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Role of naphthalene during the induction period
of methanol conversion on HZSM-5 zeolite†

Liang Qi,abc Jinzhe Li,ab Yingxu Wei,ab Lei Xu*ab and Zhongmin Liu*ab

The role of methylnaphthalenes in a methanol to hydrocarbons (MTH) reaction on HZSM-5 zeolite was

systematically studied on a fixed-bed reaction system. As this is a polycyclic aromatic species, it was inter-

esting to find that co-feeding a small amount of naphthalene could also promote methanol conversion at

a low temperature. For the first time, methylnaphthalenes were found to be able to act as initial active HCP

species on HZSM-5. The introduced naphthalene could help generate more active methylbenzene HCP

species and enhance the aromatic-based cycle during the induction period. As a result, ethene selectivity

was promoted due to the co-fed naphthalene. Moreover, despite the large molecular size of naphthalene,

it can still function as an active HCP species on the internal acid sites of the HZSM-5 catalyst.

1. Introduction

As an alternative route for the production of gasoline, light
olefins and aromatics from non-oil resources, using methanol
to hydrocarbons (MTH) reactions over an acidic zeolite cata-
lyst, including MTG (methanol-to-gasoline), MTO (methanol-
to-olefins), MTP (methanol-to-propene) and MTA (methanol-
to-aromatics) has received much attention from both acade-
mia and industry.1–12

Previous studies indicated that the whole MTH reaction is
composed of an induction period, a steady-state reaction pe-
riod and a deactivation period.1 Up to now, the hydrocarbon
pool (HCP) mechanism, an indirect mechanism proposed by
Haw and Kolboe, has gained general acceptance based on ex-
perimental observations as well as theoretical
calculations.3,13–15 Based on the HCP mechanism, the HCP
species has been described as a catalytic scaffold, to which
methanol is added and olefins are eliminated in a closed cat-
alytic cycle.3,14–17 Therefore, the combination of the HCP spe-
cies and zeolite framework is the actual active catalyst.

Since the proposal of the HCP mechanism, investigation
of the intermediates has received great interest.9,10,18–21 Thus

far, methylbenzenes and the corresponding carbenium ions,
typically pentamethylbenzene (pentaMB) and hexamethyl-
benzene (hexaMB), have been proved to be the main reactive
HCP species over SAPO-34 and H-beta catalysts.17,22–27 While
using DNL-6, a SAPO-type molecular sieve with large cavities,
a heptamethylbenzenium cation (heptaMB+) was directly ob-
served in the methanol conversion.26 Moreover, heptaMB+

and a pentamethylcyclopentenyl cation (pentaMCP+), were
also directly observed in CHA-type catalysts using methanol
as the sole reactant.27 For HZSM-5, in recent years, the higher
methylbenzenes (tetramethylbenzenes (tetraMBs) and penta-
MB) were shown to be more active than the lower ones (xy-
lene and trimethylbenzene (triMBs)),28,29 and several di-
methylcyclopentenyl carbenium ions (DiMCPs+),
trimethylcyclopenteny carbenium ions (triMCPs+) and the
pentamethylbenzenium ion (pentaMB+) were identified as
major active intermediates.29 Besides, Olsbye and co-workers
found that other than methylbenzenes, olefins may also act
as another kind of active HCP species in zeolites such as the
medium-pore HZSM-5 zeolite with 3-D 10-ring channels.13,30

This leads to the proposal and establishment of the “dual-
cycle” mechanism: one cycle in which olefins are repeatedly
methylated to form branched species which are susceptible
to cracking and another in which aromatics are repeatedly
methylated and dealkylated to form light olefins.13,30–32

Interestingly, Haw and co-workers found that in addition
to PMBs, methylnaphthalenes can also act as active aromatic
HCP species in HSAPO-34, thereby exhibiting a high selectiv-
ity for ethene. They can play the role of either active olefin-
eliminating HCP compounds or as precursors for the
deactivating species or coke, i.e., larger aromatic hydrocar-
bons trapped in the zeolitic pore.33–36 Recently, it was found
that over an HSSZ-13 catalyst, methylated naphthalene
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carbocations were active HCP species at high reaction tem-
peratures (623–723 K) while they can also lead to catalyst de-
activation at low reaction temperatures (573 and 598 K).37

Generally speaking, the possible active aromatic HCP spe-
cies can be directly investigated by analyzing the “coke” spe-
cies in the zeolite through a 12C/13C methanol switching ex-
periment. The distribution of retained organics in HSAPO-34
varied from benzene to methylpyrenes, with methylnaphtha-
lenes as the dominating species.30 Bjorgen et al. carefully in-
vestigated the coke species formed during the MTH reaction
on an HZSM-5 catalyst with different Si/Al ratios (Si/Al = 25,
45, 140) and found that methylbenzenes were the only
retained compounds in spite of the varying acid site density.
However, a large amount of naphthalene species were directly
found in the retained species during the MTH reaction over
an HZSM-5 catalyst in our recent work.38 Moreover, as a
medium-pore zeolite, HZSM-5 has been intensively studied as
a promising catalyst for the methylation of
2-methylnaphthalene (MN) to selectively synthesize 2,6-
dimethylnaphthalene (2,6-DMN), a feedstock of high perfor-
mance polymeric materials such as polyethylenenaphthalene
(PEN).39,40 This process demonstrates that naphthalene, MN
and 2,6-DMN can all diffuse through the ZSM-5 channels suc-
cessfully in some way.

Despite the abundant existence of methylnaphthalene spe-
cies retained in the channels of the HZSM-5 catalyst under
some conditions, the specific role of them during the MTH
reaction is still unclear until now. It's unclear whether the
methylnaphthalenes are the active species or deactivating
species at low temperature. To clarify this puzzle, in present
research, a certain amount of naphthalene was directly intro-
duced in methanol to investigate its effect during the induc-
tion period of the MTH reaction over the HZSM-5 catalyst. It
was found that the conversion of methanol at low tempera-
ture could be evidently promoted through adding a small
amount of methylnaphthalene species. Moreover, how and
where the polycyclic species function as active HCP species
were also investigated in detail. The results help us to under-
stand the HCP mechanism over the HZSM-5 catalyst more
comprehensively.

2. Experimental section
2.1. Preparation of the catalysts

HZSM-5 (Si/Al = 19, 99) (the samples were designated HZ-19
and HZ-99 correspondingly) was obtained from the Catalyst
Plant of Nankai University.

The silylated catalyst was prepared as follows: firstly, the
HZSM-5 zeolite with a Si/Al ratio of 19 was impregnated with
a mixture solution of tetraethoxysilane and ethanol for 12 h
at room temperature. Then, the impregnation liquid was re-
moved by filtration. The solid sample was dried at 120 °C for
6 h and then calcined at 550 °C for 4 h in dry air and finally
steamed at 650 °C for 4 h to obtain the silylated catalyst.

2.2. Characterization of the catalysts

The acid properties were examined by means of the
temperature-programmed desorption of ammonia (NH3-
TPD). The experiment was carried out with Autochem 2920
equipment (Micromeritics). The calcined samples were
pretreated at 550 °C for 1 h in He atmosphere and were then
saturated with ammonia at 100 °C for 30 min. After the sam-
ples were purged with helium, they were heated at 10 °C
min−1 from 100 °C to 700 °C.

In situ FTIR spectroscopy experiments of adsorbed pyri-
dine and collidine (2,4,6-trimethylpyridine) were both
performed on a TENSOR 27 spectrometer. A self-supporting
disk (15–20 mg) of the sample was placed in an IR cell
equipped with a vacuum system and pretreated by evacuation
(10−2 Pa) at 450 °C for 1 h. Pyridine was adsorbed on the
sample disk at 30 °C for 1 h and then physically desorbed at
200 °C for 1 h. The collidine was adsorbed at 30 °C for 1 h,
and the subsequent physical desorption was not needed.

2.3. Catalytic studies

The HZ-19 and HZ-99 samples were pressed into tablets,
crushed and sieved into a fraction of 40–60 mesh. Methanol
(>99.9%), naphthalene (AR), MN (>96%) and 2,6-DMN
(>98%) were all purchased from commercial sources and
were of the highest purity available. The reactions were
performed in a fixed-bed stainless steel tubular reactor (9
mm i.d.) at atmospheric pressure. In all experiments, a cata-
lyst sample of 1.0 g was loaded into the reactor. Then quartz
sand was added to the upper and lower part of reactor to get
a plug flow of the mixed feed. Prior to the introduction of the
reactants, the catalyst was activated in situ at 550 °C under a
flow of 20 ml min−1 helium for 1 h before cooling to reaction
temperatures. The reactant was pumped into the reactor at a
certain and steady velocity (0.085 ml min−1). The effluent was
analyzed by an on-line gas chromatograph (Angilent
GC7890A) equipped with a FID detector and a PoraPLOT
Q-HT capillary column.

The conversion in this context refers to the percentage of
methanol converted into hydrocarbons, and dimethylether is
also considered as a reactant.

2.4. Extraction and GC-MS analysis of the confined organics

Organic compounds trapped in the catalyst were obtained by
first dissolving the catalyst (50 mg) in 1.0 mL of 15% HF in a
screw-cap Teflon. The organic phase was extracted by
dichloromethane (CH2Cl2), and then analyzed using an
Agilent 7890 A/5975C GC/MSD.

2.5. 12C/13C-methanol switch experiment

In the 12C/13C-methanol switch experiments, after co-feeding
12C-methanol with 1 wt% naphthalene at 250 °C for 40 min,
the feeding of 12C-methanol was stopped and was switched
to 13C-methanol for a further 2 min. The isotopic distribution
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of the materials confined in the catalyst were determined by
GC-MS (Agilent 7890/5975C).

3. Results and discussion
3.1. Effects of co-feeding naphthalene on the methanol con-
version during the MTH induction period

For the methanol conversion reaction over the HZ-19 catalyst
at 250 °C, a long induction period is clearly shown in
Fig. 1(a). Almost no apparent methanol conversion could be
observed before 200 min, indicating that the generation of
HCP species was quite difficult at a low reaction tempera-
ture.41 The methanol conversion increased slowly to about
5% after 400 min.

Naphthalene was then co-fed with methanol in a mass ra-
tio of 1% (wt%) to investigate its effect on the MTH reaction
over HZSM-5. It should be pointed out that a low concentra-
tion of naphthalene was co-fed in this study to avoid the
methylation of aromatics rather than the methanol conver-
sion becoming the main catalytic reaction. It's clearly shown
that the methanol conversion reaction was promoted by co-
feeding the small amount of naphthalene (Fig. 1(a)). The con-
version of methanol increased quickly from 1.2% to 10% in
60 min suggesting an obvious promoting effect of naphtha-
lene on the MTH reaction. Thus it can be speculated that
naphthalene can act as an active HCP species on its own or it
can promote the formation of other active HCP species dur-
ing the MTH reaction.

To further consolidate our proposal, a similar experiment
was performed on the HZ-99 catalyst at 290 °C (Fig. 1(b)).
Due to its low acid site density (Fig. S1†), the HZ-99 catalyst
showed relatively low catalytic activity even at a higher tem-
perature (290 °C)—almost no apparent methanol conversion
(<1%) was observed during the whole reaction process. How-
ever, after the addition of naphthalene, the methanol conver-
sion increased quickly from 7% to 22% in 60 min, presenting
a similar promoting effect of naphthalene on methanol con-
version to that on the HZ-19 catalyst.

The influence of the concentration of naphthalene on the
MTH induction period was also investigated on the HZ-19
catalyst. The naphthalene co-feeding concentration was var-

ied from 0.1 to 1 wt%. As shown in Fig. 2, the initial metha-
nol conversion was elevated from 0 to 1.2% and the metha-
nol conversion reaction was accelerated continuously with
the increase of naphthalene concentration. However, it was
also found that the methanol conversion started to decrease
much earlier with the increase of the naphthalene co-feeding
concentration, indicating an easier deactivation of the cata-
lyst. Based on the above results, it is suggested that naphtha-
lene can play a role of either an active HCP compound or a
precursor for the deactivating species or coke, i.e., larger aro-
matic hydrocarbons trapped in the HZSM-5 zeolite.33–36

3.2. Effects of co-feeding naphthalene on the product distri-
bution and the C2H4/C3H6 ratio during the MTH induction
period

The effect of co-feeding naphthalene on the product distribu-
tion in the MTH reaction was also investigated. The product
distribution as a function of TOS at 250 °C is shown in
Fig. 3. Under pure methanol feeding conditions (Fig. 3(a)),
methane and ethene were the only initially detectable prod-
ucts and C3H6, C4, C5 and C6+ species also appeared in the
following time. The selectivity of all the products would reach
equilibrium later in the autocatalysis reaction stage. The re-
sults are in accordance with our recently published work.41

For the naphthalene co-feeding experiments, C3H6, C4, C5

and C6+ species appeared much earlier in the co-feeding pro-
cess, which demonstrated the promoting effect of naphtha-
lene on the methanol conversion reaction (Fig. 3(b)–(d)).
However, no obvious change can be observed in the selectiv-
ity of all the products during the autocatalysis reaction stage
except with the different feeding conditions.

According to a recent report, the selectivity to methane,
ethene and aromatics could be elevated at the expense of the
selectivity to propene and C4+ higher olefins in the MTH re-
action process when co-feeding low methylbenzenes (ben-
zene, toluene and xylenes) with methanol.18,42 It has been
demonstrated that co-feeding low methylbenzenes propagates

Fig. 1 Methanol conversion profiles as a function of time on stream
(TOS) with the pure methanol feed and methanol co-fed with 1% (wt%)
naphthalene at 250 °C on the HZ-19 catalyst (a), and at 290 °C on the
HZ-99 catalyst (b).

Fig. 2 Methanol conversion profiles as a function of TOS for
methanol co-feeding with different amounts of naphthalene at 250 °C
on the HZ-19 catalyst.
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the aromatic-based cycle via aromatic methylation and elimi-
nation of light olefins while suppressing the olefin-based cy-
cle.18,42 Haw and co-workers proved that methylnaphthalenes
can act as active HCP species and exhibit a high selectivity
for ethene in HSAPO-34.33,34 In this work, the selectivity to
ethene and propene is almost unchanged during the autoca-
talysis reaction stage under different feeding conditions.
However, if we focus on the influence of the co-fed naphtha-
lene on the C2H4/C3H6 ratio during the initial stage of the
methanol conversion reaction (methanol conv. = 1%) at 250
°C, it could be found that the C2H4/C3H6 ratio increased from
1 to 9 as the naphthalene co-feeding concentration increased
from 0 to 1 wt% (Fig. 4).

As reported, propene is much more easily methylated to
form long-chain olefins compared to ethene.43 Moreover,
long-chain olefins will further undergo cyclization and aro-
matization reactions to form methylbenzene which can act as

an aromatic HCP species. During the induction period, a suf-
ficient amount of aromatic HCP species should accumulate
to initiate the MTH reaction.41 So, the aromatic-based cycle
should be more dominant during this stage and as a result,
the C2H4/C3H6 ratio was always greater than one during the
induction period. Taking the “dual-cycle” MTH mechanism
on the HZSM-5 catalyst into consideration, the addition of
naphthalene may help generate more aromatic HCP species
and make the aromatic-based cycle proceed relatively easily
in the initial stage. The formed methylbenzene is more in-
clined to promote the formation of ethene than propene and
thus leads to the increase of the C2H4/C3H6 ratio with the in-
creasing concentration of the co-fed naphthalene.

3.3. Effects of co-feeding naphthalene on the formation of
coke species during the MTH induction period

In order to further clarify how the co-fed naphthalene partici-
pates in the MTH reaction and promotes the aromatic-based
cycle, the coke species generated during the MTH reaction
process were investigated in detail. For the pure methanol
conversion at 250 °C for 60 min (Fig. 5(a)), the concentration
of retained organics was very low and pentaMB was the most
abundant, followed by hexaMB. Hydrocarbons with greater
molecular mass than hexaMB were not detected. Similar re-
sults have been shown but with hexaMB as the dominating
species.30

The GC-MS results of co-processing methanol with naph-
thalene (0.5 and 1 wt%) for a reaction time of 60 min at 250
°C were also investigated (Fig. 5(d) and (e)). It is clearly
shown that pentaMB and hexaMB were still the dominant
species. The concentration of retained organics increased ob-
viously with the increase of naphthalene concentration, indi-
cating that the co-fed naphthalene promoted the generation
of HCP species during the MTH reaction process on the
HZSM-5 catalyst. This also corresponds well with the change

Fig. 3 Product distribution versus TOS for the reactions of methanol
alone (a) and methanol co-feeding with different amounts of naphtha-
lene: 0.1 wt% (b), 0.5 wt% (c), 1 wt% (d) at 250 °C.

Fig. 4 Ethene/propene ratios at different feeding conditions when
methanol conv. = 1% at 250 °C for the HZ-19 catalyst.

Fig. 5 GC-MS analysis of the retained material in the catalyst at 250
°C for different feeding conditions and reaction time: (a) pure
methanol, 60 min; (b) 0.5 wt% naphthalene, 5 min; (c) 0.5 wt%
naphthalene, 40 min; (d) 0.5 wt% naphthalene, 60 min; (e) 1 wt%
naphthalene, 60 min ((a) and (b) are shown at higher sensitivities; 9×
and 35×).
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of methanol conversion shown in Fig. 2. Moreover, tetra-
methylbenzenes (tetraMBs) and a small amount of trimethyl-
benzenes (triMBs) were also detected. It is worth noting that
besides polymethylbenzenes (polyMBs), a certain amount of
methylnaphthalenes emerged which were not detected under
conditions without co-feeding with naphthalene (Fig. 5(a)).

To further clarify the effect of naphthalene on the forma-
tion of coke species in the MTH reaction, a series of experi-
ments with an extended reaction time (5 min, 40 min and 60
min) were performed by co-feeding methanol with naphtha-
lene (0.5 wt%). The results are also shown in Fig. 5. The con-
centration of all aromatics increased consistently up to 60
min. At 5 min, the retained coke species were mainly methyl-
naphthalenes (>50%) and the concentration of polyMBs was
relatively low (Fig. 5(b)). When the reaction time was
prolonged to 40 min, the concentration of both polyMBs and
methylnaphthalenes increased and the amount of polyMBs
began to dominate. When the reaction time was further
prolonged to 60 min, the total amount of aromatics contin-
ued increasing and polyMBs became the dominating coke
species, especially pentaMB.

Taking all the results of the coke analysis into consider-
ation, it can be found that the methylnaphthalene species
cannot be formed at low temperature (250 °C) under the pure
methanol feeding condition (Fig. 5(a)). So, the appearance of
methylnaphthalene species in the naphthalene co-feeding ex-
periments (Fig. 5(b)–(e)) indicated that the naphthalene was
involved in the methanol conversion reaction. Moreover, the
higher concentration of the coke species for the co-feeding
experiments helped to prove that the co-fed naphthalene
could promote the generation of aromatic HCP species, espe-
cially higher methylbenzene products. According to recent re-
search, higher methylbenzenes (tetraMB and pentaMB) were
identified as the major active HCP species over the HZSM-5
catalyst.28,29 As a result, for the naphthalene co-feeding MTH
reaction over the HZSM-5 catalyst, the introduced naphtha-
lene mainly acts as the initial active HCP species, and the
main active HCP species should be the later formed higher
methylbenzenes.

To further prove this proposal, a 13C methanol and 12C
naphthalene co-feeding experiment was performed to investi-
gate the relation between the initially introduced naphtha-
lene and the later formed methylbenzenes. After converting a
mixture of 13C methanol and natural abundance naphthalene
at 250 °C for 20 min, the isotopic distributions of the main
retained species were carefully analyzed (Fig. 6). It can be
seen clearly that almost all the methyl groups of the penta-
methylnaphthalenes (pentaNAs) and hexamethyl-
naphthalenes (hexaNAs) were labelled with 13C atoms, indi-
cating their active participation in the methanol conversion
reaction. Moreover, despite the fact that most of the 13C
atoms incorporated into the methylnaphthalenes were lo-
cated in the methyl group, there was a small amount of 13C
atoms incorporated into the benzene ring. It's worth noting
that a certain amount of 12C atoms in pentaMB and hexaMB
also existed, which undoubtedly came from the introduced

naphthalene. The results imply that naphthalene can act as
an aromatic HCP species. Compared with the pure methanol
conversion reaction, the introduced naphthalene may firstly
promote the generation of olefins, and the olefin products
can then be converted to the methylbenzene HCP species. As
a result, the introduced naphthalene can promote the forma-
tion of methylbenzenes and accelerate the methanol conver-
sion reaction apparently.

3.4. Effect of co-feeding different aromatic compounds on
the methanol conversion during the MTH induction period

The reactivity of methylbenzenes and naphthalene was di-
rectly compared under the same reaction conditions using
benzene and naphthalene as the co-feeding aromatic species
respectively (Fig. 7). It is clearly seen that the methanol con-
version increased more quickly and the maximum methanol
conversion was much higher under the benzene co-feeding
conditions, presenting a more effective autocatalytic activity
than that of naphthalene. Moreover, it has been proven that

Fig. 6 Isotopic distributions of the retained organic material after co-
feeding 13C methanol and 1 wt% 12C naphthalene at 250 °C for 20 min.

Fig. 7 Methanol conversion profiles as a function of TOS for co-
feeding naphthalene and benzene at 250 °C on the HZ-19 catalyst.
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the reactivity of higher methylbenzenes is much higher than
their lower counterparts.28,29 So, the reactivity of the retained
coke species over the HZSM-5 catalyst may be: higher methyl-
benzenes > lower methylbenzenes > methylnaphthalenes.

12C/13C-methanol switch experiments were also conducted
to investigate the reactivity of methylbenzenes and methyl-
naphthalenes in the catalyst during methanol conversion.
The major retained species after co-feeding methanol with 1
wt% naphthalene for 40 min is presented in Fig. S2.† The iso-
topic distribution as well as the total 13C content of the
retained organic materials on the catalyst after the switch ex-
periments is shown in Fig. 8. Among the retained organics, it
can be obviously seen that methylbenzenes exhibited a much
higher 13C content than that of methylnaphthalenes, imply-
ing their higher reactivity as important intermediates during
the MTH reaction. Moreover, it can be seen that the reactivity
of methylnaphthalenes was in the order of pentaNAs > hexaNAs
> heptaNAs. It can be finally concluded that for the naphtha-
lene co-feeding system over the HZSM-5 catalyst, on one
hand, naphthalene could act as an initial HCP species and
promote the generation of higher methylbenzenes which
would act as more reactive reaction centers in the following
MTH process, and on the other hand, a certain amount of ac-
cumulated methylnaphthalene species in the zeolite could
also act as deactivating species at low temperature due to
their large molecular size.

Considering that 2-methylnaphthalene (MN) and 2,6-
dimethylnaphthalene (2,6-DMN) can also diffuse in the chan-
nels of the HZSM-5 zeolite, the same molar concentrations
(0.4 mol%) of naphthalene, MN and 2,6-DMN were each in-
troduced to methanol to compare their promoting effect on
the methanol conversion reaction. It can be seen from Fig. 9
that MN showed the best promoting effect followed by naph-
thalene and 2,6-DMN. The possible reasons were that fewer
methylation steps were needed to complete the catalytic cycle
for MN and there was a larger diffusivity hindrance for
2,6-DMN.

3.5. Effect of naphthalene on the internal acid sites

Song et al. found that it was the external acid sites and pore
mouth catalysis that played a key role in the production of
the initial olefins on the HZSM-22 catalyst.44 Moreover, for
HZSM-5, the aromatic HCP species are considered to func-
tion at the intersections of the catalyst. Considering the con-
fined space of the intersection of HZSM-5 for naphthalene, it
is also necessary to clarify whether the naphthalene can work
at the internal acid sites. To carry out this investigation, the
acid sites on the external surface should be removed.

The acid sites of the external surface of HZSM-5 could be
removed selectively through surface silylation as reported in
our former work.38 After silylation, the acid properties of the
common HZSM-5 and the silylated one were directly investi-
gated through FT-IR with different adsorbed probe mole-
cules. As is shown in Fig. 10(a), three pyridine adsorption
peaks at 1545, 1489 and 1454 cm−1 are observed for both the
common HZ-19 and silylated HZ-19 which are assigned to
the Brønsted acid sites, the Lewis combined with Brønsted
acid sites and the Lewis acid sites respectively.45 It is worth
noting that the intensity of the peaks at 1545 cm−1 and 1454
cm−1 for the silylated HZ-19 decreased apparently, while the
intensity of the peak at 1489 cm−1 remained almost the same.
Therefore, it can be concluded that the silylation treatment is
able to etch most of the Lewis and Brønsted acid sites on or
near the external surface. In order to further investigate the

Fig. 8 Isotopic distributions of the retained organic materials after the
12C/13C switch experiment at 250 °C: co-feeding 12C-methanol and 1
wt% naphthalene for 40 min during the MTH reaction, followed by 2
min of 13C-methanol feeding. The total 13C content of each molecule
was marked in each picture.

Fig. 9 Methanol conversion profiles as a function of TOS for different
co-feeding conditions at 250 °C on the HZ-19 catalyst.
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acid sites of the internal and external surfaces, collidine was
chosen as the probe molecule. Because of the larger molecu-
lar size of collidine than the pore size of ZSM-5, it should be
adsorbed only at the acid sites on the external surface.46–48

As is shown in Fig. 10(b), the peak at 1638 cm−1 associated
with collidine adsorbed on the Lewis acid sites for the silyl-
ated HZ-19 disappeared completely, suggesting that the acid
sites on the external surface were removed after silanization.
These results indicated that the silanization method in the
present study is an effective method to eliminate acid sites
on the external surface.

The activity of the silylated HZ-19 was investigated and
the results are shown in Fig. 11. The catalyst activity was
found to decrease after silanization and the maximum meth-
anol conversion was less than 4% even at a higher tempera-
ture (320 °C) (Fig. 11). This demonstrated that the
silanization treatment may also etch some of the internal
acid sites near the pore mouth. However, the promoting ef-
fect of naphthalene on the methanol conversion reaction was
still obvious when co-feeding 1% naphthalene with metha-
nol. Combining the above results it can be concluded that
naphthalene can act as an active HCP species on the internal
acid sites. The naphthalene may function as an active auto-

catalytic species at the pore mouth or the intersection acid sites
of the zeolite through the HCP mechanism. However, whether
the naphthalene can function at the external surface acid sites
is still unclear and needs further research in a following study.

4. Conclusions

An HZSM-5 catalyst containing an initial polycyclic aromatic
reaction center during a MTH reaction was investigated. Co-
feeding naphthalene was found to accelerate the formation
of methylbenzene HCP species and thus shorten the MTH in-
duction period. Although the activity of the introduced naph-
thalene was proved to be much lower than that of the methyl-
benzenes, its activity at a low reaction temperature was found
for the first time over a HZSM-5 catalyst. The co-fed naphtha-
lene could act as an initial aromatic HCP species and promote
the aromatic-based cycle which lead to the increase of the
C2H4/C3H6 ratio at a low methanol conversion. A certain
amount of methylnaphthalene species will also lead to the cat-
alyst deactivation at a low reaction temperature. More interest-
ingly, despite the large molecular size of naphthalene, it can
function as a HCP species on the internal acid sites of the
HZSM-5 catalyst. These findings help us understand the role of
aromatics in the HCP mechanism more comprehensively.
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