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Methanol to hydrocarbons (MTH) induction reaction was comparatively investigated over HZSM-5 and
HSAPO-34 catalysts combined with on line thermogravimetry analysis of catalyst weight increment by
intelligent gravimetric analyzer (IGA) studies. The influence of catalyst topology and acidity and reaction
temperature on the reaction performance were correlated with the confined organics formation and
evolution over the catalysts. For the latter stage of the MTH induction period, methanol conversion over

Keywords: HZSM-5 catalyst was proved a well-defined autocatalysis process, while over HSAPO-34, the increasing
HZSM-5 . . .

HSAPO-34 rate of methanol conversion was retarded due to accumulation of methyladamantanes. There existed a
Methanol to hydrocarbons similar deactivation behaviour for HZSM-5 catalysts with low Si/Al ratios and HSAPO-34 catalysts during
Induction the temperature-programmed MTH (TP-MTH) reaction. But the IGA studies showed that the change of
Mechanism the retained species amount was quite different: for TP-MTH reaction over HZSM-5, the amount firstly

increased and then decreased to a stable value; while for HSAPO-34, the amount kept increasing until
reached a constant value. MTH induction reaction over HZSM-5 catalyst with different Si/Al ratios and
HSAPO-34 catalysts with different Si contents were also investigated. All these findings revealed the
influence of catalyst topologies on the formation of retained species and then on the catalyst activity

during the MTH induction reaction.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Light olefins and aromatics are very important basic chemical
products in the world which are traditionally generated from the
oil-based route. It’s well-known to everyone that the oil reserves
is being consumed in an accelerating rate, threatening the world
energy safety consequently. In recent years, the methanol to hydro-
carbons (MTH) process over HSAPO-34 and HZSM-5 catalysts has
received great success in commercialization and that has been
proved to be a perfect alternative to guarantee the generation of the
basic chemicals, since methanol could be simply mass-produced
from natural gas, coal, and biomass [1-4].

The MTH reaction is a very complicated and interesting process
during which the methanol molecular without C-C bond can be
efficiently transformed into kinds of hydrocarbon products includ-
ing alkanes, olefins and aromatics, etc. Considering the interesting
transformation process, a lot of research has been done to make
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clear the formation of the first C-C bond [5-17], but it seems diffi-
cult to reach a popularly convincing conclusion due to the shortage
of very powerful experimental evidence and the debate may still
proceed on. Moreover, considering the rather complicated reaction
network, it is almost impossible to make clear every elemental step.
Concerning the change of apparent catalyst activity, the whole reac-
tion process can be divided into induction period, high methanol
conversion period and the deactivation period [4,18]. A deep and
clear recognition of the reaction mechanism is necessary for a com-
prehensive understanding of the changing catalyst activity.

Since the discovery of the MTH reaction in 1970s, about 20
distinct methanol conversion mechanisms have been proposed
[1,3,4,8,19-26]. Up to now, the “hydrocarbon pool” (HCP) mech-
anism has received popular support from both experimental and
theoretical investigation and can offer areasonable explaination for
the existence of the induction period [22,27,28]. According to the
HCP mechanism, a certain amount of organic species should be gen-
erated and retained in the catalyst channels or cages acting as the
reaction centers, to which methanol is added and olefins are elimi-
nated in a closed catalytic cycle [1-4]. However, besides the active
HCP species, some inactive and poorly mobile polycyclic species
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Fig. 1. Conversion of methanol on HZ-19 and SA-9 at 260 °C as a function of TOS. The y axis is in a logarithmic scale for (b).

would also be unavoidably generated during the high methanol
conversion period and consequently leaded to the catalyst deac-
tivation. Besides the proposal of the basic HCP mechanism, more
detailed mechanism has been proposed and added to make the
HCP mechanism work more effective. The side-chain alkylation
and the paring mechanism provided two possible routes of how
olefin products are generated from methylbenzenes which act as
the active species [20,29]. Moreover, Olsbye et al. later found that
both methylbenzenes and olefins can function as active HCP species
in zeolites such as the ZSM-5 catalyst with 3-D 10-ring channels and
proposed the “dual-cycle” mechanism which greatly enrich the HCP
mechanism [30,31].

The carbenium ions are generally known as an important
reaction intermediate in the HCP cycle, and the capture and inves-
tigation of them also helped a lot in recognition of the MTH
reaction. In our laboratory, we directly observed the heptamethyl-
benzenium cation (heptaMB* ) with a newly synthesized SAPO-type
DNL-6 molecular sieve with large cavities and the heptaMB* and
pentamethylcyclopentyl cation (pentaMCP*) were also directly
observed in CHA-type catalysts during methanol conversion under
real working conditions [32,33]. Recently, another group observed
several Cs and Cg-cyclic carbocations and systematically inves-
tigated how they participate in the MTH reaction over HZSM-5
catalyst [34,35]. Several three-ring compounds, dienes, poly-
methylcyclopentenyl and polymethylcyclohexenyl cations were
also found and verified as the initial HCP species and the olefin-
based catalytic cycle was further proved as the main reaction route
during the early stages of the MTO reaction over HSAPO-34 [16].

Despite the great contribution that the HCP mechanism made
for understanding of the obvious change of the catalyst activ-
ity and the olefin formation mechanism during the MTH process,
more research work is still needed for recognition of more detailed
reaction behaviour. The MTH reaction is popularly known as an
autocatalytic process and the autocatalysis stage can be obviously
observed in the induction reaction. However, the induction period
is not easily observed under high temperature due to the too rapid
reaction rate. We recently found that the induction reaction can be
clearly observed and well investigated under low reaction tempera-
ture [18,36-38]. Apparently, the autocatalytic methanol conversion
during the induction reaction was due to the improvement of
catalyst activity on hydrocarbons generation. In detail, factors influ-
encing the catalyst activity are also very complicated, including the
reaction temperature, catalyst topologies, contact time, acid prop-
erties, etc [36,38-41]. All of these can impose a great impact on the

formation of retained species and then the methanol conversion
reaction, especially in the MTH induction period.

HZSM-5 and HSAPO-34 are the two most important MTH cat-
alysts and the reaction mechanism in the MTH induction reaction
should not be the same due to the different topologies. Consid-
ering the importance of the two catalysts for the MTH process, it
is very important to carry out a comparative investigation of the
MTH induction reaction behaviour over these two catalysts, which
is also the main topic of this work. Based on the fixed-bed methanol
conversion results and the intelligent gravimetric analyser (IGA)
studies, effect of the catalyst topologies on the formation of HCP
species and the evolution of the autocatalysis reaction during the
MTH induction reaction was systematically investigated.

2. Experimental section
2.1. Preparation of the catalysts

Four HZSM-5 samples (Si/Al=19, 21, 49 and 99) (the samples
were designated as HZ-19, HZ-21, HZ-49 and HZ-99 correspond-
ingly) were obtained from The Catalyst Plant of Nankai University.

HSAPO-34 with two different Si contents were supplied by
Group DNL1202 of the Dalian Institute of Chemical Physics, Dalian,
China. The two synthesized HSAPO-34 materials with high and low
Si contents were named as SA-9 and SA-7.

2.2. Characterization of the catalysts

The powder XRD pattern was recorded on a PANalytical X'Pert
PRO X-ray diffractometer with Cu-Ka radiation (A =1.54059A),
operating at 40kV and 40 mA. The chemical composition of the
samples was determined with Philips Magix-601 X-ray fluores-
cence (XRF) spectrometer. The crystal morphology was observed
by field emission scanning electron microscopy (Hitachi, SU8020).

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

TH MAS NMR spectroscopy was performed with a Varian Infin-
ity plus-400 spectrometer equipped with a 9.4 T widebore magnet.
All the samples were dehydrated at 400°C and under a pressure
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Fig. 2. Conversion of methanol on HZ-19 (a) and SA-9 (b) at different temperature as a function of TOS.

below 103 Pa for 20h before the measurements, 'H MAS NMR
spectra were recorded through a 4 mm MAS probe and a spin-echo
program. The pulse width was 2.2 s for a /4 pulse, and 32 scans
were accumulated with a 10 s recycle delay.

N, adsorption-desorption isotherms were obtained on a Micro-
metrics ASAP 2020 system at 77 K.

Change of the amount of retained species was in situ moni-
tored by the IGA instrument, model IGA-003, Hiden Analytical Ltd.,
Warrington, UK. The sensitivity of the balance is 1 pg. Before test,
100 mg of the catalyst materials (40-60 mesh) was placed in the
chamber. The samples were pretreated in flowing helium gas until
no decrease of catalyst weight was observed and adjusted to the
reaction temperature. Then, methanol was fed by passing helium
through a saturation evaporator and signals were recorded. The
effluent product was analyzed with on-line mass spectra.

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

Organic compounds trapped in the catalyst was obtained by
first dissolving the catalyst (50 mg) in 1.0 mL of 15% HF in a screw-
cap Teflon vial and then extracted in 0.5 mL CH,Cl,. The organic
phase was extracted by CH,Cl,, and then analyzed using an Agilent
7890A/5975C GC/MSD.

2.4. Catalytic tests

All samples were pressed into tablets, crushed and sieved
into a fraction of 40-60 mesh. The isothermal methanol con-
version reactions were performed in a fixed-bed reactor at
atmospheric pressure and a catalyst sample of 100 mg was loaded
into the reactor. Methanol was fed by passing helium through a
saturation evaporator witha WHSV of 2.0 h—1. For the temperature-
programmed methanol conversion reaction, a catalyst sample of
1g 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 feed.
Methanol was pumped into the reactor in a certain and steady
velocity (0.085 ml-min~1) to get a space velocity of 4h~1. For all
experiments, catalyst was activated in-situ with an air flow (20
mLmin~1)at 550°C for 1 h before adjusted to predetermined reac-
tion temperature. For the temperature-programmed MTH reaction,
the reaction temperature was increased continuously at a heating
rate of 0.5°Cmin~1.

In order to avoid the product solidification, the outlet line was
twined with the heat tape to keep the temperature at 240°C. The

effluent was analyzed by on-line gas chromatography (Angilent
GC7890A) equipped with a FID detector and a PoraPLOT Q-HT
capillary column. The conversion in this context refers to the
percent of methanol converted into hydrocarbons, that is to say,
dimethylether is also considered as reactant in the following sec-
tions.

3. Results and discussion

3.1. Characterization results of the HZSM-5 and HSAPO-34
catalysts

Powder XRD confirmed that all the HZSM-5 and HSAPO-34
catalysts consisted of a well crystalline MFI and CHA phase cor-
respondingly (Fig. S1). Fig. S2 shows the SEM photos of the HZSM-5
catalysts and the crystallite shapes as well as the crystallite sizes
were similar with each other, with average crystallite sizes of
1.0-2.0 um for all samples. For HSAPO-34 catalysts, the crystallite
shapes as well as the crystallite sizes were also almost the same,
with crystallite sizes of about 10 um for the two samples (Fig. S3).

The chemical composition and the BET results of all HZSM-5
samples were given in Table S1. It can be seen from the BET results
that all the four HZSM-5 samples has similar micropore and exter-
nal surface area, and very similar micropore and mesopore pore
volume, demonstrating the identical diffusivity of the four HZSM-5
catalysts. The same characterization results for HSAPO-34 are given
in Table S2 and no obvious physical character difference can be
observed for the two samples.

NH;3-TPD and 'H MAS NMR experiments were also carried out
to characterize the acid property of the HZSM-5 and HSAPO-34
catalysts. The TPD profiles for the HZ-19, —21, —49, —99 catalysts
are presented in Fig. S4 (a), two desorption peaks at a low and a
high temperature were clearly recognized, corresponding to weak
and strong acid sites, respectively. The desorption peak area of the
TPD curve decreased with increasing of Si/Al ratio, presenting the
decrease of the acid site density. Moreover, it should be noted that
both the weak and strong peak centers shifted to lower temper-
ature as the Si/Al ratio increases indicating the decrease of acid
strength for these two kinds of acid sites. Distribution of the weak
and strong acid sites for HZSM-5 catalysts with different Si/Al ratio
can be seen in Table S3. It can be seen that there existed a little
difference for the weak and strong acid sites distribution, and the
ratio of the weak acid site was relatively higher for HZ-49 and HZ-
99 catalysts. The 'H MAS NMR results are presented in Fig. S5. It can
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Fig. 3. IGA studies in the MTH reaction at 275 °C over HZ-19 (a) and SA-9 (b) catalysts.
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Fig. 4. 1GA studies in the MTH reaction at 265 °C for SA-9 catalysts.

be seen that the main difference of HZSM-5 catalysts with different
Si/Al ratios was the acid site density and it decreased continuously
with the increase of Si/Al ratio (Fig. S4 (a) and Fig. S5 (a), Table S1).
For HSAPO-34 catalysts, the acid strength was similar and the acid
site density decreased with the decrease of the Si content (Table
S2 and Fig. S5 (b)). The acid strength of HZSM-5 was stronger than
that of HSAPO-34 catalyst.

3.2. Different induction reaction behaviour over HZSM-5 and
HSAPO-34 catalysts under low temperature

3.2.1. Increase of methanol conversion with TOS

The MTH reactions were firstly performed over HZ-19 and SA-9
catalysts at 260 °C. It can be seen from Fig. 1(a) that there exists an
obvious induction period for both catalysts. To investigate the MTH
induction more clearly, the methanol conversion was also plotted
against time on stream (TOS) in a logarithmic scale in Fig. 1(b). For
HZ-19 catalyst, the initial two stages were clearly presented, the
existence of which has been proved in the previous work [18]. After
the very initial stage, the autocatalysis reaction can be observed —
a perfect straight line from 22 to 162 min over HZ-19 catalyst. Due
to the stronger acid strength of HZ-19, the initial methanol conver-
sion at 2 min was higher than that over SA-9. However, the MTH
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Fig. 5. GC-MS analysis of retained species after methanol conversion at 270 °C for
42 min over HZ-19 and 62 min over SA-9.

reaction seemed to be initiated much easier over the HSAPO-34
sample. Because of the higher acid site density over HSAPO-34 cat-
alyst, the initial HCP species can be generated much easier in the
HSAPO-34 cages than in the HZSM-5 channel intersections and they
may be more actively involved in the catalytic cycle over HSAPO-
34 catalyst. Consequently, the initial two stages was too short to
be observed over the SA-9 catalyst under current condition and
the autocatalysis stage can be observed since the very beginning
of the induction reaction. It should be noted that, the increase of
the methanol conversion was quite different for the SA-9 catalyst.
In Fig. 1(b), it can be seen that the change of methanol conversion
with TOS was not always a straight line in the whole induction reac-
tion process. The real autocatalytic reaction can only be observed
before 40 min, after which the increasing rate of methanol conver-
sion lowered down gradually.

By increasing the reaction temperature, the initial two stages
became too short to be observed for HZ-19 catalyst (Fig. 2(a)). Both
the methanol conversion and its increasing rate became higher
at higher temperature but the increasing of methanol conversion
with TOS was always a straight line before deactivation (Fig. 2(a)).
While for HSAPO-34 catalyst, despite the higher increasing rate of
methanol conversion at higher temperature, it always slowed down
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Fig. 6. Conversion of methanol on SA-7 and SA-9 at 260 °C as a function of TOS. The y axis is in a normal linear scale for (a) and a logarithmic scale for (b).

in the latter stage of the induction period and that occurred much
earlier at higher temperature.

3.2.2. IGA studies during the induction period

The changing amount of the retained species was continuously
monitored with IGA analysis over these two catalysts. The IGA
equipment is quite sensitive to the change of catalyst weight (CW)
(1 g). For both catalysts, it can be seen that the CW increased con-
tinuously once methanol was fed into the reactor (Fig. 3). It was also
clearly seen that the increase of CW with TOS can be clearly divided
into three stages for HZSM-5 catalyst. According to our recognition
of the MTH reaction, the first stage may be caused by adsorption
of methanol and formation of surface methoxy species; the second
stage was for the gradual accumulation of the initial HCP species
and no obvious ethene signal can be detected in this stage; the third
stage was due to the rapid accumulation of retained species, obvi-
ous ethene signal was observed and increased rapidly with TOS. The
three-staged change of CW with TOS was in well accordance with
our previous finding that the change of methanol conversion with
TOS can be divided into three stages: the initial reaction stage, the
initial HCP species formation stage and the autocatalysis stage [18].
Change of the mass spectra signal of ethene with the CW change
can also be obviously observed since the start of the third reaction
stage. This further demonstrated that the change of catalyst activity
was closely related with the formation of the retained species.

The increase of CW with TOS was quite different for HSAPO-
34 catalyst. The initial two stages can not be obviously observed
due to the rapid initiation of the autocatalysis reaction. It may be
because that the surface methoxy can be quickly involved into the
methanol conversion reaction and was easily consumed. Moreover,
from the change of mass spectra signal of ethene, it can be seen
that the autocatalysis reaction was initiated much earlier and easier
for SA-9 catalyst. By lowering down the reaction temperature to
265°C, the CW increase of SA-9 slowed down, the consumption
rate of surface methoxy decreased and the initial two stages could
be clearly presented in Fig. 4.

3.2.3. Reasons for the different induction reaction behaviour
under isothermal conditions

According to the HCP mechanism, the increase of methanol con-
version should be closely related with the formed organic species
retained in the catalyst cages or intersections, especially during
the induction period. The different induction reaction behaviour
over HZSM-5 and HSAPO-34 catalysts presented in Fig. 1 may be

caused by the different amount of retained species or their differ-
ent activity. It can be seen from the IGA results that, the CW value
increased faster and was higher for the HSAPO-34 than HZSM-5
catalyst. Generally speaking, during the induction period, faster
formation rate of retained species may indicate faster methanol
conversion increasing rate. As a result, it can be deduced that the
retarded autocatalytic reaction for SA-9 catalyst may be caused by
the formation of inactive species.

The retained species generated in the MTH induction reaction
was further analysed. The GC-MS analysis (Fig. 5) showed that, the
dominated retained species were tetramethylbenzenes (tetraMBs)
and pentamethylbenzene (pentaMB) over HZ-19 catalyst, which
have been proved to be the major active HCP species [34,35]. How-
ever, over SA-9 catalyst, besides a certain amount of pentaMB and
hexamethylbenzene (hexaMB), large amount of inactive methy-
ladamantanes were also detected [42].

Thus it can be concluded that the generation of the retained
species was much easier over the CHA-type HSAPO-34 catalyst,
which brought about the easier initiation of the autocatalysis reac-
tion. However, the composition of the generated retained species
was quite different for HZSM-5 and HSAPO-34 catalyst due to
their different topologies. For HZSM-5 catalyst, the major retained
species were active methylbenzenes which can accelerate the
methanol conversion, while for HSAPO-34 catalyst, both the active
and inactive species were simultaneously generated during the
induction reaction and the inactive species was the major con-
stituent. Too much inactive methyladamantanes retained in the
cages of HSAPO-34 would lead to severe diffusion limitations and
slow down the methanol conversion rate.

3.3. MTH induction reaction over HZSM-5 catalysts with different
Si/Al ratios and HSAPO-34 catalysts with different Si contents

3.3.1. MTH induction reaction over HSAPO-34 catalysts with
different Si contents

As an acid-catalyzed reaction, the formation of the retained
species should be very sensitive to the acid characters of cata-
lysts and that can be reflected through the MTH induction reaction
behaviour. The acid site density of HSAPO-34 material is closely
related with the Si content and is higher for catalyst with higher
Si content (Fig. S5 (b) and Table S2). For MTH reaction over SA-7
and SA-9 catalysts under the same reaction condition, it was found
that the initiation of the autocatalysis reaction was much easier for
SA-9 catalyst with higher acid site density (Fig. 6(a)). Moreover, the
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Fig. 7. IGA studies in the MTH reaction at 275 °C over SA-7 and SA-9 catalysts.

increasing rate of methanol conversion was also higher for SA-9 cat-
alyst (Fig. 6(b)). The IGA studies were further performed over SA-7
and SA-9 catalysts for a detailed comparison. The initial two stages
can be observed over SA-7 catalyst, indicating that the formation
of the initial HCP species became difficult over catalyst with lower
acid site density. It can be seen from Fig. 7 that both the amount
and the increasing rate of CW was higher for SA-9 catalyst. This
corresponded with the result in Fig. 6 very well and further con-
solidate that the formation of retained species can be promoted by
increasing the acid site density.

As we mentioned above, both active and inactive retained
species were generated in the induction reaction over HSAPO-34
catalyst and too much accumulation of the inactive methyladaman-
tanes would slow down the increasing rate of methanol conversion
and finally brought about the catalyst deactivation. It can be clearly
seen that the real autocatalysis reaction (the blue dotted line in
Fig. 6(b)) can last longer for SA-7 catalyst (102 min >42 min).
Besides, the decreasing rate also slowed down in the latter stage
of the induction period for SA-7 sample. It can be attributed to that,
the increase of the acid site density can not only enhance the for-
mation of active HCP species but also promote the generation of
inactive species.

The induction reaction during the temperature-programmed
methanol conversion (TP-MTH) reaction was further investigated.
This is also an important and interesting issue for the MTH indus-
try due to that the low reaction temperature cannot be avoid for
starting up operation of an industrial unit. According to the pre-
vious research, there existed an obvious deactivation behaviour
during the TP-MTH reaction over HSAPO-34 catalyst due to the for-
mation of methyladamantanes [41]. The deactivated catalyst can
partly recover its activity with the increase of temperature since
the inactive methyladamantanes can be transformed into active
methylnaphthalenes at higher temperature.

The TP-MTH reactions were carried out over SA-9 and SA-7 cata-
lysts. It can be seen from Fig. 8 that the initiation of the autocatalysis
reaction was much easier for SA-9 catalyst with higher acid site
density, which was consistent with the isothermal reaction result.
For both catalysts, there existed an obvious deactivation behaviour
at around 300°C due to the accumulation of too much methy-
ladamantanes. After that, the catalyst activity gradually recovered
and finally became deactivated again at around 400 °C.

For a better understanding of the TP-MTH process over HSAPO-
34 catalysts, the IGA studies were also performed under the
temperature-programmed condition. Taking the experiment result
in Fig. 8 and 9 and into consideration, it can be understood that the

——SA-9
—O=—SA-7

100

80

Conv. (%)

- T T T T T T
240 280 320 360 400 440
Temperature ('C)

Fig. 8. Methanol conversion as a function of temperature during the TP-MTH reac-
tion over SA-7 and SA-9 catalysts.

16 -
~ | —SAT
N 14 4
< —SA-9
2 124
«
-5
5 104
=
p—
w 84
=
on
~ 44
w
=
< 24
N
«
O oA
B
260 280 300 320 340 360
Temperature ('C)

Fig. 9. IGA studies in the TP-MTH reaction over SA-7 and SA-9 catalysts.

easier initiation of the MTH reaction was caused by the easier for-
mation of retained species for SA-9 catalyst. At the same time, large
amount of inactive methyladamantanes was inevitably generated,
causing serious block of the catalyst cages and leaded to the deacti-
vation. Because of the lower acid site density, the accumulation rate
of the retained species lowered down, the deactivation behaviour
appeared later and the recovery of the catalyst activity was much
easier after the deactivation point for SA-7 catalyst.

3.3.2. MTH induction reaction over HZSM-5 catalysts with
different Si/Al ratios

The Si/Al ratio of HZSM-5 samples is closely related with their
acid property and the acid site density is higher for that with lower
Si/Al ratio (Fig. S5 (a), Table S1). Comparative investigation of the
MTH induction reactions has been performed over HZ-19, 49, and
99 catalysts under isothermal reaction conditions. The reaction rate
increased continuously with the decrease of Si/Al ratios, indicat-
ing that higher acid site density favour the formation of retained
species [36]. Moreover, it should be mentioned that the methanol
conversion reaction during the induction period under low reaction
temperature was a better autocatalysis reaction compared with the
HSAPO-34 catalysts.
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Influence of Si/Al ratios on the TP-MTH reaction over HZSM-5
catalysts was further investigated and the IGA studies were also
performed to monitor the change of the amount of the retained
species under the temperature-programmed condition. Change of
methanol conversion with TOS is presented in Fig. 10. It can be
seen that the initiation of the methanol conversion was relatively
easier and thus the autocatalysis reaction could start at lower tem-
perature over catalysts with lower Si/Al ratios. Moreover, a similar
deactivation behaviour with that over the HSAPO-34 catalysts can
also be observed over HZSM-5 catalysts with lower Si/Al ratios
(HZ-19, 21) but disappeared over ones with higher Si/Al ratios
(HZ-49, 99). Due to the similar observed reaction behaviour for HZ-
19 and HZ-21, HZ-49 and HZ-99. HZ-19 and HZ-99 catalysts were
selected for the comparative IGA studies. The changing amount of
the retained species during the TP-MTH process is clearly presented
inFig. 11.The CW value was higher for HZ-19 catalyst during the ini-
tial two stages due to the more generated surface methoxy species
over more acid sites. Besides, the initial two stages was shortened,
demonstrating that the formation of the retained species was much
easier and quicker over HZ-19 catalyst and that can be accountable
for the easier initiation of the autocatalysis reaction. The maxi-
mum amount of the retained species for HZ-19 was almost five
times of that for HZ-99. Besides, for both samples, the amount of
the retained species firstly increased and then decreased at higher
temperature. This demonstrated that, higher acid site density can
promote the methanol conversion reaction with more rapid gen-
eration of the retained species. However, too much accumulated
retained species could also lead to the unexpected deactivation for
the HZSM-5 catalyst under low temperature.

3.4. Discussion for the MTH induction reaction behaviour over
HZSM-5 and HSAPO-34

Taking the above experimental results into consideration, it can
be concluded that the MTH induction reaction behaviour is closely
related with the formation of the retained species in the cata-
lyst cages or channel intersections. Moreover, the generation of
the retained species has an intimate relationship with the catalyst
topologies and the acid characters. Combined the fixed-bed reac-
tion results with the IGA results, it can be directly observed that the
initiation of the MTH reaction was much easier over HSAPO-34 cat-
alyst which may be caused by the higher acid site density and the
spatial confinement effect of the CHA cages. For HSAPO-34 catalyst,
both the active methylbenzenes and the inactive methyladaman-

_ —HZ-19
5 ——HZ-99

Catalyst Weight Increase (%)

T T T T T T T T T T T 1
240 260 280 300 320 340 360
Temperature (C)

Fig. 11. IGA studies in the TP-MTH reaction over HZ-19 and HZ-99 catalysts.

tanes are simultaneously generated during the induction reaction
and the accumulation of the latter one will lead to the decrease of
the methanol conversion increasing rate.

In the latter stage of the MTH induction reaction. However,
for HZSM-5 catalyst, due to the continuous generation of active
methylbenzenes and the better diffusion property of the MFI topol-
ogy (HZSM-5 with the MFI topology is featured with a 3D network
consisting of sinusoidal (5.1 x 5.5A2) and straight (5.3 x 5.6 A2)
10-rings channels, while HSAPO-34 with the CHA topology, is
featured with spacious cavities (10 x 6.7 A2) connected by small
(3.8 x 3.8 A2) 8-ring windows.), the increase of the methanol con-
version with TOS is a well-defined autocatalysis reaction during
the whole induction period. Increase of the acid site density can
shorten the MTH induction period for both HZSM-5 and HSAPO-
34 catalysts. For HSAPO-34 catalyst, the higher acid site density
can not only promote the generation of active HCP species but also
enhance the inactive species formation which finally leaded to an
earlier deactivation.

For HSAPO-34 with different Si contents, the TP-MTH reaction
behaviour was almost the same, both are accompanied with an
obvious deactivation at around 300 °C. The deactivation behaviour
appeared later and the recovery of the catalyst activity after that
was easier for the low-silica sample due to the less formed methy-
ladamantanes. For HZSM-5 catalysts, the deactivation behavior can
only be observed over samples with low Si/Al ratios under current
conditions due to the obviously different formation rate of retained
species.

For the IGA studies under TP-MTH reaction, it can be seen that
for both HZSM-5 and HSAPO-34, the formation of the retained
species was easier for samples with higher acid site density. How-
ever, the evolution process of the retained species formation was
quite different for HZSM-5 and HSAPO-34 catalysts. The amount of
the retained species continuously increased until reached a stable
value over HSAPO-34 catalyst. While for HZSM-5, the amount of
retained species firstly increased and then decreased to a constant
value. It is because that the generated methyladamantanes can not
diffuse out of the CHA cages due to its small pore size and can only
be transformed into heavier polycyclic species with the increase of
temperature. While for HZSM-5 catalyst, due to the larger pore size
of the zeolite channels, when the methylbenzenes were cracked
with temperature increase, the smaller ones can diffuse out of the
channels and the catalyst activity can be easily recovered.
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4. Conclusions

The comparative investigation of MTH induction reaction was
performed over HZSM-5 and HSAPO-34 catalysts combined with
the IGA studies. After initiation of the reaction, the MTH induction
reaction over HZSM-5 catalyst was a well-defined autocataly-
sis reaction. Compared with HZSM-5, the initiation of the MTH
reaction was easier over HSAPO-34 catalyst but the increase of
methanol conversion was retarded at the latter stage due to the
accumulation of methyladamantanes. Increase of the acid site den-
sity can promote the formation of retained species for both the
HZSM-5 and HSAPO-34 catalysts. There existed an similar deacti-
vation behaviour for both HZSM-5 catalysts with low Si/Al ratios
and HSAPO-34 catalysts during the TP-MTH reaction. The differ-
ence in TP-methanol conversion study in combination of online
TG analysis were closely related with the confined organics forma-
tion and transformation. With temperature increase, the confined
organics formed at low temperature could be removed from the
channel of HZSM-5, but these species retained in the cage of SAPO-
34 with 8-ring pore opening, corresponding to the difference of
catalyst weight change. All these findings helped reveal the impor-
tant influence of catalyst topologies on the formation of retained
species and then on the catalyst activity during the MTH induction
reaction.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.mcat.2017.02.
018.
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