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beta zeolites and the reaction mechanism of their
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Large pore high-Si beta zeolites (Si/Al = 136 to 340) were synthesized by a HF-assisted method, and their
catalytic performance for the conversion of methanol to propene was explored. It is demonstrated that
beta zeolites with low acid density facilitate the achievement of high propene selectivity and a high
propene/ethene ratio. The HF dosage in the synthesis has great influence on the Al distribution in the
framework, as evidenced by 2’Al MAS NMR and 2’Al MQ MAS NMR spectroscopy, which may influence the
acidity and microstructure of acid sites and lead to a remarkable catalytic lifespan. A HF/SiO; ratio of 0.45
is found to facilitate the synthesis of high-Si beta enriched with Al atoms located at the T9 sites; this helps
the catalyst show the longest lifetime, with a propene selectivity of 49.7-58.3% at 550 °C and WHSV = 2
h™. With the aid of **C/**C-methanol switch experiments, we elucidated that the olefin-based mechanism
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dominates the reaction and contributes to the formation of ethene, propene, and higher olefins. Moreover,
two phenol compounds are identified in the coke species, which have not been observed previously and
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1. Introduction

Light olefins are important raw materials for the petro-
chemical industry; the demand for these olefins has been in-
creasing for several decades. Traditionally, light olefins are
produced by steam cracking of naphtha and fluid catalytic
cracking. The development of methanol-to-olefins processes
has opened an alternative route to produce light olefins and
has aroused significant interest in both the academic and in-
dustrial fields because the use of methanol as a starting mate-
rial can reduce the dependence on petroleum resources. Cur-
rently, several processes have been commercialized including
DICP methanol-to-olefins (DMTO) process,' > UOP/hydro
methanol-to-olefins process*® and Lurgi's methanol-to-
propene (MTP) process.’® Both MTO processes use small pore
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have been found to be detrimental to the reaction.

SAPO-34 as the catalyst, and the MTP process is based on a
medium pore ZSM-5 catalyst.

With the aim of developing more selective catalysts for
methanol conversion and realizing product selectivity con-
trol, great efforts have been dedicated towards understanding
the methanol conversion mechanism. It is generally accepted
that the reaction follows an indirect pathway in which two
catalytic cycles may be involved, that is, the aromatic-based
hydrocarbon pool (HCP) mechanism and the olefins methyla-
tion and cracking mechanism.”® In the aromatic-based cy-
cle, methylbenzenes, methylcyclopentadienes, and their cor-
responding carbenium cations have been revealed to be the
active HCP species, in which methylbenzenes with two or
three methyl groups preferentially yield ethene, whereas
higher methylbenzenes facilitate the formation of propene
and butene."”™ In the olefin-based cycle, higher olefins
formed by the methylation of light olefins are reactive inter-
mediates, and ethene is demonstrated to be a minor cracking
product from the olefins, in contrast to propene and bu-
tene.'*'*'> Both catalytic cycles are interconnected by the
secondary reaction of higher olefins to methylbenzenes, such
as oligomerization, cyclization and hydrogen transfer.

Zeolite topology can exert influence on the reaction mech-
anisms and product selectivity of these processes. For exam-
ple, our previous work'®"'” showed that over cavity-type SAPO/
zeolites with 8-membered ring (MR) pores, the aromatic
mechanism is generally effective for the reaction due to the

This journal is © The Royal Society of Chemistry 2017
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ready formation of HCP species in the supercages. Although
the detailed HCP species differ with the cavity size, ethene
and propene are observed to be the main products because
of the diffusion limitation of higher olefins imposed by the
small apertures. On the other hand, for zeolites with only
one dimension (1D) 10-MR channels, such as ZSM-22 and
SAPO-41, the olefins-based route is dominant in the reaction,
with propene, butene and Cs; as the main products, due to
the insufficient space for the formation of aromatics
intermediates."® ' Poor catalytic stability was always ob-
served with these zeolites due to the mass transfer limitation
in the 1D channels. Moreover, both catalytic cycles can co-
exist in the reaction (dual-cycle mechanism) over large pore
12-MR zeolites and medium pore zeolites with inter-
connected 10-MR channels.**>* This was first proposed
based on studies of the reaction over ZSM-5 by Bjorgen
et al;'® over this catalyst, lower methylbenzenes were found
to be more active due to the smaller channel intersections,
contributing to the formation of ethene. The formation of
C;. olefins arises from the olefin methylation and cracking
route.

In addition to their topology, the acidity of zeolites also
plays an important role in the formation of intermediates
and the generation of light olefins.”*° A higher concentra-
tion of Bronsted acid sites will prompt side reactions and re-
duce the lifetime and light olefins selectivity of the
catalyst.*** Moreover, Olsbye et al.>’ investigated the reac-
tion over SAPO-5 and SSZ-24, both of which have the same
AFI topology with 1D 12-MR channels. They found that the
moderately acidic SAPO-5 favors an olefin-mediated reaction
mechanism with C;-Cs olefins as the main products. The
strongly acidic H-SSZ-24 is more selective towards aromatic
products and C,-C; hydrocarbons. These results suggest that
weaker acid strength facilitates the olefins-based cycle. Acid
strength and acid concentration can be important design pa-
rameters for selectivity optimization in zeotype catalysis.

To date, catalyst development for the MTP process has
mainly focused on small and medium pore zeolites based on
the consideration of shape-selectivity control. A propene se-
lectivity of 40% to 50% with a propene/ethene ratio of 5 to 10
has been achieved over ZSM-5 by carefully controlling the
acidity, morphology and size of the catalyst.>**® Note that a
higher propene/ethene ratio is desirable for the commercial
MTP process due to the reduced energy consumption for the
separation of gas products. However, one recent study by
Tatsumi et al. indicates that a CON-type Al-containing boro-
silicate zeolite (Si/Al = 100 to 200) which consists of a 3D pore
system with 12-, 12-, and 10-MR channels and is prepared
using trimethyl-(-)-cis-myrtanylammonium hydroxide as the
organic template shows high propene selectivity and low eth-
ene selectivity in methanol conversion.’” This work implies
that large pore zeolites may produce propene and higher ole-
fins with high selectivity if the acid properties of the zeolites
are carefully modulated. Given that weaker acidity and lower
acid concentration of zeolites facilitate the suppression of the
aromatization of olefin products in the methanol reaction, it
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is envisioned that large pore zeolites with high Si/Al ratios
and weak acid strengths may demonstrate interesting perfor-
mance for propene production.

Among large pore zeolites, beta is an interesting candidate
because of its relatively weak acidity and 3D pore system.*®
Previous studies have shown that beta with a low Si/Al ratio
is active for methanol conversion, with a large amount of aro-
matic products.’>*® The reaction temperature was generally
controlled to be lower than 350 °C to better examine the reac-
tion mechanism.*" Also, the aromatics-based cycle was re-
vealed to greatly contribute to the reaction, with hexamethyl-
benzene and heptamethylbenzenium cation as the active
HCP species. Further, Bjorgen et al.> studied the reaction
over beta zeolite with a Si/Al ratio of 120 at 350 °C and
achieved a high propene/ethene ratio of 21 with a propene se-
lectivity of 22.7%. A dual cycle mechanism was found to func-
tion in the reaction. Recently, Zhang et al.*> also showed that
beta catalyst (Si/Al = 120) can produce more propene during
methanol conversion. Moreover, Yokoi et al*® developed
a post-synthetic dealumination method to increase the Si/Al
ratio of beta zeolites and achieved 37.4% to 49.7% propene
selectivity over dealuminated beta with a Si/Al ratio of 112.
These studies suggest that beta zeolites with increased Si/Al
ratios can present interesting catalytic performance for the
MTP reaction.

Herein, high-Si beta zeolites with varying Si/Al ratios (Si/Al
=130 to 340) were synthesized with the assistance of fluoride
ion, and their catalytic performance in methanol conversion
was investigated. In an attempt to achieve high propene se-
lectivity, low ethene selectivity and long catalytic lifespan, the
influence of the initial HF/SiO, ratios, zeolite Si/Al ratios and
reaction conditions were examined in detail. Using the '*C/
3C-methanol switch technique, a reaction mechanism was
proposed to elucidate the origin of the high propene selectiv-
ity over high-Si beta (Si/Al ~ 280) at high temperature (450 °C
to 550 °C). Moreover, solid-state MAS NMR, NH;-TPD and
coke species analysis were also performed to better under-
stand the remarkable catalytic lifespans and product selectiv-
ities of the samples.

2. Experimental
2.1. Synthesis of beta zeolites

The chemical reagents used for the syntheses include: tetra-
ethoxysilane (TEOS, Tianjin Kemiou Chemical Reagent Co),
tetraethylammonium hydroxide (TEAOH, 35 wt%, Tianjin
Damao Chemical Co), Al(NO;);-9H,0 (Tianjin Kemiou Chemi-
cal Reagent Co), and hydrofluoric acid solution (40 wt%,
Tianjin Damao Chemical Co). Typical synthesis of beta zeo-
lites is as follows: 31.56 g TEAOH solution was added to
31.25 g TEOS under stirring. After 2 h, 0.188 g Al(NO;);-9H,0
dissolved in 4.0 g water was mixed with the above clear solu-
tion and stirred for 0.5 h. Subsequently, 4.5 g 40 wt% HF so-
lution was quickly added to the solution. The excess water
was evaporated at 60 °C to afford a final gel with a molar
composition of 1Si0,:1/600AL,0; : 0.5TEAOH : 0.6HF : 3H,0.
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The final gel was transferred into a Teflon-lined stainless
steel autoclave. Crystallization was carried out at 160 °C un-
der tumbling at 60 rpm. After 12 h of crystallization, the
slurry was centrifuged, washed with distilled water, and dried
at 120 °C for 12 h. The organic template in the product was
removed by calcination at 550 °C for 4 h. The solid yield of
the product was calculated on the basis of SiO,. The samples
were named Bx-y, where x represents the Si/Al ratio in the gel
and y refers to the HF/SiO, ratio.

2.2. Characterization

Powder XRD patterns were recorded on a PANalytical X'Pert
PRO X-ray diffractometer with Cu-Ka radiation (4 = 0.15418
nm), operating at 40 kv and 40 mA. The chemical composi-
tions of the solid samples were determined with a
PhilipsMagix-601 X-ray fluorescence (XRF) spectrometer. The
crystal morphologies were observed using a scanning electron
microscope (Hitachi SU8020). N, adsorption-desorption iso-
therms at -196 °C were determined on a Micromeritics
ASAP2020 instrument. Prior to the measurements, the sam-
ples were degassed at 350 °C under vacuum for 4 h. The total
surface areas were calculated based on the BET equation.
The micropore volume and micropore surface area were eval-
uated using the ¢-plot method. All solid state NMR experi-
ments were performed using a Bruker Avance III 600 spectro-
meter equipped with a 14.1 T wide-bore magnet. The
resonance frequencies in this field strength were 150.9 and
119.2 MHz for *’Al and *°Si, respectively. The *°Si MAS NMR
spectra were recorded at a spinning rate of 8 kHz using high-
power proton decoupling. 1024 scans were accumulated, with
a n/4 pulse width of 2.5 ps and a 10 s recycle delay. Chemical
shifts were referenced to 4,4-dimethyl-4-silapentane sulfonate
sodium salt (DSS). >’Al MAS NMR spectra were recorded at a
spinning rate of 12 kHz using one pulse sequence. 200 scans
were accumulated, with a /8 pulse width of 0.75 psand a 2 s
recycle delay. Chemical shifts were referenced to
(NH4)AI(SO,),-12H,0 at —0.4 ppm. Two-dimensional (2D) *’Al
MQ MAS NMR experiments were performed at a spinning
speed of 12 kHz. An tf field of 200 kHz was used for the crea-
tion (0Q — +3Q) and the first conversion (+3Q — 0Q) pulses.
An rf field of 10 kHz was used for the last conversion step
(0Q — +1Q), which was the central transition selective soft
90° pulse. A two-dimensional (2D) Fourier transformation
followed by a shearing transformation provided a pure ab-
sorption mode 2D contour plot.***® The isotropic chemical
shift (J;s,) values were calculated according to literature pro-
cedures.*® Temperature-programmed desorption of ammonia
(NH3-TPD) was measured on a Micrometric 2920 chemical
adsorption instrument. Each sample (40 to 60 mesh, 0.20 g)
was loaded into a quartz U-shaped reactor and pretreated at
600 °C for 1 h in flowing He. After the pretreatment, the sam-
ple was cooled to 100 °C and saturated with NH; gas. Then,
NH;-TPD was carried out in a constant flow of He (20 mL
min™") from 100 °C to 550 °C at a heating rate of 10 °C
min".
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2.3. Catalytic reaction

0.3 g calcined catalyst was pressed, sieved to 40 to 60 mesh
and loaded in a fixed-bed quartz tubular reactor with an in-
ner diameter of 8 mm. Prior to the reaction, the catalyst was
activated at 550 °C for 60 min; then, the temperature was ad-
justed to the reaction temperature. Methanol was fed by pass-
ing the carrier gas (40.0 mL min™') through a saturator
containing methanol at 35 °C, which afforded a WHSV of 4.0
h™. Methanol conversion was performed under atmospheric
pressure. The effluent products from the reactor were
maintained at 200 °C and analyzed by an online Agilent
7890A GC equipped with a PONA capillary column (100 m x
0.25 mm x 0.5 um) and a FID detector. The conversion and
selectivity were calculated on the basis of CH,. Dimethyl
ether (DME) was considered to be a reactant in the
calculation.

2.4. Coke species analysis

After the reaction, the catalyst was discharged and placed in
a vessel containing liquid nitrogen. 100 mg spent sample was
transferred into a Teflon vial and treated with 1 mL
dichloromethane (10 ppm C,Clg as internal standard) under
ultrasound for 30 min to extract the surface organic species;
then, the organic phase was separated. Subsequently, after
washing three times with dichloromethane, the sample was
dissolved in 1 mL 40% HF solution. The residual organic spe-
cies in the catalyst micropore were further extracted using 1
mL dichloromethane with 10 ppm C,Cls. The organic species
were analyzed by GC-MS (Agilent 7890A/5975C MSD) with an
HP-5 MS capillary column (30 m x 0.25 mm x 0.25 mm).

2.5. *>C/**C-methanol switch experiments

In the C/**C-methanol switch experiments, after "*C-metha-
nol was fed for 30 min at 550 °C and WSHV = 4.0 h™', the
methanol feed was stopped and the feeding line was
switched to *C-methanol for a further 30 s; the effluent prod-
ucts from the reactor were kept warm and analyzed by an on-
line gas chromatograph (GC) equipped with a PoraPLOT-Q
capillary column, an FID detector and a mass spectrometric
detector (Agilent 7890B/5977A). Meanwhile, the off-gas was
collected by CH,Cl, every 10 s to better detect the aromatic
products; for example, for the 30 s data, the off-gas from 25 s
to 35 s was collected. The CH,Cl, solutions were analyzed by
GC-MS (Agilent 7890A/5975C MSD) with a HP-5 MS capillary
column.

3. Results and discussion

3.1. Synthesis of high-Si beta zeolites with varying Si/Al ratios
and their catalytic performance in methanol conversion

High-Si beta zeolites with different Si/Al ratios were synthe-
sized in fluoride media. The detailed synthetic conditions
and product compositions are listed in Table 1, and the XRD
patterns of the samples are shown in Fig. S1.7 All the samples
show typical diffraction patterns of beta zeolite, with the

This journal is © The Royal Society of Chemistry 2017
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Table 1 The Si/Al ratios, solid yields and acid densities of the products®

Sample B150-0.60 B200-0.60 B250-0.60 B300-0.60 B350-0.60 B400-0.60
Si/Al ratio in gel 150 200 250 300 350 400

Si/Al ratio in product? 136 167 206 278 314 340
Product yield (wt%) 84.7 84.0 86.8 89.8 89.0 86.6

Daeia (mmol g7)° 0.078 0.070 0.056 0.047 0.042 0.040

“ Initial gel molar composition: SiO,:Al,0,: TEAOH:HF:H,0 = 1:1/2x:0.5:0.6:3 (160 °C, 12 h). ” Determined by XRF. ° Acid density

determined by NH;-TPD.

coexistence of sharp and broad reflections corresponding to
the *BEA structure, which mainly consists of polymorphs A
and B with stacking disorder. The Si/Al ratios of the products
determined by XRF are slightly lower than those of the gels,
which is consistent with their high solid yields of above
84.0%. The SEM images of the samples are displayed in Fig.
S2;t the images show that all the beta crystals are of microm-
eter size, but their particle sizes are not uniform. NH;-TPD
experiments were carried out to probe the acid properties of
the samples, and the curves are given in Fig. S3.f Two dis-
tinct desorption peaks are present, centered around 160 °C
and 330 °C; these peaks correspond to weak and strong acid
sites, respectively, on the samples. Given that the acid
amount of the high-Si samples is low and the crystal sizes of
the samples are in a similar range, herein the small change
in NH; desorption temperature for all the high-Si beta sam-
ples suggests their similar acid strengths. The acid densities
of the samples are summarized in Table 1. A gradual de-
crease of acid sties can be observed with increasing Si/Al
ratio.

Catalytic tests of methanol conversion were carried out at
500 °C in a fixed-bed reactor over high-Si beta zeolites with
different Si/Al ratios, and the results are given in Table 2. The
catalytic lifespan of the samples varies with the Si/Al ratio,
and longer lifespans were observed over the B200-0.60, B250-
0.60 and B300-0.60 samples. Further increasing the Si/Al ratio
(catalysts B350-0.60 and B400-0.60) results in reduced cata-
lytic stability, which is likely due to insufficient acid sites.
Interestingly, for all samples, propene is the dominant prod-
uct, reaching a selectivity of 43.3% to 48.9%; this indicates
that high-Si beta catalysts are very selective for the produc-
tion of propene from methanol. The results are distinct from

those over low-Si beta®® and show obviously improved cata-
Iytic performance. As the zeolite Si/Al ratio increases, the se-
lectivities to propene, butene and long-chain hydrocarbons of
Cs.N display a rising trend, while the formation of C;_,°, eth-
ene and aromatics is depressed. The corresponding propene/
ethene ratio rises with increasing Si/Al ratio; a maximum
value of 18.5 is observed over B400-0.60, which has the lowest
acid density. Moreover, the hydrogen transfer index (HTI),
which reflects the hydrogen transfer level of the secondary
transformation of olefin products, was calculated herein to
evaluate the side reactions in the methanol conversion. From
Table 2, the HTI value based on the selectivity ratio of butane
to butene displays a monotonous decreasing trend with in-
creasing Si/Al ratio. Given the descending acid concentration
from catalysts B150-0.60 to B400-0.60, weakened hydrogen
transfer ability can be clearly observed, which is in good
agreement with the increased selectivity to olefin products.
On the other hand, it is inferred from the decreased aro-
matics selectivity and increased Cs," selectivity from B150-
0.60 to B400-0.60 that the olefin-based catalytic cycle may in-
creasingly dominate the aromatic-based cycle with the de-
creasing catalyst acid concentration.

3.2. Synthesis and characterization of high-Si beta with differ-
ent HF/SiO, ratios

The effects of HF concentration in the initial gel on the syn-
thesis were examined, considering that HF as a mineralizer is
essential to the crystallization of high-Si beta and may have
effects on the crystallinity, microstructure and catalytic per-
formance of the products. Herein, the synthetic system of
sample B300-0.60 with an initial Si/Al ratio of 300 was chosen

Table 2 Product distributions of methanol conversion over high-Si beta zeolites with different Si/Al ratios”

Selectivity” (wt%)

Lifetime
Sample (h) Cis’ C,H, C;Hg C4Hg Cs.Y Aro C3Hg/C,H, HTI
B150-0.60 2.2 9.1 4.2 43.3 18.8 11.6 13.0 10.3 0.31
B200-0.60 3.6 7.0 3.9 46.5 21.2 11.7 10.8 11.9 0.21
B250-0.60 3.6 5.4 3.3 48.5 22.3 12.8 9.1 14.7 0.16
B300-0.60 3.6 4.7 3.3 48.5 22.9 12.9 7.6 14.7 0.13
B350-0.60 2.2 3.9 3.0 48.9 23.1 13.9 6.9 16.3 0.11
B400-0.60 1.5 3.7 2.6 48.1 22.5 15.3 6.7 18.5 0.10

“ Reaction conditions: 500 °C, WSHV = 4.0 h™". The lifetime is defined as methanol conversion above 99%. ” The selectivity data at TOS = 47
min. C;_," alkanes with carbon numbers from 1 to 4, C5,": non-aromatic products with carbon numbers greater than 4, Aro: aromatics. ¢ HTI:

hydrogen transfer index (C,°/C;").

This journal is © The Royal Society of Chemistry 2017
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for this investigation because of its longer catalytic lifespan
and higher selectivity for light olefins.

The XRD patterns of the samples are displayed in Fig. S4.f
It is clear that beta zeolites can be readily obtained when the
HF/SiO, ratio is maintained at 0.35 or higher. The product
compositions are listed in Table 3, which indicates that beta
zeolites synthesized with different additions of HF have simi-
lar Si/Al ratios of about 280. The SEM images given in Fig. 1
show that sample B300-0.35, which was synthesized with rela-
tively lower HF addition, consists of small and irregular crys-
talline particles. With the increasing HF/SiO, ratio, the prod-
ucts become larger, with sizes of about 2 to 3 pm, and adopt
a more uniform morphology; this suggests that a higher HF
dosage facilitates the crystallization and growth of the parti-
cles. Further magnification reveals that the crystal surfaces of
all the samples grow in a less compact manner; they are
rough, with many steps. The textural properties of the sam-
ples were measured by N, adsorption isotherms, and the re-
sults are summarized in Table 3. The samples synthesized
with HF/SiO, ratios from 0.45 to 0.65 possess similar surface
areas and pore volumes; sample B300-0.35 shows the largest
BET surface area and external surface area, probably due to
its irregular small particles. The NH;-TPD curves are
displayed in Fig. S5,f which reveals that beta zeolites synthe-
sized with varied addition of HF possess similar profiles.
However, there are obviously fewer acid sites on B300-0.35
than on beta synthesized with higher HF/SiO, ratios
(Table 3), which is somewhat unexpected considering their
similar Si/Al ratios.

Solid-state MAS NMR spectra were acquired to further in-
vestigate the local atomic environments in the samples. The
295 MAS NMR spectra of the calcined samples are displayed
in Fig. 2(a). Four samples present similar spectra, with strong
resonance lines at —111.6, -113.0 and -115.7 ppm; these are
attributed to Si(4Si) species at different crystallographic
sites.*® Very weak signals corresponding to Si(3Si)(1Al) (possi-
bly due to the presence of small amounts of Si(3Si)(10H) spe-
cies) can be discerned at —104 ppm due to the high Si/Al ra-
tios of the samples. These spectra evidence the good
framework connectivity of the samples.

The *’Al spectra of the samples shown in Fig. 2(b) present
two strong overlapping resonances between 50 and 65 ppm,
attributed to tetrahedrally coordinated Al species.*” The differ-
ent peak shapes of the tetrahedral Al species among the sam-
ples imply a distinct Al distribution with varying HF addition.
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Catalysis Science & Technology

| B300-0.65
b

50080001 u0 3 e 410 0 8 ol 0N

Fig. 1 SEM images of beta zeolites synthesized with different HF/SiO,
ratios.

Moreover, a broad, weak resonance ranging from 0 to —20
ppm can be observed for all the samples; this becomes in-
creasingly obvious with decreasing HF addition for the sam-
ple synthesis. This signal corresponds to extra-framework oc-
tahedral Al in very asymmetric and heterogeneous
environments.***® For sample B300-0.35, which was synthe-
sized with the lowest HF dosage, an additional broad reso-
nance centered around 15 ppm can be observed; this may
also arise from distorted extra-framework octahedral Al spe-
cies.” The higher amount of extra-framework Al species in
sample B300-0.35 is consistent with its lower number of acid
sites, as revealed by NH,;-TPD. The above results indicate that
the HF dosage for the synthesis influences the stability of the
Al species and the Al distribution in the products.

Given that the distribution of tetrahedral Al atoms in
the framework determines their accessibility and affects
the acidity and catalytic properties of the zeolites, the Al
locations in high-Si beta were further investigated by *’Al
MQ MAS NMR. It should be noted that although the pres-
ent high-Si beta samples are intergrowths of polymorphs A
and B, the similarity of the T-site structures in the two
polymorphs has been demonstrated in  previous
studies.”>" The *’Al MQ MAS NMR spectra of samples
B300-0.45 and B300-0.65 are displayed in Fig. 3 and S6,f
respectively. According to the literature,>® the representa-
tive four slices parallel to the F2 dimension of the MQ

Table 3 Product compositions, textual properties and acid densities of beta zeolites synthesized with different HF/SiO, ratios”

Surface area (m” g™*) Pore volume (cm® g™") Dacia®
acl
Sample Sl/Alb SBET Smicro Sext Vmicro Vmeso (mmol g_l)
B300-0.35 280 502 364 138 0.18 0.11 0.041
B300-0.45 282 471 373 98 0.18 0.10 0.051
B300-0.55 269 462 366 96 0.18 0.11 0.053
B300-0.65 278 459 374 85 0.19 0.08 0.052

“ Initial gel molar composition: SiO,:Al,0;: TEAOH:HF:H,0 = 1:1/600:0.5:n:3 (160 °C, 12 h). ” Determined by XRF. ¢ Acid density

determined by NH;-TPD.
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Fig. 2 2°Si (a) and Al MAS NMR spectra (b) of the calcined samples
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(red) (left).

MAS NMR spectra at selected F1 chemical shift positions
were extracted and then fitted to obtain the isotropic
chemical shifts (d;s,) and quadrupole interaction constants.
As listed in Table S1,f the two samples show very similar
results. Based on these parameters, the *’Al MAS NMR
spectra were fitted by the Q mass 1/2 method (Fig. 4), in
which the different T sites are determined by the isotropic
chemical shifts according to the DFT calculations reported
by Lercher et al.*® For a better comparison, the relative
contents of tetrahedrally coordinated Al species are also
summarized in Fig. 4. It is clear that the Al atoms mainly
occupy four Al T sites (T3, T7, T8 and T9) in all the sam-
ples, despite the existence of nine crystallographically dis-
tinct T sites in the beta lattices. The major difference be-
tween the samples lies in the population of these T sites,
especially at the T8 and T9 sites (the relative Al content
of the T8 and T9 sites totals ~90%). Sample B300-0.45
possesses the highest relative content of T9 sites and the
fewest T8 sites. The opposite case is observed for sample
B300-0.35. From sample B300-0.45 to B300-0.65, the T9
sites content shows a gradual decrease, whereas the T8
sites content increases correspondingly. It should be noted
that because the quantity of tetrahedral Al species in sam-
ple B300-0.35 is lower than that in other samples due to
the existence of extra-framework Al, a comparison between
the other three samples should be more reasonable.

This journal is © The Royal Society of Chemistry 2017

View Article Online
Paper

B300-0.35

B300-0.45

B300-0.55 B300-0.65

T9 T8

Il 6300-0.65

B300-0.55
B300-0.45
B300-0.35

2

40}

0 m—
T3 Ta T8 T7

T sites
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tom) of the calcined high-Si beta zeolites. The blue and red lines rep-
resent the experimental and fitted spectra, respectively.

Relative contents (%)

3.3. Catalytic performance of high-Si beta synthesized with
different HF/SiO, ratios in methanol conversion

Fig. 5 presents the methanol conversion and product distri-
butions over high-Si beta synthesized with different HF/SiO,
ratios. Sample B300-0.45 exhibits the longest catalytic life-
time; on this sample, methanol conversion over 99% can be
maintained for 9.2 h. A gradual decrease of lifetime is ob-
served for the samples synthesized with greater HF addition;
sample B300-0.65 displays a short catalytic lifetime of 2.2 h.
Because the three samples B300-0.45, B300-0.55 and B300-
0.65 possess similar textural properties, acid densities, parti-
cle sizes and morphologies, the difference in their catalytic
lifespans is speculated to be related to the different locations
of their framework Al atoms as revealed by >’Al MAS NMR.
This is reasonable considering that the Al locations in the
framework determine the acidity and microenvironment of
the Bronsted acid sites, which can influence the formation/
reaction of active intermediates and thus the catalytic perfor-
mance. It is inferred that Al atoms located at T9 sites are fa-
vorable Al species for methanol conversion, which can result
in longer catalytic stability of the catalyst. An extremely short
lifetime was found for sample B300-0.35, which deactivated
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Fig. 5 Methanol conversion (a) and HTI values (b) as a function of

time on stream over high-Si beta synthesized with different HF/SiO,

ratios. Reaction conditions: 500 °C, WSHV = 4.0 h™™.

after only several minutes of contact with methanol. Given
that sample B300-0.35 has a large external surface area,
which should facilitate mass transfer in the reaction, its un-
expectedly poor catalytic stability should be related to its
lower (insufficient) acid density and distinct Al distribution
compared to the other samples. Indeed, the Al locations in
samples B300-0.35 and B300-0.45 represent two extremes in
the four samples, which is consistent with their catalytic sta-
bility performance. On the other hand, the existence of
higher amounts of extra-framework Al in B300-0.35 may also
have a negative effect on the reaction.

The product selectivities of the samples as a function of
time on stream are shown in Fig. 6 and S7.f The four sam-
ples display similar evolution trends of product selectivity,
with propene as the most abundant product, followed by bu-
tene and Cjs,". At the beginning of the reaction, the selectivity
to propene can reach ~50%; it shows a decreasing slope and
decreases to ~47% before the occurrence of deactivation
(99% conversion of methanol). Moreover, the selectivities to-
wards ethene, aromatics and alkanes decrease gradually,
whereas those of butene and Cs," increase with prolonged
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Fig. 6 Product selectivities (left) and detailed aromatic product
distributions (right) as a function of time on stream over sample B300-
0.45. Reaction conditions: 500 °C, WSHV = 4.0 h™". B: benzene, T:
toluene, X: xylene, TMB: trimethylbenzene, TeMB: tetramethylbenzene,
PMB: pentamethylbenzene, HMB: hexamethylbenzene, PAH: polycyclic
aromatic hydrocarbon, OA: other aromatics.
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time on stream. The decreasing selectivities to c,’-c,°’ al-
kanes and aromatics are in line with the decrease of HTI
displayed in Fig. 5; they likely result from the loss (coverage)
of catalytic sites and the decreased ability of the catalysts to
facilitate some secondary reactions of olefin products, such
as oligomerization, cyclization and hydrogen transfer. Fig. 6
also illustrates the detailed aromatic product distributions. It
can be seen that bulky methylbenzenes with four, five and six
methyl groups are the dominant aromatic species. As previ-
ous studies have revealed that higher methylbenzenes are the
active intermediates over H-beta at relatively low reaction
temperatures (e.g. 350 °C) and facilitate the formation of
propene, butene and a small amount of ethene, herein, the
aromatics cycle route likely occurs in the reaction at 500 °C
and contributes to the resulting product selectivity.

The propene/ethene and Cs,"/butene ratios of the samples
as a function of time on stream are plotted and displayed in
Fig. 7; both ratios present increasing slopes. This implies a
slower rate of decrease of propene as compared to that of eth-
ene and a faster rate of increase of C;," as compared to that
of butene with an increase in time on stream. Although it is
difficult to discriminate the fractions at which the aromatics
and olefins routes contribute to the reaction from the current
product distributions, it is apparent that the cracking activity
for the higher olefins involved in the olefins-based cycle
weakens as the reaction proceeds.

Based on sample B300-0.45, the reaction conditions were
optimized to better understand the reaction behavior over
the high-Si beta catalysts; the results are listed in Table 4.
The influence of the reaction temperature was first investi-
gated by varying the temperature from 450 °C to 600 °C
(WHSV = 4 h™). The catalytic lifespan shows a dramatic in-
crease from 450 °C to 500 °C, achieves its maximum at 550
°C, and then undergoes a decrease when the temperature fur-
ther increases to 600 °C. The distinct difference in lifespan
between 450 °C and other temperatures will be discussed in
the following section according to the retained materials in
the catalysts. Meanwhile, the product distribution changes
gradually with increasing temperature from 450 °C to 600 °C.
The selectivities to butene and Cs,” decrease, and the selec-
tivities to ethene and propene show a corresponding in-
crease. This can be explained by the enhanced cracking abil-
ity of the catalysts at higher temperature. On the other hand,
the selectivity of aromatics decreases from 450 °C to 550 °C,
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Fig. 7 CsHe/C,H, ratio (left) and Cs,N/C4Hg ratio (right) as a function
of time on stream on high-Si beta synthesized with different HF/SiO,
ratios. Reaction conditions: 500 °C, WSHV = 4.0 h™%.
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Table 4 Methanol conversion over sample B300-0.45 under different reaction conditions

Temperature WSHV Lifetime” Selectivity” (wt%)

(°C) (h™) (h) Cid’ C,H, C;Hg C.Hg CsN Aro C;H¢/C,H, HTI
450 4 0.9 6.3 1.8 41.9 241 17.6 8.4 23.3 0.21
500 4 9.2 4.8 3.3 50.3 23.1 12.3 6.2 15.2 0.14
550 4 10.6 3.3 5.5 55.4 21.6 8.6 5.5 10.1 0.08
600 4 6.6 3.3 8.0 55.6 18.6 6.2 7.4 7.0 0.05
550 2 23.1 2.6 5.9 58.3 21.3 7.2 4.7 9.9 0.06

@ Reaction duration with >99% methanol conversion. ? Product selectivities at TOS = 47 min.

possibly due to the enhanced diffusion of olefin products.
However, a further increase is observed at 600 °C, probably
due to severe aromatization; this is consistent with the short-
ened catalytic lifespan.

The influence of weight space velocity on the reaction was
investigated by decreasing the feed rate (WHSV = 2 h™"). It
was found that the selectivity to propene increases with de-
creasing selectivity to Cs,, which is probably due to en-
hanced cracking activity resulting from the prolonged feed-
catalyst contact time. Meanwhile, the catalytic lifespan is sig-
nificantly extended under a lower feed rate. As shown in
Table 4 and Fig. S8, a catalytic lifespan of 23.1 h with an ini-
tial propene selectivity of 58.3% can be achieved at 550 °C
over B300-0.45. The corresponding initial propene/ethene ra-
tio is 9.9. The propene selectivity and propene/ethene ratio
change gradually and reach 49.7% and 16.4 before deactiva-
tion occurs. These results suggest that lower WHSV facilitates
the catalytic efficiency of high-Si beta catalysts.

3.4. Retained coke species

The coke species retained in the B300-0.45 catalyst after reac-
tion at 450 °C and 550 °C (WHSV = 4 h™") were analyzed by
GC MS, and the results are given in Fig. 8. The coke content
in the catalysts, shown in Fig. 8, was determined by TG (Fig.
S9t) based on the weight loss between 300 °C and 650 °C.
Only small amounts of aromatics (PMB and HMB) and phe-
nol compounds and traces of long-chain hydrocarbons were
detected on the used catalyst at 450 °C, which is consistent
with its low coke content of 0.7 wt%. Note that phenols,
which are unreported coke species, are basic molecules and
have greater proton affinities than benzene. Han et al.*® once
identified an oxygen-containing compound, 4-methyl-
benzaldehyde, on used low-Si beta in the MTH reaction. They
further revealed that oxygen-containing species such as
2-cyclopenten-1-one can block the Brensted acid sites by
strong chemisorption and convert rapidly to aromatics, which
expedites the formation of coke and, thus, deactivation of the
ZSM-5 catalyst.>® Lercher et al.’* also confirmed that rapid
deactivation during the initial stage was caused by
chemisorbed oxygen-containing species. Herein, considering
that the small aromatics detected are usually taken as active
reaction intermediates and cannot block the large pores of
beta zeolite, it is speculated that the phenol species may ad-

This journal is © The Royal Society of Chemistry 2017

sorb strongly on the acid sites and cause rapid deactivation
of the catalyst at 450 °C. Recently, Olsbye et al.>® reported
that diphenylmethane formation involves the dehydrogena-
tion of methanol to formaldehyde, followed by subsequent
reaction with two benzene molecules. A similar process may
occur in the formation of 6,6-methylenebis(2-tert-butyl)-3-
methylphenol. A rough calculation shows that the used cata-
lyst contains about 0.081 mmol g™* phenols using C,Clg as an
internal standard, which is higher than the acid density of
sample B300-0.45 as measured by NH;-TPD. The coke species
generated at 550 °C are obviously more abundant than those
at 450 °C. However, the coking rate at 550 °C (2.4 mg g ' h™)
is slower than that at 450 °C (7.8 mg g”* h™); this may be due
to enhanced product diffusion and cracking ability at higher
temperatures. It is supposed that a higher reaction
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8000003 550, iifotime: 10.6h,Coke:2.5% | T
600000

=

2 500000

£

]

c

2 400000

o

300000

5 10 15 20 25 30 35 40 45
Retention time (min)

—— 450, lifotime: 0.9h,Coke:0.7%
470000 L | ——— 8501, fetime: 10.6h,Coke:2.5% R g
X |
350000 P
%, " @
c
5]
£ 300000 & ] " J
|
c L
2
7]
250000 - L N
A Lo (Y |
200000 L L L L L . . L
5 10 16 20 25 30 35 40 45

Retention time (min)

Fig. 8 GC-MS chromatograms of the organic species retained in the
deactivated catalysts. The organic species were first extracted by
dichloromethane (top) and then dissolved in 40% HF solution, followed
by further dichloromethane extraction (bottom). The reaction was
stopped once the methanol conversion was below 99%; the catalysts
were then discharged and quenched by liquid nitrogen.
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temperature weakens the adsorption of phenol compounds,
which allows the catalyst to be active for a longer period and
accommodates more coke before deactivation. Finally, the
accumulated pyrene and long-chain hydrocarbons together
with phenol compounds cause deactivation of the catalyst at
550 °C.

3.5. 12C/**C-methanol switch experiments on high-Si beta at
high temperature

>G/**C-methanol isotropic switch experiments are an effec-
tive method to study reaction mechanisms by distinguishing
3C incorporation in the organic products. After switching
from **>C to *C-methanol, the organic reactive center is more
active towards '*C-methanol than the other species, and the
corresponding effluent products contain more '*C atoms.

Fig. 9 displays the "*C content of the effluent olefins and
methylbenzenes at 450 °C and 550 °C after 30 min of '*C-
methanol reaction followed by 30 s of **C-methanol reaction
over high-Si beta B300-0.45. The "*C content of the effluent
olefins is higher than 90%, while the **C content of the efflu-
ent PMB and HMB, which have been proven to be the main
HCP species on beta zeolite, is less than 10%. These results
indicate that the olefins methylation and cracking mecha-
nism is the dominant route for the generation of olefins over
the present high-Si beta zeolites; also, PMB and HMB are al-
most inactive for methanol conversion to light olefins, likely
due to their ready diffusion out of the large pores of beta zeo-
lite. The higher **C content in the effluent X, TMB and TeMB
at 450 °C suggests greater dominance of the hydrogen trans-
fer reaction at 550 °C, possibly due to the reduced diffusion
rate of olefin products at relatively low temperatures. This is

100
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Fig. 9 '*C content in the effluent olefins and methylbenzenes at 450
°C and 550 °C after 30 min of **C-methanol reaction followed by 30 s
of ¥C-methanol reaction over high-Si beta B300-0.45. X: xylene, TMB:
trimethylbenzene, TeMB: tetramethylbenzene, PMB: penta-
methylbenzene, HMB: hexamethylbenzene.
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consistent with the higher aromatics selectivity at 450 °C
displayed in Table 4. These findings are different from previ-
ous reports for beta zeolites which involve both the
aromatics-based cycle and the olefins-based cycle.'***°® we
propose that the low density of acid sites on catalyst B300-
0.45 is the main factor responsible for the present reaction
pathway.

In summary, the olefins-based cycle is dominant in the
methanol reaction at high temperature over high-Si beta,
which produces propene in high selectivity and a high
propene/ethene ratio with a long catalytic lifespan. The for-
mation pathway of ethene is distinct from most previous re-
ports, in which the aromatics cycle is mainly responsible for
its generation.’®***” The low selectivity of ethene herein is
possibly due to the slow rate of cracking of olefins to eth-
ene.”®>® Both the catalyst acidity and reaction temperature
show great influence on the reaction behaviors, in which a
low acid site concentration reduces the selectivity of aro-
matics and a high reaction temperature enhances the crack-
ing ability of heavier olefins and facilitates product diffusion;
these function together and result in catalysts with improved
catalytic stability and high propene selectivity.

4. Conclusions

Large pore high-silica beta was demonstrated to be an effec-
tive catalyst for the MTP reaction. It was found that the den-
sity of acid sites, Al locations and reaction conditions have
great influence on the catalytic performance. The lower acid
density associated with high-silica beta suppresses the forma-
tion of aromatics, and a higher reaction temperature im-
proves the cracking of heavier olefins and diffusion of the
products, both of which facilitate the achievement of high
propene selectivity. High-Si beta with abundant T9 site Al
species demonstrated the longest catalytic lifespan, possibly
due to the suitable acidity and microenvironment of the cor-
responding Brensted acid sites. According to '*C/®C-
methanol switch experiments, the olefins-based mechanism
is dominant in the reaction and contributes to the formation
of ethene, propene and higher olefins. The present work sug-
gests that despite the lack of space limitations, large pore ze-
olites with high Si/Al ratios can provide interesting catalytic
performance in the MTP reaction if the acidity (Si/Al ratio) is
carefully controlled. We expect that more large pore zeolites
with low acid densities will be explored in the future, which
will promote research into the mechanism of methanol con-
version and catalyst development for the MTP process.
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