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Temperature-programmed methanol to hydrocarbon (TP-MTH) reactions were performed over HZSM-5
zeolite to monitor the change of reaction performance along with reaction temperature in order to under-
stand the mechanistic reason for the temperature influence on the reaction. With a gradual increase of re-
action temperature (0.5 °C min3), the MTH reaction could evolve from the induction period with low
methanol conversion to the state with 100% methanol conversion. Four different reaction stages could be
clearly observed: the initial reaction stage, the auto-catalysis reaction stage, the deactivation stage and the
activity recovery stage. An unusual deactivation behavior was observed following the auto-catalysis period.
Further investigations revealed that 1,2,3,5-tetraMB was the main active species during the initial autocata-
lytic stage and its “overloading” effect resulted in the unusual deactivation phenomenon, i.e. despite its
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high intrinsic reactivity, too quick formation of poorly mobile 1,2,3,5-tetraMB and lower methylbenzenes
will lead to the occupation of most catalyst channels and channel intersections and cause the deactivation
of HZSM-5 at low temperature. Further study demonstrated that the “overloading™ effect could be allevi-
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ated or eliminated by enhancing the catalyst diffusivity or decreasing the acid site density of the zeolite

Published on 05 January 2017. Downloaded by Dalian Institute of Chemical Physics, CAS on 18/01/2018 07:58:13.

rsc.li/catalysis catalyst.

1. Introduction

Methanol-to-hydrocarbon (MTH) conversion over acid zeolites
has attracted great interest for the production of gasoline
or basic chemicals from nontraditional carbon-based
resources.” Commercialization of related processes such as
methanol-to-gasoline (MTG), methanol-to-olefins (MTO), and
methanol-to-propene (MTP) has made remarkable progress in
recent years, however, the mechanisms related to product for-
mation and/or catalyst deactivation are still not well under-
stood due to the complexity of the reaction system.

The MTH reaction proceeds via a “hydrocarbon pool”
(HCP) mechanism,>*”” in which the composite of zeolite and
HCP compounds within the channels and/or cages is consid-
ered to be the catalysis center.>”® Accordingly, carbenium
ions formed by the protonation of retained organics are the
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most important reaction intermediates.'*>> Over ZSM-5
zeolite, further research demonstrated that both poly-
methylbenzenes and olefins can act as active HCP species
and a “dual-cycle” mechanism was proposed,®’ suggesting
that the propene/ethene selectivity can be tuned by adjusting
the contribution of the two cycles.®”>*

The generation and evolution of HCP species have an ulti-
mate influence on the catalyst activity. MTH conversion is an
autocatalytic reaction and can be divided into an induction
period, high conversion period and deactivation period con-
sidering the change of methanol conversion with reaction
time.>*** The induction period should be closely related to
the formation of the first C-C bond and the initial HCP
compound.””’ After the formation of the initial active spe-
cies, more HCP species will subsequently be formed in an au-
tocatalytic way and the zeolite can be transformed into a
highly active catalyst when a sufficient amount of active spe-
cies is generated. At high temperature, a dynamic equilibrium
on the reaction center can be reached between the carbon
chain growth and the product elimination, which brings
about the pseudo steady-state period.>***?° Meanwhile, dur-
ing the high conversion stage, besides the active retained spe-
cies, some inactive and poorly mobile retained species and
coke species will be unavoidably generated and gradually
cause the blockage of zeolite channels, leading to the final
catalyst deactivation.">*® The active HCP species could pro-
mote the activity while the inactive retained species or coke

This journal is © The Royal Society of Chemistry 2017
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species should be responsible for the deactivation for the
MTH catalyst.>*>

MTH conversion 1is a considerably temperature-
dependent reaction.® ™’ The catalyst activity and product
selectivity change obviously with reaction temperature even
on the same zeolite catalyst;*’ >*2>37 the generation rate of
the initial HCP species is very sensitive to reaction temper-
ature and thus the induction period can be varied evidently
by slightly changing the reaction temperature; and the de-
activation as well as the lifetime of the catalyst changes
greatly with reaction temperature.”?*?%*%3° Our previous
work has illustrated that, over zeolites having small cages
like SAPO-35, SAPO-34 and SAPO-18, the catalyst could also
be deactivated at low reaction temperatures due to the for-
mation of adamantane hydrocarbons, whereas at high tem-
peratures the deactivation was caused by the accumulation
of polycyclic aromatics.>**® The retained species of the
MTH reaction changed with reaction temperature over H-
SSZ-13 zeolite: at low reaction temperatures (573-598 K)
the main active species were methylated benzene
carbocations, which changed to methylated naphthalene
carbocations at high temperatures (623-723 K).*’ These
findings imply that the reaction temperature change should
cause some changes in reaction paths and reaction mecha-
nisms. Given the importance of temperature in the MTH
reaction, it is interesting to monitor the change of reaction
performance and the catalyst along with reaction tempera-
ture in order to understand the whole reaction network
and the mechanistic reason for the temperature influence
on the reaction.

In the present work, temperature-programmed MTH (TP-
MTH) reactions were performed over HZSM-5 zeolite. With a
gradual increase of reaction temperature (0.5 °C min'), the
MTH reaction could evolve from the induction period with
low methanol conversion to the state with 100% methanol
conversion. Interesting new phenomena were observed and
detailed investigations were further carried out, which leads
to the proposal of the wunusual deactivation by the
“overloading” effect of the active species during MTH conver-
sion over the HZSM-5 zeolite.

2. Experimental section

2.1 Preparation of the catalysts

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

Another nano-crystalline zeolite with a Si/Al ratio of 20
was synthesized in our laboratory according to previous re-
ports.”” The calcined sample was ion exchanged with a 1 M
(1 mol L™ NH,NO; aqueous solution for 2 h at 80 °C
followed by washing with deionized water for 1 h at 70 °C
twice. Then the samples were dried at 120 °C for 12 h and
calcined in air at 550 °C for 10 h. The final protonated sam-
ple was denoted as NZ-20.
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2.2 Characterization of the catalysts

The powder XRD pattern was recorded by a PANalytical X'Pert
PRO X-ray diffractometer with Cu-Ko radiation (1 = 1.54059
A), operating at 40 kv and 40 mA. The chemical composition
of the samples was determined with a Philips Magix-601
X-ray fluorescence (XRF) spectrometer. The crystal morphol-
ogy and structure were observed by field emission scanning
electron microscopy (Hitachi, SU8020).

N, adsorption-desorption isotherms were obtained using
a Micrometrics ASAP 2020 system at 77 K.

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

Diffuse reflectance UV/vis spectra (DRUV/vis) were
recorded with a Varian Cary 5000 spectrophotometer to char-
acterize the entrapped species on the catalysts.

The total amount of retained species on the catalysts was
determined using the TGA method by heating the sample
from 150 °C to 700 °C with a heating rate of 5 °C min™" in an
atmosphere of 10 mL min™" O, combined with 10 mL min™
N,. Before measurement, the sample was heated to 200 °C
with a heating rate of 10 °C min™" and maintained for 10
min in an atmosphere of 20 mL min™" N, to remove the phys-
ically adsorbed water, and then the temperature was cooled
down to 150 °C and maintained for another 10 min.

2.3 Catalytic studies

The reactions were performed in a fixed-bed stainless steel
tubular reactor (9 mm i.d.) at atmospheric pressure. The cata-
lysts were pressed into tablets, crushed and sieved into a frac-
tion of 40-60 mesh. 1 g of catalyst sample was used in all ex-
periments. To get a plug flow of the mixed feed, quartz sands
were added to the upper and lower part of the reactor. The
catalyst was activated in situ with an air flow (20 mL min™)
at 550 °C for 2 h before being adjusted to a predetermined re-
action temperature. For the TP-MTH reaction, the reaction
temperature was increased at a heating rate of 0.5 °C min™".

Methanol was fed into the reactor at a weight space veloc-
ity of 4 h™ with a pump. For the toluene co-feeding experi-
ment, a mixture of methanol and toluene was directly used
as the reactant. In order to avoid liquefaction of the product,
the outlet line was twined with heat tape to keep the temper-
ature at 240 °C. The effluent was analyzed by an on-line gas
chromatograph (Agilent GC7890A) equipped with a FID detec-
tor and a PoraPLOT Q-HT capillary column.

2.4 Extraction and GC-MS analysis of the confined organics

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

2.5 *C MAS NMR measurement of HCP species

The same as the conditions for temperature-programmed "*C
MTH reaction, '*C-methanol was fed into the reactor until
the reaction temperature reached a predetermined value. Af-
ter the reaction, the catalyst was cooled very quickly by put-
ting it into a vessel containing liquid nitrogen. The catalyst
was transferred to an NMR rotor in a glove box without expo-
sure to ambient air for >C solid-state NMR measurement.

2.6 2C/*C-methanol switch experiments

In the "C/**C-methanol switch experiments, after the reac-
tion temperature reached the predetermined temperature
with ?C-methanol during the TP-MTH reaction, the feeding
line was switched to **C-methanol for further 1.5 min. The
isotopic distributions of the effluent products and the mate-
rials confined in the catalyst were determined by GC-MS
(Agilent 7890/5975C) after extraction.

3. Results and discussion

3.1 Reaction behavior and unusual deactivation during the
TP-MTH reaction

The reaction results over HZ-19 during the TP-MTH reaction
are shown in Fig. 1. Almost no conversion was observed at
relatively low temperature. This is consistent with an earlier
report about the existence of an obvious induction period at
low reaction temperature, during which sufficient HCP spe-
cies should be formed and accumulated to trigger an obvious
MTH reaction.”® An apparent MTH reaction could be ob-
served when the reaction temperature was higher than 277
°C and the corresponding methanol conversion was greater
than ~4%. As the reaction temperature rose continuously,
the autocatalytic MTH reaction was initiated.
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Fig. 1 Methanol conversion and product distribution as a function of
temperature during the TP-MTH reaction over the HZ-19 catalyst.
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The product distribution variation with reaction tempera-
ture during the TP-MTH reaction is shown in Fig. 1. The
main products during the induction period were methane
and ethene which were similar to our previous result.**
Propene, C,4, Cs and Cqt products could be detected after the
initiation of autocatalysis reaction. The selectivity to Cet spe-
cies increased firstly and then decreased at around 300 °C
and after that, it increased gradually again with the increase
of reaction temperature.

Due to the shape-selective effect of ZSM-5 channels, the
product distribution of the MTH reaction not only depends
on the reaction mechanism but also on the product diffusiv-
ity. It is generally recognized that a large molecule diffuses
slowly and the diffusivity difference between different mole-
cules may become smaller at higher temperature. The lower
selectivity to C,, Cs, and Ce+ products at a lower temperature
range indicates that their selectivity might be controlled by
diffusion limitation.

During the whole TP-MTH reaction from low to high tem-
peratures, four different reaction stages could be clearly ob-
served: the initial reaction stage, the auto-catalysis reaction
stage, the deactivation stage and the activity recovery stage.
This integrated reaction phenomenon is not easily observed
under sole low-temperature or high-temperature isothermal
conditions.

After the autocatalysis stage, there existed a deactivation
stage followed by an activity recovery stage during the TP-
MTH reaction. The methanol conversion firstly increased to
about 50% at 277 °C and then decreased to 30% at 287 °C.
The catalyst activity recovered with a further increase of tem-
perature and complete methanol conversion was obtained at
337 °C. It is not easy to understand why there was an unex-
pected activity decrease after the autocatalysis reaction al-
ready initiated. The TP-MTH reaction results also imply that
there should be some change in the ZSM-5 zeolite catalyst. In
the case of the SAPO-34 catalyst, we observed that the catalyst
could be deactivated at lower temperature by methyl-
adamantane occupying most cages of SAPO-34.>**® However,
in the present case of ZSM-5 zeolite, a well-known stable cata-
lyst without cages in its framework structure, a similar reason
may not be possible since we could not find any methyl-
adamantane on the deactivated catalyst. Further detailed
monitoring and characterization of the catalyst during the re-
action is necessary to understand the unusual reaction
behavior.

3.2 Evolution of HCP species and their role at different
reaction stages

The organic species retained in the catalyst at different reac-
tion stages were analyzed by GC-MS (after extraction) and UV-
vis spectroscopy. The results are shown in Fig. 2, where typi-
cal reaction stages were represented by the temperature of
277, 287, 297, 307, 317 and 327 °C, respectively (the samples
were denoted as HZ19-277, HZ19-287, HZ19-297, HZ19-307,
HZ19-317 and HZ19-327, correspondingly).

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 GC-MS (a) and UV/vis (b) analysis of retained species at
different temperatures during TP-MTH reaction.

As shown in Fig. 2(a), at 277 °C (HZ19-277) tetra-
methylbenzenes (tetraMBs) and pentamethylbenzene (penta-
MB) appeared as the first retained organics. Their amounts,
especially for tetraMBs (mainly 1,2,3,5-tetramethylbenzene),
increased gradually with the increase of temperature and
reached a maximum at 297 °C. Trimethylbenzenes (triMBs)
could be detected at 287 °C and their amount increased obvi-
ously when the temperature further increased to 297 °C and
307 °C. A small amount of methylnaphthalenes (MNs) was
also detected at 297 °C. It seems that the total amount of all
retained organics increased to a maximum at ~297 °C, the
point where the catalyst started to deactivate.

Fig. 2(b) shows the result of UV/vis spectra characteriza-
tion. For HZ19-277 and HZ19-287, a rapid increase in the UV/
vis bands at 260, and 350 nm was observed due to the accu-
mulation of initial organic HCP compounds. As the reaction
progressed to 297, 307, 317 and 327 °C, additional bands oc-
curred at 280, 320 and 420 nm, and the band intensities at
~420 nm increased. On the basis of earlier UV/vis studies of
organic compounds on acidic zeolite catalysts,>>*'™** the
bands at 260 and 280 nm were assigned to UV/vis-sensitive
dienes and polyalkylaromatics,® respectively, and the bands
at ~400 nm hint at the formation of polycyclic aromatics.***
The UV-vis results corresponded well with the GC-MS results.

3C ssNMR was employed to identify the reaction interme-
diates and corresponding carbenium ions formed during the
TP-MTH reaction under continuous-flow "*C-methanol con-
version (Fig. S$1(a)f). The strong "*C signals between 10 and
50 ppm and that at 127 and 136 ppm indicate the presence
of alkylated aromatics such as methylbenzenes.”” Besides the
stable organic species mentioned above, the characteristic
signals at 244, 249 and 155 ppm indicating the formation of
polymethylcyclopentenyl cations were also observed.>®*®*°

This journal is © The Royal Society of Chemistry 2017
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The retained methylcyclopentadiene compounds in the
HZSM-5 catalyst were also found in the GC-MS chromato-
gram (Fig. S1(b)f). These deprotonated forms of methyl-
cyclopentenyl cations confirmed the formation of the poly-
methylcyclopentenyl cations.

2C/**C-methanol switch experiments were carried out to
distinguish the reactivity of trapped HCP species in the cata-
lyst at 287 °C, and the temperature for the maximum metha-
nol conversion was obtained before deactivation. The total
'3C contents of the retained organics on the catalyst and ef-
fluent alkenes after the switch experiments are shown in
Table 1. Among the retained organics, tetraMBs, pentaMB,
trimethylcyclopentenyls (triMCPs), 1,1-dimethyl-2-ethyl-cyclo-
pentenyls (1,1-diM-2-E-CP), and pentamethylcyclopentenyl
(pentaMCP) exhibited higher '*C content than other retained
organics, implying their high activity as important intermedi-
ates during the induction period of the reaction on the
HZSM-5 zeolite.

The dominant retained species at 287 °C was 1,2,3,5-
tetraMB (Fig. 2a), which seems more likely to reside within
the ZSM-5 channels due to its bulkier size than other
tetraMBs.” 1,2,3,5-tetraMB has been successfully identified as
one of the major working HCP compounds and proved to
participate in the catalytic cycle to produce propene through
a paring route.”® > As a result, the increase of the initial cata-
lyst reactivity during the initial two stages should be mainly
due to the formation and accumulation of highly reactive spe-
cies related to 1,2,3,5-tetraMB under the current conditions.

3.3 Reasons for the deactivation during the TP-MTH reaction

It was recently reported that naphthalene species could lead
to catalyst deactivation at low temperature over the HSSZ-13
catalyst.>” Although the concentration of naphthalene species
was quite low in the present case, we still try to understand
the relationship between the formation of naphthalene and
the unusual deactivation. As naphthalene formation is pre-
ferred at high temperature, we monitored the TP-MTH reac-
tion by co-feeding of a small amount of toluene (0.01 wt%
and 0.05 wt%) to shorten the induction period and enhance
the activity at lower temperature (Fig. S2(a)t). In this case no
naphthalene species could be detected in the retained species
and 1,2,3,5-tetraMB was still the major constituent (Fig.
S2(b)t). However, it can be seen that there also existed deacti-
vation behaviors and the deactivation point also appeared at
even lower temperatures. Thus it can be confirmed that the
deactivation was not caused by the naphthalene species.

We further analyzed the catalyst after the TP-MTH reac-
tion by TGA in the temperature range of 150-700 °C. Almost
all samples showed weight loss at above 200 °C due to the de-
composition or combustion of organic species. According to
Fig. 3(a) and the DTG result in Fig. S3,f two stages of weight
loss could be observed at temperatures higher than 297 °C
(HZ19-297). Considering the corresponding GC-MS results,
the weight loss at lower temperature was due to the combus-
tion or transformation of methylbenzenes while that at
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Table 1 The total **C content of the retained organics and the effluent products after the >C/*3C switch experiment over HZSM-5 at 287 °C with
2C-methanol feeding during the TP-MTH reaction, followed by 1.5 min of **C-methanol feeding

Retained species TriMCP TetraMCP pentaMCP
45 53.5 47.3

Effluent species Ethene Propene
48.8 47.3

higher temperature should be caused by the combustion of
the later formed methylnaphthalenes.

The total amount of retained species formed at different
temperatures is shown in Fig. 3(b). The amount of organic
species deposited on HZ-19 samples firstly increased from
277 to 297 °C and then decreased when the temperature was
higher than 317 °C. Fig. S41 presents the amount of retained
species formed at different reaction temperatures under iso-
thermal conditions. The amount of retained species also dif-
fered obviously at different temperatures. At around 300 °C,
the amount of retained species was highest, whereas when
the temperature was above 320 °C, the amount of the
retained species decreased rapidly.

As indicated above, the main retained species was 1,2,3,5-
tetraMB. This is different from previous reports on the deacti-
vation of HZSM-5 catalysts at low reaction temperature by the
accumulation of bulky and poorly mobile compounds like
ethyl-trimethylbenzenes and isopropyl-dimethylbenzenes.***>
Considering that all of the organic species should be retained
in the catalyst channels, if we take the molecular weight of
1,2,3,5-tetraMB as the average molecular weight of the
retained species, it could be calculated that there was about
6.91 x 10~* mol of 1,2,3,5-tetraMB retained in the HZ19-297

(a)
HZI92T7

HZI9-327

N HZIsm?

Hz19317

Weight loss (%)

HZ19-297

T T T T T
100 200 300 400 500 800 T00

Coke amount (g/g.41,%)

270 280 290 300 ato 320 330

Temperature (T)
Fig. 3 TG analysis of retained materials (a) and change of the total
coke amount with temperature obtained from TG results (b) during
TP-MTH reaction.
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Xylenes TriMBs TetraMBs pentaMB HexaMB
40.2 38.8 47 58.5 21.4
Butene Pentene
43.9 39

sample. For the HZSM-5 (Si/Al = 19) catalyst, the number of
channel intersections is 6.96 x 10™* mol g. ' (about four
channel intersections for every unit cell),>" corresponding to
one 1,2,3,5-tetraMB molecule per channel intersection. It
seems that the internal space of the catalyst was seriously oc-
cupied at 297 °C.

Taking all the analysis above into consideration, we pro-
pose an assumption that there may exist an “overloading”
effect for the HCP species. As illustrated in Scheme 1, during
the whole reaction process, after generation and accumula-
tion of the initial HCP species, more HCP species will be gen-
erated in an autocatalytic way. When an adequate amount of
HCP compounds was accumulated, they can act as reactive
centers and accelerate the MTH reaction obviously. However,
due to the too rapid generation of aromatic species and the
poor diffusivity of primary olefins at relatively low tempera-
ture, too many poorly mobile compounds would be gener-
ated, retained and occupy most of the catalyst channels or
the channel intersections thereafter, which would prevent the
reaction of the retained species with methanol and cause the
following deactivation behavior in the TP-MTH reaction.

As the TP-MTH reaction proceeded, the activity recovery
stage was observed when the temperature was higher than
320 °C. During this stage, the decomposition (or transforma-
tion) rate of the retained aromatics and the diffusivity of the
effluent products would both be continuously enhanced with
increasing temperature which led to the decrease of the
amount of the retained species (Fig. 3(b)). This would further
help regenerate enough space for the reaction of methanol
with the retained species and bring about the recovery of the
catalyst activity.

In order to further verify our proposal, we prepared two
pre-coked samples based on the same catalyst. Both samples
were pre-coked during the TP-MTH reaction but stopped at
277 °C and 297 °C (the deactivation point), respectively.
According to the characterization results in Fig. 3(b), the total

|
1
I
|
|
I
1
1
1
1
I
|
|

Scheme 1 |Illustration of the HCP species “overloading” effect.
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amount of coke species on HZ19-297 was almost three times
higher than that on HZ19-277. The TP-MTH reaction was car-
ried out over these two catalysts (temperature rises from 240
°C) and the result is pictured in Fig. 4. For the TP-MTH reac-
tion over the HZ19-277 catalyst, the promoting effect of the
pre-formed retained species on the MTH reaction was quite
obvious. Compared with the fresh one, HZ19-277 possessed a
much higher initial activity and the deactivation point was
also advanced. However, for HZ19-297, a weak autocatalytic ef-
fect of the pre-formed aromatics can only be observed initially
and the increasing rate of methanol conversion was even
slower than that over the fresh catalyst. Consequently, the
“overloading” effect can be shown clearly over the HZ19-297
catalyst due to the excessive introduction of aromatic species.

When the catalyst was overloaded with the HCP com-
pounds, most parts of the crystals and the molecules therein
would become inaccessible to incoming methanol after deac-
tivation. This indicated that these retained species would par-
ticipate much less in the HCP cycle which can be reflected
through the isotopic switch experiment.>> To monitor the re-
activity change of the retained species, additional '*C/**C
switch experiments were carried out at 297 °C (the deactiva-
tion point) and 327 °C (one of the activity recovery points)
(the detailed value of the '*C content is given in Table 2).
At 297 °C tetraMBs lost most of their reactivity, and xylenes
and triMBs almost totally changed to inactive species. This
presented a clear demonstration of the “overloading” effect
of methylbenzene species. Interestingly, during the activity
recovery stage (>320 °C), all the tested retained species be-
came active again and the reactivity seemed even higher than
that observed in Table 1. Compared with the results of
Tables 1 and 2, the "*C content of pentaMB became a little
lower indicating a small decrease of the reactivity while that
of hexaMB remained almost unchanged. Considering the mo-
lecular size of pentaMB and hexaMB, the present results sug-
gest that they possibly existed near the external surface of
HZSM-5 crystals.

—— Normal
—O=— Pre-coked until 297 'C

1 =/~ Pre-coked until 277 C
80

100 -

60 <

Conv. (%)

20

T s T " T iz T b T o T b T
240 260 280 300 320 340 360
Temperature ('C)

Fig. 4 Methanol conversion as a function of temperature during the
TP-MTH reaction for the fresh catalyst and pre-coked catalysts during
the TP-MTH reaction until the reaction temperature reached 277 °C

and 297 °C.
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Table 2 The total *C content of the retained organics and the effluent
products after the 2C/**C switch experiment over HZSM-5 at 297 °C and
327 °C with *C-methanol feeding during the TP-MTH reaction, followed
by 1.5 min of *C-methanol feeding

Retained species Xylenes TriMBs TetraMBs pentaMB HexaMB

297 °C 0.55 1.15 12.76 48.66 29.60
327 °C 45.73 47.82 59.97 60.39 27.66

3.4 Alleviation of the “overloading” effect during the TP-MTH
reaction

The “overloading™ effect was caused by accumulation of too
much methylbenzene. The accumulation rate of the retained
aromatics should be closely related to the balance of their
formation rate and their diffusion rate. In order to alleviate
or eliminate the “overloading™ effect, we can either decrease
the formation rate of the retained species or enhance the dif-
fusion properties of the catalyst. The formation rate is closely
related to the acid properties, and the diffusion property is
closely related to the crystal size.

We choose another three HZSM-5 catalysts to test the
above idea: one HZSM-5 catalyst (Si/Al = 99) with a similar
crystal size but different Si/Al ratio (the acid site density is
much lower than that of HZ-19 and the characterization in-
formation of the samples has been presented in our previous
work®®), and two HZSM-5 zeolites exhibiting micro (MZ-21)
and nano (NZ-20) range crystal size but with similar acid
properties (Fig. S5 and S6). The NZ-20 sample presented a
pure and well crystallized MFI phase (Fig. S7t) with a crystal-
lite size of 20-50 nm while the MZ-21 sample presented a
crystallite size of 2 um (Fig. S51). For MZ-21 and NZ-20 sam-
ples, the Si/Al ratios were almost the same but the external
surface area of the NZ-20 catalyst was much higher, indicat-
ing its better diffusion characteristics (Table S17).

The activities of HZ-99, NZ-20 and MZ-21 catalysts were
tested under temperature-programmed conditions. The
“overloading” effect was eliminated on the HZ-99 catalyst
which is due to the much lower formation rate of the
retained species (the GC-MS and TG analysis of the corre-
sponding retained species has been presented in the previ-
ous work®). For the MZ-21 catalyst, the reaction phenome-
non was almost the same as that for HZ-19. Because of the
higher exposure degree of active sites for the NZ-20 catalyst,
the formation of the initial HCP species was much easier
and a shorter induction period was observed (Fig. 5). The
methanol conversion increased continuously with the in-
crease of temperature. Although the increasing rate of
methanol conversion slowed down at around 300 °C, no de-
activation behavior was observed during the induction
reaction on NZ-20. The shorter diffusion path length com-
bined with the larger external surface area of the catalyst
promoted the diffusion of the aromatic molecules and
further prevented the aggregation of too many retained spe-
cies which are responsible for the deactivation at low
temperature.
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Fig. 5 Methanol conversion profiles as a function of temperature for
HZ-99, MZ-21 and NZ-20 catalysts during the TP-MTH reaction.

Conclusions

In summary, during the TP-MTH reaction, the evolution of
catalyst activity with a linear increase of temperature was
carefully monitored. Four different reaction stages could be
clearly observed: the initial reaction stage, the auto-catalysis
reaction stage, the deactivation stage and the activity recovery
stage. An unusual deactivation behavior was observed follow-
ing the auto-catalysis period. It was proved that the deactiva-
tion was not caused by the formation of usual “coke” species
or other inactive residues but due to the accumulation of too
many reactive centers. This phenomenon makes us recon-
sider the role of HCP compounds and propose the
“overloading” effect: the promoting effect will not always in-
crease with the increasing amount of active retained species
due to the diffusivity limitation of the zeolite; on the con-
trary, too many active species will lead to catalyst deactivation
at low temperature because of the serious occupation of the
zeolite channels. Further study demonstrated that the
“overloading effect” can be alleviated or eliminated by en-
hancing the catalyst diffusivity or decreasing the acid site
density of the zeolite catalyst.
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