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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
HZSM-5  catalyst  was  proved  a well-defined  autocatalysis  process,  while  over  HSAPO-34,  the  increasing
rate  of methanol  conversion  was  retarded  due  to  accumulation  of methyladamantanes.  There  existed  a
similar deactivation  behaviour  for HZSM-5  catalysts  with  low  Si/Al  ratios  and  HSAPO-34  catalysts  during
the  temperature-programmed  MTH  (TP-MTH)  reaction.  But  the  IGA studies  showed  that  the change  of
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.
. Introduction

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

The MTH  reaction is a very complicated and interesting process
uring which the methanol molecular without C-C bond can be

fficiently transformed into kinds of hydrocarbon products includ-
ng alkanes, olefins and aromatics, etc. Considering the interesting
ransformation process, a lot of research has been done to make

∗ Corresponding author.
E-mail address: liuzm@dicp.ac.cn (Z. Liu).

ttp://dx.doi.org/10.1016/j.mcat.2017.02.018
468-8231/© 2017 Elsevier B.V. All rights reserved.
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 a reasonable 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

dx.doi.org/10.1016/j.mcat.2017.02.018
http://www.sciencedirect.com/science/journal/24688231
http://www.elsevier.com/locate/mcat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mcat.2017.02.018&domain=pdf
mailto:liuzm@dicp.ac.cn
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Fig. 1. Conversion of methanol on HZ-19 and SA-9 at 260 ◦

ould also be unavoidably generated during the high methanol
onversion period and consequently leaded to the catalyst deac-
ivation. Besides the proposal of the basic HCP mechanism, more
etailed mechanism has been proposed and added to make the
CP mechanism work more effective. The side-chain alkylation
nd the paring mechanism provided two possible routes of how
lefin products are generated from methylbenzenes which act as
he active species [20,29]. Moreover, Olsbye et al. later found that
oth methylbenzenes and olefins can function as active HCP species

n zeolites such as the ZSM-5 catalyst with 3-D 10-ring channels and
roposed the “dual-cycle” mechanism which greatly enrich the HCP
echanism [30,31].
The carbenium ions are generally known as an important

eaction intermediate in the HCP cycle, and the capture and inves-
igation of them also helped a lot in recognition of the MTH
eaction. In our laboratory, we directly observed the heptamethyl-
enzenium cation (heptaMB+) with a newly synthesized SAPO-type
NL-6 molecular sieve with large cavities and the heptaMB+ and
entamethylcyclopentyl cation (pentaMCP+) were also directly
bserved in CHA-type catalysts during methanol conversion under
eal working conditions [32,33]. Recently, another group observed
everal C5 and C6-cyclic carbocations and systematically inves-
igated how they participate in the MTH  reaction over HZSM-5
atalyst [34,35]. Several three-ring compounds, dienes, poly-
ethylcyclopentenyl and polymethylcyclohexenyl cations were

lso found and verified as the initial HCP species and the olefin-
ased catalytic cycle was further proved as the main reaction route
uring the early stages of the MTO  reaction over HSAPO-34 [16].

Despite the great contribution that the HCP mechanism made
or understanding of the obvious change of the catalyst activ-
ty and the olefin formation mechanism during the MTH  process,

ore research work is still needed for recognition of more detailed
eaction behaviour. The MTH  reaction is popularly known as an
utocatalytic process and the autocatalysis stage can be obviously
bserved in the induction reaction. However, the induction period
s not easily observed under high temperature due to the too rapid
eaction rate. We  recently found that the induction reaction can be
learly observed and well investigated under low reaction tempera-
ure [18,36–38]. Apparently, the autocatalytic methanol conversion
uring the induction reaction was due to the improvement of

atalyst activity on hydrocarbons generation. In detail, factors influ-
ncing the catalyst activity are also very complicated, including the
eaction temperature, catalyst topologies, contact time, acid prop-
rties, etc [36,38–41]. All of these can impose a great impact on the
 function of TOS. The y axis is in a logarithmic scale for (b).

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-K� radiation (� = 1.54059 Å),
operating at 40 kV 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 1 h 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 ◦C min−1 from 100 ◦C to 700 ◦C.

1H 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



22 Y. Zhou et al. / Molecular Catalysis 433 (2017) 20–27

 SA-9 

b
s
p
w

m

t
W
1
c
n
r
t
e

2

fi
c
p
7

2

i
v
a
i
s
p
1
t
M
v
e
m
t
t
r

t

Fig. 2. Conversion of methanol on HZ-19 (a) and

elow 10−3 Pa for 20 h before the measurements, 1H MAS  NMR
pectra were recorded through a 4 mm MAS  probe and a spin-echo
rogram. The pulse width was 2.2 �s for a �/4 pulse, and 32 scans
ere accumulated with a 10 s recycle delay.

N2 adsorption–desorption isotherms were obtained on a Micro-
etrics ASAP 2020 system at 77 K.
Change of the amount of retained species was in situ moni-

ored by the IGA instrument, model IGA-003, Hiden Analytical Ltd.,
arrington, UK. The sensitivity of the balance is 1 �g. Before test,

00 mg  of the catalyst materials (40–60 mesh) was placed in the
hamber. The samples were pretreated in flowing helium gas until
o decrease of catalyst weight was observed and adjusted to the
eaction temperature. Then, methanol was fed by passing helium
hrough a saturation evaporator and signals were recorded. The
ffluent product was analyzed with on-line mass spectra.

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

Organic compounds trapped in the catalyst was obtained by
rst dissolving the catalyst (50 mg)  in 1.0 mL  of 15% HF in a screw-
ap Teflon vial and then extracted in 0.5 mL  CH2Cl2. The organic
hase was extracted by CH2Cl2, and then analyzed using an Agilent
890A/5975C GC/MSD.

.4. Catalytic tests

All samples were pressed into tablets, crushed and sieved
nto a fraction of 40–60 mesh. The isothermal methanol con-
ersion reactions were performed in a fixed-bed reactor at
tmospheric pressure and a catalyst sample of 100 mg  was loaded
nto the reactor. Methanol was fed by passing helium through a
aturation evaporator with a WHSV of 2.0 h−1. For the temperature-
rogrammed methanol conversion reaction, a catalyst sample of

 g was loaded into the reactor. Then quartz sand was added to
he upper and lower part of reactor to get a plug flow of the feed.

ethanol was pumped into the reactor in a certain and steady
elocity (0.085 ml·min−1) to get a space velocity of 4 h−1. For all
xperiments, catalyst was activated in-situ with an air flow (20
L min−1) at 550 ◦C for 1 h before adjusted to predetermined reac-

ion temperature. For the temperature-programmed MTH  reaction,

he reaction temperature was increased continuously at a heating
ate of 0.5 ◦C min−1.

In order to avoid the product solidification, the outlet line was
wined with the heat tape to keep the temperature at 240 ◦C. The
(b) at different temperature as a function of TOS.

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.

NH3-TPD and 1H 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 1H 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. IGA studies in the MTH  reaction at 265 ◦C for SA-9 catalysts.

e seen that the main difference of HZSM-5 catalysts with different
i/Al ratios was the acid site density and it decreased continuously
ith the increase of Si/Al ratio (Fig. S4 (a) and Fig. S5 (a), Table S1).

or HSAPO-34 catalysts, the acid strength was similar and the acid
ite density decreased with the decrease of the Si content (Table
2 and Fig. S5 (b)). The acid strength of HZSM-5 was  stronger than
hat of HSAPO-34 catalyst.

.2. Different induction reaction behaviour over HZSM-5 and
SAPO-34 catalysts under low temperature

.2.1. Increase of methanol conversion with TOS
The MTH  reactions were firstly performed over HZ-19 and SA-9

atalysts at 260 ◦C. It can be seen from Fig. 1(a) that there exists an
bvious induction period for both catalysts. To investigate the MTH
nduction more clearly, the methanol conversion was  also plotted
gainst time on stream (TOS) in a logarithmic scale in Fig. 1(b). For
Z-19 catalyst, the initial two stages were clearly presented, the
xistence of which has been proved in the previous work [18]. After

he very initial stage, the autocatalysis reaction can be observed —

 perfect straight line from 22 to 162 min  over HZ-19 catalyst. Due
o the stronger acid strength of HZ-19, the initial methanol conver-
ion at 2 min  was higher than that over SA-9. However, the MTH
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

n the latter stage of the induction period and that occurred much
arlier at higher temperature.

.2.2. IGA studies during the induction period
The changing amount of the retained species was  continuously

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

The increase of CW with TOS was quite different for HSAPO-
4 catalyst. The initial two stages can not be obviously observed
ue to the rapid initiation of the autocatalysis reaction. It may  be
ecause that the surface methoxy can be quickly involved into the
ethanol conversion reaction and was easily consumed. Moreover,

rom the change of mass spectra signal of ethene, it can be seen
hat the autocatalysis reaction was initiated much earlier and easier
or SA-9 catalyst. By lowering down the reaction temperature to
65 ◦C, the CW increase of SA-9 slowed down, the consumption
ate of surface methoxy decreased and the initial two stages could
e clearly presented in Fig. 4.

.2.3. Reasons for the different induction reaction behaviour
nder isothermal conditions

According to the HCP mechanism, the increase of methanol con-

ersion should be closely related with the formed organic species
etained in the catalyst cages or intersections, especially during
he induction period. The different induction reaction behaviour
ver HZSM-5 and HSAPO-34 catalysts presented in Fig. 1 may  be
The y axis is in a normal linear scale for (a) and a logarithmic scale for (b).

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. 8. Methanol conversion as a function of temperature during the TP-MTH reac-
tion over SA-7 and SA-9 catalysts.
ig. 7. IGA studies in the MTH  reaction at 275 ◦C over SA-7 and SA-9 catalysts.

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

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

ation of active HCP species but also promote the generation of
nactive species.

The induction reaction during the temperature-programmed
ethanol conversion (TP-MTH) reaction was further investigated.

his is also an important and interesting issue for the MTH  indus-
ry due to that the low reaction temperature cannot be avoid for
tarting up operation of an industrial unit. According to the pre-
ious research, there existed an obvious deactivation behaviour
uring the TP-MTH reaction over HSAPO-34 catalyst due to the for-
ation of methyladamantanes [41]. The deactivated catalyst can

artly recover its activity with the increase of temperature since
he inactive methyladamantanes can be transformed into active

ethylnaphthalenes at higher temperature.
The TP-MTH reactions were carried out over SA-9 and SA-7 cata-

ysts. It can be seen from Fig. 8 that the initiation of the autocatalysis
eaction was much easier for SA-9 catalyst with higher acid site
ensity, which was consistent with the isothermal reaction result.
or both catalysts, there existed an obvious deactivation behaviour
t around 300 ◦C due to the accumulation of too much methy-
adamantanes. After that, the catalyst activity gradually recovered
nd finally became deactivated again at around 400 ◦C.
For a better understanding of the TP-MTH process over HSAPO-
4 catalysts, the IGA studies were also performed under the
emperature-programmed condition. Taking the experiment result
n Fig. 8 and 9 and into consideration, it can be understood that the
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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Fig. 11. IGA studies in the TP-MTH reaction over HZ-19 and HZ-99 catalysts.
ig. 10. Methanol conversion as a function of temperature during the TP-MTH reac-
ion over HZ-19, 21, 49 and 99 catalysts.

Influence of Si/Al ratios on the TP-MTH reaction over HZSM-5
atalysts was further investigated and the IGA studies were also
erformed to monitor the change of the amount of the retained
pecies under the temperature-programmed condition. Change of
ethanol conversion with TOS is presented in Fig. 10. It can be

een that the initiation of the methanol conversion was  relatively
asier and thus the autocatalysis reaction could start at lower tem-
erature over catalysts with lower Si/Al ratios. Moreover, a similar
eactivation behaviour with that over the HSAPO-34 catalysts can
lso 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-
9 and HZ-21, HZ-49 and HZ-99. HZ-19 and HZ-99 catalysts were
elected for the comparative IGA studies. The changing amount of
he retained species during the TP-MTH process is clearly presented
n Fig. 11. The CW value was  higher for HZ-19 catalyst during the ini-
ial two stages due to the more generated surface methoxy species
ver more acid sites. Besides, the initial two stages was shortened,
emonstrating that the formation of the retained species was much
asier and quicker over HZ-19 catalyst and that can be accountable
or the easier initiation of the autocatalysis reaction. The maxi-

um amount of the retained species for HZ-19 was almost five
imes of that for HZ-99. Besides, for both samples, the amount of
he retained species firstly increased and then decreased at higher
emperature. This demonstrated that, higher acid site density can
romote the methanol conversion reaction with more rapid gen-
ration of the retained species. However, too much accumulated
etained species could also lead to the unexpected deactivation for
he HZSM-5 catalyst under low temperature.

.4. Discussion for the MTH  induction reaction behaviour over
ZSM-5 and HSAPO-34

Taking the above experimental results into consideration, it can
e concluded that the MTH  induction reaction behaviour is closely
elated with the formation of the retained species in the cata-
yst cages or channel intersections. Moreover, the generation of
he retained species has an intimate relationship with the catalyst
opologies and the acid characters. Combined the fixed-bed reac-
ion results with the IGA results, it can be directly observed that the

nitiation of the MTH  reaction was much easier over HSAPO-34 cat-
lyst which may  be caused by the higher acid site density and the
patial confinement effect of the CHA cages. For HSAPO-34 catalyst,
oth the active methylbenzenes and the inactive methyladaman-
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 × 5.5 Å2) and straight (5.3 × 5.6 Å2)
10-rings channels, while HSAPO-34 with the CHA topology, is
featured with spacious cavities (10 × 6.7 Å2) connected by small
(3.8 × 3.8 Å2) 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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. Conclusions

The comparative investigation of MTH  induction reaction was
erformed over HZSM-5 and HSAPO-34 catalysts combined with
he IGA studies. After initiation of the reaction, the MTH induction
eaction over HZSM-5 catalyst was a well-defined autocataly-
is reaction. Compared with HZSM-5, the initiation of the MTH
eaction was easier over HSAPO-34 catalyst but the increase of
ethanol conversion was retarded at the latter stage due to the

ccumulation of methyladamantanes. Increase of the acid site den-
ity can promote the formation of retained species for both the
ZSM-5 and HSAPO-34 catalysts. There existed an similar deacti-
ation behaviour for both HZSM-5 catalysts with low Si/Al ratios
nd HSAPO-34 catalysts during the TP-MTH reaction. The differ-
nce in TP-methanol conversion study in combination of online
G analysis were closely related with the confined organics forma-
ion and transformation. With temperature increase, the confined
rganics formed at low temperature could be removed from the
hannel of HZSM-5, but these species retained in the cage of SAPO-
4 with 8-ring pore opening, corresponding to the difference of
atalyst weight change. All these findings helped reveal the impor-
ant influence of catalyst topologies on the formation of retained
pecies and then on the catalyst activity during the MTH  induction
eaction.

ppendix A. Supplementary data

Supplementary data associated with this article can be found,
n the online version, at http://dx.doi.org/10.1016/j.mcat.2017.02.
18.
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