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Studies on the gas phase alkylation of naphthalene with
methanol over various zeolites are of great practical and
fundamental interest. 2-methylnaphthalene (2-MN) is the main
raw material in vitamin K synthesis, and 2,6-dimethyl-
naphthalene (2,6-DMN) is used in the preparation of poly-
ester fibers and plastics with superior properties and of
thermotropic liquid crystal polymers.1 These hydrocarbons
can be obtained by alkylation of naphthalene and monomethyl-
naphthalenes,2,3 or by isomerization and disproportionation
of monomethylnaphthalenes.4 Methylation of naphthalene
has been initially investigated over H-ZSM-5, H-mordenite
and H-Y zeolites,2,5 and it was found that β-selectivity (2-
MN) could be obtained over medium pore H-ZSM-5 zeolite,
but only with moderate activity. In a recent literature,6 the
acid sites on the external surface of H-ZSM-5 zeolite was
selectively neutralized, and this catalyst showed lower initial
activity, higher selectivity and longer catalyst life in the
methylation of methylnaphthalenes compared with the
unmodified one.

More attention has recently been paid to isopropylation
and tert-butylation of naphthalene on large pore zeolites and
mesoporous aluminosilicates, so as to further improve the β-
selectivity and β,β-selectivity.7 However, 2,6-DMN is a pre-
ferable raw material to synthesize 2,6-naphthalene dicarbox-
ylic acid, because it results in a high yield and corresponds
well to the atomic economy. Nowadays, BP-Amoco is the
only company operating a large-scale industrial process for
producing 2,6-DMN, which requires four successive reac-
tion steps starting from o-xylene and butadiene.8 The com-
mercial utilization of selective zeolite catalysts for methyl-
ation of naphthalene still remains an elusive goal and needs
further studies.

In this work, the methylation of naphthalene with methanol
as the alkylation reagent and 1,2,4-trimethylbenzene (1,2,4-
TMB) as the solvent was investigated using a fixed bed gas

phase reactor on the large pore zeolites, such as beta, morde-
nite and ZSM-12, together with the medium pore zeolite,
MCM-22. Catalytic performances are discussed in relation
with zeolite pore structures.

Experimental Section

Na-ZSM-12 (Si/Al=44) and Na-MCM-22 (Si/Al=15) were
synthesized according to the previous literatures.9,10 The
crystals of ZSM-12 and MCM-22 were confirmed by X-ray
diffraction patterns.11,12 H-Mordenite (H-Mor), H-ZSM-12
and H-MCM-22 were prepared by the repeated ion-exchange
of Na-Mordenite (Verikon Zeocat FM-8, Si/Al=6), Na-
ZSM-12 and Na-MCM-22, respectively, with the aqueous
solution of ammonium nitrate, followed by drying and calci-
nation. H-Beta was obtained by the calcination of NH4-Beta
(Zeolyst CP814E, Si/Al=12.5) at 450 oC for 4 h.

Catalytic tests were performed in a fixed bed microreactor
at the atmospheric pressure. The reactant mixture of naph-
thalene, methanol and 1,2,4-TMB was injected into the
reactor through a syringe metering pump. The typical reac-
tion conditions were as follows: reaction temperature = 350
oC, naphthalene: methanol: 1,2,4-TMB = 1 : 3 : 10 (mole),
weight hourly space velocity of reactants = 2.5 h−1, catalyst
weight = 0.5 g, flow rate of N2 (carrier gas) = 13 mL/min.
Before reaction, the catalyst was pretreated in-situ in N2

flow at 450 oC for 4 h. The products were analyzed by the
gas chromatograph (HP 5890 II) equipped with FID and 30
m SE30 capillary column.

Results and Discussion

Table 1 displays the conversions of naphthalene and selec-
tivities of products over the employed zeolite catalysts for
the methylation of naphthalene with 1 h time on stream. It
can be seen that H-Beta is the most active catalysts among
them with a high conversion of 99%, H-Mor and H-ZSM-12
possess the conversions of 42.5% and 51.9%, respectively,
and H-MCM-22 has the low activity of only 11.6%. As for
the selectivity, comparatively high selectivity for MN is
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found on H-Mor, H-ZSM-5 and H-MCM-22, while very low
MN and very high PMN are achieved on H-Beta. Further-
more, H-Mor and H-ZSM-12 generate higher selectivities
for DMN compared with the other two zeolites. Ethylnaph-
thalene is also detected in a small amount duo to the
ethylation of naphthalene with ethylene or a zeolite-bound
ethyl group formed as a side product on methanol conver-
sion which accompanies the methylation reaction.2 It is also
found that, H-Mor and H-ZSM-12 exhibit relatively high
selectivities for 2-MN and H-Beta has a 2-MN selectivity
comparable to H-MCM-22. The similar result for the selec-
tivity for 2,6+2,7-DMN is observed as that for 2-MN except
that H-MCM-22 gives a very low 2,6+2,7-DMN selectivity
of 16%.

The behavior of the conversion and the ratio of 2-MN to 1-
MN as a function of the experiment duration is illustrated in
Figure 1. It is indicated in Figure 1A that the conversions on
H-Mor and H-ZSM-12 sharply deactivate to a very low
value (ca. 5%), by contrast, a relatively slow deactivation
rate is revealed in case of H-Beta at least at the early reaction
stage. On the other hand, a very slow decrease of conversion

is observed over H-MCM-22, but in this case its activiti
are always very low, even at the initial reaction stage. Fig
1B shows a remarkable increase and decrease ofβ-
selectivity for H-Mor and H-ZSM-12, respectively, and th
same phenomenon is observed for H-Beta and H-MCM-
respectively, but with a very slow changing speed. T
present observations are somewhat in agreement with pr
ous results,2,13 in which H-mordenite and H-Y zeolites
deactivated rapidly to low conversions (less than 20
within 2 h of time on stream, while H-ZSM-5 deactivate
slowly but always showed low conversions (about 10%
Fraenkel et al.2 found that H-mordenite possessed an activ
of 29% and a 2-MN/1-MN of 1.8 after 0.5 h of time o
stream, which are lower than what we observed in Table
however, they obtained a very high β-selectivity on H-ZSM-
5 (2-MN/1-MN = 8.1), which we have not achieved on H
MCM-22 here, who is also a medium pore zeolite like ZSM
5.

Both mordenite and ZSM-12 have large pores with
unidimensional 12MR (12-membered ring) pore system
is proposed that their high initial activity (Table 1 and Figu
1A) originate from the large pores. However, they under
rapid deactivation (Figure 1A) due to coking, which is al
well known from many other reactions and has genera
been attributed to the unidimensional pore system.14 While
the catalyst is on stream, coke is gradually formed a
deposits inside the zeolite channel. As a consequence
diffusion pathways for product molecules increase. Sl
molecules, such as 2-MN are less affected than bulkier o
such as 1-MN. Therefore, the increment of the 2-M
fraction on H-Mor in Figure 1B can easily be rationalize
However, this coke selectivity has not been found on 
ZSM-12, despite its similar pore structure to mordenite. 
the contrary, the decrement of 2-MN selectivity on H-ZSM
12 is clearly indicated in Figure 1B. Actually, the previou
literature15 also observed the variation of the β-selectivity on
H-ZSM-12 compared with H-mordenite in the gas pha
isomerization of 1-MN, and the authors supposed that so
unknown factors play a role in case of H-ZSM-12. Here, t
Si/Al ratio of the employed ZSM-12 is much higher tha
that of H-Mor, which leads to the very low density of ac
sites. Consequently, it is reasonable to propose here tha
deactivation of H-ZSM-12 arise from the coverage of stro
acid sites, rather than the blockage of pore channels
coking. It is known13 that the 1-position in the naphthaleni
molecule is more reactive than the 2-position, and it can t
be expected that 1-MN is more favorable to be form
initially and then desorbed out of the unblocked large po
channels in H-ZSM-12 catalysts. This consideration, toget
with the poor ability of the residual weak acid sites in H
ZSM-12 pores to isomerize 1-MN into 2-MN, account fo
the increment of 1-MN on H-ZSM-12 with its deactivation

The very high initial activity on H-Beta (99% in Table 1
corresponds well to its three-dimensional 12MR pore syst
without super cage. This pore structure also allows
comparatively low deactivation rate for catalyst (see Figu
1A).6 Moreover, the three-dimensional large pore system

Table 1. Conversion of naphthalene and product selectivity for the
methylation of naphthalene with methanola

Catalyst H-Mor H-ZSM-12 H-Beta H-MCM-22

Conversion/% 42.5 51.9 99.0 11.6
Product analysis/wt%

MN 36.5 40.4 1.8 75.1
ENb 3.2 4.1 0.7 0
DMN 30.8 31.9 17.0 15.8
PMNc 29.5 23.6 80.5 9.1

MN isomer composition/%
2-MN 72.3 80.4 69.2 70.8
1-MN 27.7 19.6 30.8 29.2

DMN isomer composition/%
2,6+2,7-DMN 42.8 55.4 34.5 16.0
others 57.2 44.6 65.5 84.0

atime on stream = 1 h; bethylnaphthalene; cpolymethylnaphthalene.

Figure 1. Conversion of naphthalene (A) and ratio of 2-MN to 1-
MN (B) for methylation of naphthalene over various zeolites as a
function of reaction time on stream.
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favorable for the produce of heavy products, with the
selectivity of PMN being as high as 80.5%, much higher
than those for other zeolites. After partly deactivation of H-
Beta at 5.5 h on stream, the conversion drop to 22.9%, while
the selectivity for MN increases drastically from initially
1.8% to 54.1%, and 2-MN/1-MN increases slightly, but
PMN decreases from initially 80.5% to 22.4%. This obser-
vation can also be interpreted reasonably by the concept of
coke selectivity.15

MCM-22 has a sinusoidal 10MR channel plus large 12MR
super cages connected to each other through 10MR windows
which form a second independent system of 10MR channels.16

One would expect that more selective reaction result could
be achieved on this medium pore zeolite. However, Table 1
demonstrates that only 16% of the selectivity for 2,6+2,7-
DMN could be produced on H-MCM-22. This value is not
only much lower than those on the three large pore zeolites,
but also even lower than the equilibrium constitution of
about 24% for 2,6 and 2,7-DMN.6 Moreover, for H-MCM-
22, the activity is always very low, with the β-selectivity
being lower than those on H-Mor and H-ZSM-12. All of
these results suggest that the methylation reaction occur on
the external surface of H-MCM-22. In principle, the slim-
mest isomer in products, 2-MN possessed a critical size of
0.58 nm,2 which cannot diffuse out of the 10MR window of
MCM-22 (0.52 nm) to be a real product. On the other hand,
it is also possible that acid sites inside the zeolite channel
totally deactivate at the very early reaction stage. Con-
sequently, the methylated naphthalene products on H-MCM-

22 must be directly generated on its external surface with
shape selectivity.
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