or cause the
olefins to polymerize. That is why the selectivity of
desired products catalyzed by H-Beta is lower than that
of H-Y. As can be seen from above, H-Y zeolite
exhibited outstanding  catalytic = performances.
Therefore, H-Y zeolite was chosen for alkylation of
o-methylnaphthalene. The outstanding catalytic perfor-
mances of H-Y are undoubtedly related to the large-
pore tri-dimensional zeolite network and the presence of
supercages, which allow the reaction to occur onto the
hindered substrate within the framework without diffu-
sional restrictions.

On the basis of the above discussion, the catalytic
alkylation over H-Y zeolite is supposed to be catalyzed
by Bronsted acidity sites, which goes through a carbo-
nium ion mechanism, the possible mechanism is shown
in scheme 1 [28].

The reaction mixtures were analyzed by GC/MS
[26]. The results exhibit that, except for the desired
products, a series of isomers of monoalkylated meth-
ylnaphthalene, some side-products, mainly include
isomers of monoalkyl dimethylnaphthalene (the side-
products 1), monoalkyl naphthalene (the side-products
2), monoalkyl methyltetrahydronaphthalene (the side-
products 3), etc. The confined channels of zeolite
restrict the further alkylation of long-chain alkyl
methylnaphthalene. As a result, no polyalkylated
methylnaphthalene was detected. The formations of
side-products 1 and 2 are easy to be explained based
on the isomerization and disproportionation of
o-methylnaphthalene [26,27]. At present, the hydroge-
nation in alkylation of aromatic hydrocarbon was not
reported, to our knowledge. On the basis of the GC/
MS analytical results, the possible hydrogenation
mechanism was supposed. It is the polymerization
that provides hydrogen, which leads to the formation
of alkyl methyltetrahydronaphthalene.
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Scheme 1.

3.2. Effect of reaction temperature

The effect of reaction temperature on both activity
and selectivity in the long-chain alkylation o-methyl-
naphthalene with olefins over the H-Y zeolite was
investigated in the range of 353-523 K, and the results
are shown in table 2. It indicates that, there is a
considerable effect on conversion for olefins and a slight
effect on selectivity for desired products were observed.
It is observed that the conversion increases rapidly with
the reaction temperature up to 473 K, and it goes up
very slowly beyond 473 K. As T is further increased,
both conversion and selectivity tend to drop. At
temperature above 503 K the catalytic activity is
decreasing and this may be due to the availability of
strong acid sites at high reaction temperature [29-31],
which enhanced polymerizations of methylnaphthalene
and olefins resulting in the pore blockage. The decrease
in conversion for olefins may also be duo to the coke
formation.

Table 2
Effects of reaction temperature on both activity and selectivity in the
alkylation of a-methylnaphthalene with long-chain olefins

3.3. Effects of system pressure

The influence of system pressure on the alkylation
was studied at different pressure in the range
0.5-2.5 MPa. The results obtained are summarized in
table 3.

From the table, it is observed that there is a
noticeable increase in conversion for olefins from
68.4% to 81.7% when the pressure is increased from
0.5 MPa to 1.0 MPa. It may be explained that the phase
change of the solvent plays an important role in the
reactions. As system pressure is lower than 0.9 MPa, the
saturated vapour pressure of cyclohexane at 473 K a
dramatic increase in conversion of olefins observed by
increasing the pressure from 0.8 MPa to 1.0 MPa. With
further increase in pressure from 1.0 MPa to 2.5 MPa,
only slight change in the conversion for olefins was
observed. In the gas-phase solvent, long-chain olefins
are liable to polymerization, which produces the main
precursors of carbon deposition. The catalysts are

Table 3
Effects of system pressure on both activity and selectivity in the
alkylation of a-methylnaphthalene with long-chain olefins

Entry T/K C.% Samn% Entry T/K CL%  Samn%

Entry P/Mpa CpL% Samn% Entry P/Mpa Cp% Samn%
1 353 8.6 100 5 453 80.9 100
2 373 9.0 100 6 473 84.9 99.0 1 0.5 68.4 100 4 1.5 81.7 100
3 403 31.9 100 7 503 84.8 97.7 2 0.8 70.1 100 5 2.0 82.0 100
4 423 66.5 100 8 523 73.8 90.0 3 1.0 81.7 100 6 2.5 82.0 100
Reaction conditions: catalyst, 2.0 g; P = 1.0 MPa; VHSV =  Reaction conditions: catalyst, 2.0 g; T = 473 K; VHSV = 7mLh~! g!

7 mL-h~! g7! cat; npey = 8:1; g = 2:1; TOS = 240 min.

cat; npe, = 8:1; ngg = 2:1; TOS = 240 min.
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Table 4
Influence of mole ratio of reactants on a-methylnaphthalene alkylation
with long-chain olefins over H-Y zeolite

Entry Nrea CLo/o SAMN% El’l[I‘y Nrea CL% SAMNO/O
1 2:1 55.8 100 4 8:1 88.4 100
4:1 66.1 100 5 10:1 91.1 100
3 6:1 85.9 100 6 12:1 83.4 100
Reaction conditions: catalyst, 2.0 g; P = 1.0 MPa; T = 473 K;

VHSV = 5.5mLh~! g7! cat; ny = 5:1; TOS = 480 min.

covered and to be deactivated. After the pressure
reached 1.0 MPa, beyond the saturated vapour pressure
of solvent, the solvent has already been in the liquid
state. The phase change of the solvent plays an
important role in the reactions. After the pressure
reached to 1.0 MPa, beyond the saturated vapour
pressure of solvent, the solvent has already been in the
liquid state. Therefore, only a slight increase in conver-
sions of reactants would be observed. The long-chain
alkylation of a-methylnaphthalene is different from that
of benzene, in which benzene is used as both reagent and
solvent. Because of too large molecular size and
viscosity for a-methylnaphthalene, only be dispersed
into solvent, the reaction would take place. The main
role of increasing pressure is only accelerating the
diffusion of both reactants and products in the channel
of zeolite. Therefore, only a slight increase in conver-
sions of reactants would be observed. Just in this sense
we can safely conclude that it is very important in the
reaction that the solvent be kept in the liquid phase.
1.0 MPa was set to be the optimal pressure.

3.4. Effect of molar ratio of a-methylnaphthalene
to long-chain olefins

The mole ratio of a-methylnaphthalene to long-chain
olefins (n.,) is changed to test the impact of reactant
ratio upon the alkylation reaction. Table 4 summarizes
the results at various mole ratio of a-methylnaphthalene
to long-chain olefins from 2:1 to 12:1. In all cases, 100%
selectivity for desired products were achieved. It is found
that the activity is influenced dramatically by the change
of nres. With the increase of nye, the conversion of olefins
rapidly increased. When n., reaches 10:1, more than

Table 5

90% conversion of olefins has been obtained. The
results may be explained as follows. As ny, increasing,
the relative amount of olefins flowing through the
catalysts would be small, the main reaction is hastened,
and simultancously, the side reactions, such as poly-
merization of olefins, etc., are restricted. The stability
of catalyst is also improved. If n., is further increased
from 10:1 to 12:1, an obvious decrease in conversion
of olefins was found. Therefore, the n,, value can’t
be too large, 8-10:1 was the optimal molar ratio of
o-melthylnaphthalene to olefins.

3.5. Effect of solvent concentration

Table 5 indicates the influence of the solvent concentra-
tion (mole ratio of cyclohexane to a-methylnaphthalene,
ns1) on o-methylnaphthalene alkylation with long-chain
olefins over H-Y zeolite. The effect was investigated by
varying molar ratios of cyclohexane and o-melthylnaph-
thalene from 0 to 9. In all cases, 100% selectivity for desired
products were achieved. It is observed that ny, value plays a
vital role in conversion of long chain olefins. An
enhancement of conversion for long-chain olefins is
observed when the concentration of solvent in the
reactant mixture is raised. When ng, value is 7:1,
approximately 90% conversion of olefins could be
obtained. As far as the circulating load is concerned,
the optimal ny, value is 5-7:1.

3.6. Effect of VHSV

Table 6 illustrates the effect of VHSV on the alkyl-
ation of o-methylnaphthalene with long chain olefins
upon H-Y zeolite.

As can be seen from the table, VHSV has a
considerable effect on conversion for olefins. It is
observed that the conversion increases obviously with
the VHSV up to 4.5mL h™! g7! cat. As it is further
increased, the conversion tends to drop. It is suggested
that neither too high nor too low flow rate is optimum
to the reaction. If the VHSV value is too small, the long
residence time of reactants in fixed-bed reactor would
lead to many side reactions such as polymerization of
reactants take place. As a result, carbon deposition on zeolite

Table 6
Influence of VHSV on a-methylnaphthalene alkylation with long-chain
olefins over H-Y zeolite

Influence of solvent concentration on a-methylnaphthalene alkylation  Entry VHSV/ Cp% Samn% Entry VHSVe/ Ci% Samn%
with long-chain olefins over H-Y zeolite mL-h~! mL h™!
¢! cat ¢! cat
Entry Hgol CL% Samn %o Entry Rgol CL% Samn %o
1 2.0 87.5 100 5 5.0 94.8 100
1 0:1 40.6 100 4 5:1 87.3 100 2 3.0 89.4 100 6 7.0 80.6 100
2 2:1 64.9 100 5 7:1 89.3 100 3 4.0 95.3 100 7 10.0 62.7 100
3 3:1 80.7 100 6 9:1 93.7 100 4 4.5 100.0 100 8 15.0 44.5 100
Reaction conditions: catalyst, 2.0 g; P = 1.0 MPa; T = 473 K; Reaction conditions: catalyst, 2.0 g; P = 1.0 MPa; T = 473 K,

VHSV = 55 mL-h~! g7! cat; ne, = 10:1; TOS = 480 min.

Nrea = 10:15 ngop = 6:1; TOS = 480 min.
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Figure 3. Effect of TOS on the alkylation of a-methylnaphthalene with
long-chain olefins (approximately 100% of selectivity for monoalkyl
methylnaphthalene).

is serious, which would cause catalysts to be deactivated. As
the VHSV value increasing, the contact times between
reactants and catalysts are shortened, and the conversion
decreased. The optimal VHSV valueis 4-5 mL h~! g~! cat.

3.7. Effect of time on stream

The effect of time on stream (TOS) was studied over
the fresh H-Y and regenerated H-Y zeolite catalysts at
473 K with the mole ratio o-methylnaphthalene:
long-chain olefins: cyclohexane of 10:1:60 and VHSV
45mL h™! g7! cat. The study was conducted for
900 min, and approximately 100% of selectivity for
monoalkyl methylnaphthalene was obtained in the
whole TOS. The catalytic activity of the alkylation is
exhibited in figure 3. It was observed in the table that
the conversion of long-chain olefins increased with an
increase in TOS from 180 min to 360 min. In contrast,
obvious decrease in conversion with increase in TOS
above 540 min was observed. The decrease in conver-
sion with increasing in time-on-stream might be attrib-
uted to a gradual increase in the blocking of the active
sites by olefin oligomers and coke formation [32].
Furthermore, the catalytic activity of regenerated zeolite
catalyst is also exhibited in the figure. As can be seen
that, the catalytic performance of the regenerated H-Y
zeolite catalyst is equal to that of the fresh H-Y zeolite.
We can safely conclude that the catalytic performance of
the deactivated H-Y zeolite can be regenerated com-
pletely by temperature-programmed calcinations.
Hence, H-Y =zeolite can be a viable alternative for
substituting the traditional AlCl; catalyst.

4. Conclusions

The liquid phase alkylation of a-methylnaphthalene
with long-chain olefins has been investigated over the
large-pore zeolites, such as H-Y and H-f, in a
fixed-bed continuous-flow reactor. The catalytic

performance of H-Y zeolite in terms of both conversion
for olefins and selectivity for monoalkylated methyl-
naphthalene was found to be better than that of H-§
zeolite. The alkylation of o-methylnaphthalene
with long-chain olefins leads to the formation of a
mixture, including the desired products, a series of
isomers of monoalkylated methylnaphthalene, and some
side-products monoalkyl naphthalene, monoalkyl
dimethylnaphthalene, monoalkyl methyltetrahydro-
naphthalene, etc. The further long-chain alkylation of
monoalkylmethylnaphthalene was stopped due to the
restriction of the confined channels of zeolite. The
optimum reaction conditions are 8-10: 1 of molar ratio
of a-methylnaphthalene to olefins, 5-7: 1 of molar
ratio of cyclohexane to a-methylnaphthalene at 453—
473 K and 1.0 MPa and VHSV to be 4-5mL h~! g~!
cat. Under the optimal reaction conditions, 100%
selectivity for the desired products was achieved. The
deactivated H-Y zeolite can be regenerated completely
by temperature-programmed calcinations. The use of
H-Y zeolite in the Friedel-Crafts alkylation reaction of
aromatic hydrocarbon could be considered as an
environmentally friendly alternative to the existing
homogeneous catalysts. It could be a practical catalyst
for long-chain alkylation of o-methylnaphthalene with
alkenes.

Acknowledgments

This work was carried out as a part of the National Key
Basic Research Development Program (G1999022501).
The authors are grateful for the financial support. We also
thank the State Key Laboratory of Fine Chemicals,
Dalian University of Technology, China, for sample
analysis.

References

[1]1 B. Wang, C.W. Lee, T.X. Cai and S.E. Park, Catal. Lett. 76
(2001) 99.

[2] A.R.A.S. Deshmukh, V.K. Gumaster and B.M. Bhawal, Catal.
Lett. 63 (2000) 247.

[3] M. Han, C. Xua, J. Lin, Y. Liang and E. Roduner, Catal. Lett. 86
(2003) 81.

[4] P.R. Pujado in Handbook of Petroleum Rening Process, R.A.
Meyers (ed), (McGraw-Hill, 1986).

[5] S. Sivasanker, A. Thangaraj and R.A. Abdulla et al., J. Catal. 138
(1992) 386.

[6] D. Venu Gopal and M. Subrahmanyam, Catal. Commun.
2 (2001) 305.

[71 A.M.F. Bidart, A.P.S. Borges and L. Nogueria et al., Catal. Lett.
75 (2001) 155.

[8] S.R. Kirumakki, N. Nagaraju and K.V.R. Chary et al., J. Catal.
221 (2004) 549.

[9] R. Anand, T. Daniel, R.J. Lahoti, K.V. Srinivasan and B.S. Rao,
Catal. Lett. 81 (2002) 241.

[10] P.B. Venuto, L.A. Hamilton, P.S. Landis and J.J. Wise, J. Catal. 5

(1966) 81.



Z.-K. Zhao et al.| Alkylation of a-methylnaphthalene 151

[11] G. Colon, 1. Ferino, E. Rombi, E. Selli, L. Forni, P. Magnoux
and M. Guisnet, Appl. Catal. A: Gen. 168 (1998) 81.

[12] 1. Ferino, R. Monaci, E. Rombi, V. Solinas, P. Magnoux and
M. Guisnet, Appl. Catal A: Gen. 183 (1999) 303.

[13] M. Toba, A. Katayama and G. Takeuchi et al., Chem. Commun.
(1991) 39.

[14] P. Moreau, C. He, Z. Liu and F. Fajula, J. Mol. Catal. A:
Chemical. 168 (2001) 105.

[15] P. Moreau, A. Finiels, P. Geneste and J. Sofolo, J. Catal. 136
(1992) 487.

[16] D. Fraenkel, M. Chemiavsky, B. Ittah and M. Levy, J. Catal. 101
(1986) 273.

[17] M. Neuber, H.G. Karge and J. Weitkamp, Catal. Today 3 (1988)
1.

[18] J. Weitkamp and M. Neuber, Stud. Surf. Sci. Catal. 62 (1991) 291.

[19] P. Moreau, A. Finiels, P. Geneste, F. Moreau and J. Solofo,
J. Org. Chem. 57 (1992) 5040.

[20] P. Moreau, A. Finiels, P. Geneste, F. Moreau and J. Solofo, Stud.
Surf. Sci. Catal. 83 (1993) 575.

[21] P. Moreau, A. Finiels, P. Geneste, J. Joffre, F. Morean and
J. Solofo, Catal. Today 31 (1996) 11.

[22] D. Mravec, M. Michvocik, M. Hronec, P. Morenn and A. Finiels,
Catal. Lett. 38 (1996) 267.

[23] Z. Liu, P. Moreau and F. Fajula, Chem. Commun. 23 (1996) 2653.

[24] Z. Liu, P. Moreau and F. Fajula, Appl. Catal. A 159 (1997) 305.

[25] G.A. Olah, US parent 4,288,646, 1979.

[26] Z.K. Zhao, W.H. Qiao, X.N. Wang, Z.S. Li and L.B. Cheng,
Chinese J. Anal. Chem. 31 (2003) 1300.

[27]1 Z.K. Zhao, W.H. Qiao, X.N. Wang, Z.S. Li and L.B. Cheng,
J Instrumen. Anal. (in Chinese) 22 (2003) 74.

[28] G.R. Wang, Catalysts and Catalysis, (Dalian University of
Technology Press, Dalian, 2000).

[29] S. Narayanan and K. Deshpande, Appl. Catal. A 135 (1996) 125.

[30] W. Klading, J. Phys. Chem. 80 (1976) 262.

[31] G. Gauthier, B. Chiche and A. Finiels et al., J. Mol. Catal. 50
(1989) 219.

[32] S.K. Badamali, A. Sakthivel and P. Selvam, Catal. Lett. 65 (2000)
153.



