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The evolution of retained species during the whole methanol-to-olefins
process was revealed with the aid of GC-MS, thermogravimetric ana-
lysis (TG) and density functional theory (DFT) calculations. Precise
routes for the transformation of retained methylbenzenes to methyl-
naphthalenes were proposed, based on the direct capture of three
possible organic intermediates, to explain the catalyst deactivation
procedure.

The methanol-to-olefins (MTO) process has been considered
one of the most successful non-petrochemical routes to pro-
duce light olefins, ethene and propene, the chemicals that
constitute the backbone of the petrochemical industry. In
2010, the world’s first commercial MTO plant was successfully
constructed in Baotou, China, employing the DMTO process
developed by the Dalian Institute of Chemical Physics. By
employing SAPO-34 molecular sieves as catalysts with unique
small pore opening and chabazite (CHA) cage structures, high
methanol conversion and relatively high light olefin selectivity
were realized.'™

As an important area of MTO study, the mechanism of
methanol-to-olefins has been studied extensively to provide gui-
dance for both fundamental research and industrial applications
over the past four decades.”” Achievements have been gained for
the first C-C bond formation via a direct mechanism*>*™" in the
early stage, and olefin production via an indirect mechanism"**°
in the steady-state stage using experimental evidence and theore-
tical calculation of the MTO reaction. According to the accepted
indirect mechanism, methanol that reacts on the hydrocarbon

“ National Engineering Laboratory for Methanol to Olefins, Dalian National
Laboratory for Clean Energy, iChEM (Collaborative Innovation Center of
Chemistry for Energy Materials), Dalian Institute of Chemical Physics,

Chinese Academy of Sciences, Dalian 116023, P. R. China.
E-mail: weiyx@dicp.ac.cn, liuzm@dicp.ac.cn

b University of Chinese Academy of Sciences, Beijing 100049, P. R. China

+ Electronic supplementary information (ESI) available. See DOI: 10.1039/

d0cc02408b

i B. Yu and W. Zhang contributed equally to this work.

This journal is © The Royal Society of Chemistry 2020

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Capture and identification of coke precursors
to elucidate the deactivation route of the
methanol-to-olefin process over H-SAPO-34
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pool (HCP) species,"*™® such as polymethylbenzenes and poly-

methylcyclopentadienes, was retained in the catalysts and olefins
were split off from these active species. The aging and transfor-
mation of these active species to polymethylnaphthalenes and
polycyclic aromatic hydrocarbons causes deactivation, with the
occurrence of pore blockage and the acid site coverage of the
catalysts.”*>*

Study of the formation of deactivation species is important
for understanding the MTO reaction and catalyst deactivation.
Han proposed that oxygen-containing coke species are one of
the precursors that can be converted to aromatics and coke species
on H-ZSM-5.° Bjgrgen and co-workers® found that dihydrotri-
methylnaphthalene, as the precursor of naphthalene derivatives,
can be produced from heptamethylbenzenium (heptaMB") by
hydrogen transfer and molecular rearrangement. Sassi*® also
observed trace amounts of tetrahydro-1,4-dimethylnaphthalene
when co-feeding of methanol and methylbenzenes was adopted,
and speculated that it could be formed by coupling two isopropyl
groups that are located ortho to each other on the benzene ring.
From calculation results, Hemelsoet®”*® proposed that the growth
of naphthalenic compounds within a zeolite with chabazite
topology is energetically feasible through successive methylation
reactions. However, the detailed mechanism and experimental
evidence of the transformation of methylbenzenes to methyl-
naphthalenes was not very clear, and detailed elementary reac-
tions for formation of methylnaphthalenes, as the key step for the
transformation of reactive HCP species to coke species, needs
further exploration and more detailed elucidation. Such an under-
standing of the evolution of organic species would provide a
strategy for controlling the MTO reaction.

In this contribution, methanol conversion was performed on
H-SAPO-34 at 350 °C with a high weight hourly space velocity
(WHSV) of methanol to obtain a whole view of the methanol
conversion during the induction period, steady-state period and
deactivation period. We monitored the evolution of retained
organic species and their variation in activity during methanol
conversion. The evolution of organic species over H-SAPO-34 was
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Fig. 1 Methanol conversion and the evolution of retained organic species
with time on a stream over H-SAPO-34 at 350 °C and WHSV of 6 h™%.

correlated to the three stages of methanol conversion. In
particular, intermediates for possible transformation of methyl-
benzenes to methylnaphthalenes were captured, which gave
direct evidence of aging of the reactive HCP species for the
naphthalene derivatives with lower reactivity. Meanwhile DFT
calculation demonstrated the feasibility of the transformation
of methylbenzenes to methylnaphthalenes.

The results for the characterization of H-SAPO-34 are given
in the ESIf (Fig. S1-S4). The methanol-to-olefin reaction was
performed on H-SAPO-34 with a Si molar content of 0.06 (ng;/ns;
+ na + 1p = 0.06 (in mole ratio)) at 350 °C and WHSV =6 h™".
Mild reaction conditions and the use of a catalyst with relatively
low acid density ensure accurate observation and tracing of the
evolution of the MTO reactions and generation of the retained
organic species. The variation of methanol conversion with coke
formation, as presented in Fig. 1, made it possible to divide the
whole reaction course into three reaction stages: an induction
period from 0 to 50 min, an efficient reaction period from 50 to
90 min and a deactivation period from 130 to 210 min. A rational
relationship between methanol conversion and confined organics
evolution in the catalyst with time-on-stream (TOS) can be clearly
established. When the coke species accumulated in the early
stage, the conversion of methanol increased sharply to almost
100% conversion at 50 min. At the beginning of the reaction, from
10 to 50 min, the amount of retained organic species increased
from 2 to 8.6 wt%, accompanied by an increase in the methanol
conversion from 65.42% to 94.89%. After methanol conversion hit
a peak at 50 min, further coke deposition gave rise to a reverse
trend for methanol conversion. The weight of the coke increased
to 17.53 wt% at TOS of 210 min, while methanol conversion
declined to 17.75%. Product selectivity also varied with coke
formation. Selectivity of ethene increased from 18.9% to 27.1%,
while that of propene decreased from 48.6% to 42.9% with the
amount of coke increasing from 2.03 wt% to 17.53 wt% (Fig. S5,
ESIt). Moreover, the *C-NMR signals of the retained organic
species exhibit the same evolving trends with TOS (Fig. S6, ESIT).

In combination with TG analysis, *C-NMR and GC-MS
analysis after catalyst dissolution in HF solution and extraction
of the retained organics with CH,Cl,, the detailed evolution
with reaction time of the five types of organic species confined
in the H-SAPO-34 catalyst was determined. The different trends
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are shown in Fig. 1, corresponding to the methanol reaction
during the three reaction stages. At the beginning of the
reaction, polymethylbenzene formation in the catalyst and the
concentration increase of the active HCP species gave rise to the
enhancement of methanol conversion during the initial
50 min. At the same time, adamantane hydrocarbons and
methylnaphthalene derivatives, also increased in intensity,
but at a lower level compared to the methylbenzenes. When the
reaction time was prolonged to 90 min, the quantity of methyl-
benzenes, especially polymethylbenzenes, started to decrease,
while that of methylnaphthalenes increased sharply to a rela-
tively high level and became the dominating coke species. This
change of organic species was accompanied by the decline in
methanol conversion from a TOS of 50 min. In the deactivation
period (170 min and 210 min), methylnaphthalenes dominated
among the retained organic species in the catalyst, and accounted
for approximately 50% of the coke species. It is noteworthy that
methylnaphthalenes increased over the whole reaction period.
After the induction period, with the polymethylbenzenes decreas-
ing in intensity, lower methylbenzene formation was also
achieved. In addition, a small amount of adamantane hydro-
carbons and polyaromatic hydrocarbons appeared amongst the
coke species, and their intensity increased slightly with reaction
time. These results illustrate that the both improvement or
depression of methanol conversion are associated with varia-
tion in the nature and quantity of coke. The reaction mecha-
nism from the highly efficient stage to the deactivation period
is critical for development of the methanol reaction process.
Therefore, in the following section, transformation of the active
species (methylbenzenes) to coke species (methylnaphthalenes)
was investigated in detail based on direct capture of the organic
intermediates.

The coke analysis described above indicated that among the
retained organic species of methanol reaction over H-SAPO-34,
the decrease in polymethylbenzenes was accompanied by an
increase in polyaromatics, such as methylnaphthalenes, phe-
nanthrene and pyrene, during the deactivation period. This
implied that the initially formed methylbenzenes in the catalyst
would convert to methylnaphthalenes and polycyclic aromatics
during the deactivation period, but how methylbenzenes trans-
form to methylnaphthalenes on H-SAPO-34 catalysts still
remains unclear. In this work, the confined organics in the
catalyst of methanol conversion were analyzed thoroughly
and the intermediates or precursors for formation of methyl-
naphthalenes under real reaction conditions were success-
fully captured. Based on this evidence, a rational route for
the transformation of methylbenzenes to methylnaphtha-
lenes is proposed.

The organic species confined in the H-SAPO-34 catalyst after
methanol conversion for 130 min were analyzed by GC-MS, as
shown in Fig. 2. Besides the abundant retained compounds, such
as methylbenzenes and methylnaphthalenes, three organic spe-
cies in relatively low intensity were successfully captured after
methanol conversion for 130 min, which were possibly the
important precursors of methylnaphthalenes. The peaks with
retention times of 18.7, 20.7 and 23.45 min were assigned to
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Fig. 2 Capture and identification of the intermediates by GC-MS after
methanol conversion over H-SAPO-34 catalysts for 130 min.

tetrahydro-1,8-dimethylnaphthalene, dihydro-1,5,6-trimethly-1H-
indene and 1,2-dimethyl-3-(2-butenyl)benzene, or their possible
isomers, on the basis of the NIST-11 database. Two possible
routes for the formation of 1,2-dimethylnaphthalene from methyl-
benzenes with the involvement of these three intermediates are
further depicted in Scheme 1.

As described in Scheme 1, starting from 1,2-dimethyl-3-(2-
butenyl)benzene (coke precursor I), its isomerized compounds,
1,2-dimethyl-4-(1-methyl-2-propenyl)benzene (coke precursor I')
and 1,2-dimethyl-4-(3-butenyl)benzene (coke precursor I") are
first protonated over H-SAPO-34 to form the corresponding
carbenium ions. Then, the carbenium ions possibly convert
to 1, 2-dimethylnaphthalene by means of route 1 or route 2. For
route 1, coke precursor I' is protonated and transformed to coke
precursor II (dihydro-1,5,6-trimethly-1H-indene) via a cyclization
reaction, and, subsequently, the protonated form of coke precursor
II transforms into 1,2-dimethylnaphthalenecarbenium by hydrogen
transfer, dehydrogenation, ring-enlargement and deprotonation
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reactions. In route 2, tetrahydro-1,2-dimethylnaphthalene (coke
precursor III) can be generated from coke precursor I’ by
protonation, hydrogen transfer, cyclization and deprotonation
reactions. After that, olefins (ethene, propene, butene) can be
produced from the coke species via an elimination reaction by
means of route 3.

Here, the critical steps, such as cyclization and ring enlarge-
ment, for the formation of dimethylnaphthalene from the coke
precursors I' and I” were used to evaluate the feasibility of route 1
and route 2 over the H-SAPO-34 model (Fig. S7, ESIt) using
theoretical calculations. The isomerization,>*° deprotonation®'
and hydrogen transfer reactions needed to overcome a relatively
low energy barrier in the MTO reaction catalyzed on cage-type
catalysts in previous studies. The calculated Gibbs free energy
barriers at 623 K and the transition state structures of the critical
steps are presented in Scheme 1. For route 1, the free energy
barriers for the cyclization and ring-enlargement reactions are
21.42 and 19.29 kcal mol™", with reaction rate constants of
8.20 x 10* and 6.23 x 10° s, respectively. The cyclization reac-
tion in route 2 presents a free energy barrier of 10.30 kcal mol *
at a temperature of 623 K, which is 9.0-11.12 kcal mol™
than the reactions in route 1, and the rate constant of 2.21 x 10
is 4-5 orders of magnitude higher than that in route 1. Therefore,
although, rationally, both routes could generate 1,2-dimethyl-
naphthalene, route 2 is more energetically favorable than route 1
for the formation of 1,2- dimethylnaphthalene. However, it is note-
worthy that splitting off propene from 1,2-dimethyl-4-(3-butenyl)-
benzene through the elimination reaction in route 3 needs to
overcome a higher free energy barrier of 33.61 kcal mol ™", with
a lower reaction rate constant (5.48 x 10° s~") than other two
routes. The energy barrier of the elimination reaction in route 3
to form propene products is higher than that of the cyclization
steps in route 1 and 2 to form the precursors of the naphtha-
lene derivatives. Thus, the coke precursors I’ and I” tend to form
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Scheme 1 The possible routes of coke precursor evolution over H-SAPO-34. Calculated free energy barriers and reaction rate constants at 350 °C are
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, respectively. Optimized transition state structures of these critical steps are presented near the corresponding reaction.
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1,2-dimethylnaphthalene rather than produce propene. Therefore,
on the basis of capture of a series of possible intermediates observed
in the real MTO reaction, different transformation routes of methyl-
benzenes to methylnaphthalenes are proposed.

Methylbenzenes with bulky alkyl side chain, such as 1,2-
dimethyl-3-(2-butenyl)benzene, usually work as the precursor
for alkene products, with butenes and other alkenes generated
via an elimination reaction. During the deactivation period,
with much more confined generation and accumulation of
organic species, the reactivity of the catalyst declined and the
elimination reaction could not be efficiently realized. At the
same time, mass transfer reduction also limited the diffusion of
some higher hydrocarbons out of the catalyst crystal, especially
C4' olefins generated in the catalyst. Some side reactions,
including isomerization (H/CH; transfer) and cyclization of
benzenes with bulky side chains, may generate coke precursors,
such as methylindene and tetrahydro-methylnaphthalene in
the supercage of H-SAPO-34, leading to the transformation of
methylbenzene to polyaromatics. This evolution of confined
organics finally gives rise to severe deactivation of the catalyst
due to occupation of the CHA cavities of SAPO-34 by the inert
aromatic hydrocarbon coke species.

In conclusion, with the aid of GC-MS, TG analysis and DFT
calculations, the evolution of retained species on reaction and
deactivation during the whole MTO process was successfully
clarified. At the beginning of the MTO reaction over H-SAPO-34
catalyst, polymethylbenzenes as the active intermediates were
formed and accumulated during the induction period, which
accounted for the highly efficient methanol conversion during
the steady-state reaction period. However, during the deactivation
period, polymethylbenzenes gradually transformed to methyl-
naphthalenes, which played a decisive role in the deactivation of
the MTO reaction. Two possible routes for the evolution of
methylbenzenes to methylnaphthalenes are proposed based on
the first-time capture of three key intermediate species, tetrahydro-
1,8-dimethylnaphthalene, dihydro-1,5,6-trimethly-1H-indene, and
1,2-dimethyl-3-(2-butenyl)benzene and their possible isomers, as
the precursors of naphthalene derivatives. Theoretical calculation
confirmed the feasibility of these routes. When alkylbenzenes with
bulky side chains were formed, both olefin generation and methyl-
naphthalene formation possibly occurred, while the predominance
of the reaction route depended on the different stage of the
methanol conversion reaction. The low energy barrier of
methylnaphthalene formation and high energy barrier of pro-
pene elimination in the reaction network of confined organics
transformation makes deactivation an inevitable trend. Slowing
the evolution of active species for coke deposits, as a strategy to
prolong the lifetime of the SAPO-34 catalyst, is of great impor-
tance for the industrial MTO process.
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