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Transforming natural kaolin into pure-phase hierarchical aggregates of nano ZSM-11 has been achieved by

using a novel tetrabutylphosphonium hydroxide as a structure-directing agent via steam-assisted
crystallization. The hierarchical ZSM-11 possesses a small particle size (about 240 nm), large surface area
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(428 m? g%, and abundant mesopores (0.30 cm® g~%). Moreover, the hierarchical ZSM-11 exhibits

prolonged catalytic lifetime and promoted aromatic selectivity in the methanol-to-aromatics reaction.
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rsc.li/rsc-advances a lowered coking rate.

1. Introduction

The methanol-to-aromatics (MTA) reaction is a promising
process for achieving sustainable supplies of aromatics in the
post-oil era.’> ZSM-5 is a frequently used catalyst for this
transformation, owing to its high aromatic selectivity resulting
from shape selectivity imparted by MFI topology. Recent studies
have also shown that hierarchical or nanosized ZSM-5 often
outperforms conventional ZSM-5 in the MTA reaction, and
enhanced stability and selectivity have been observed as a result
of mitigated diffusion restriction.’® ZSM-11, an MEL-type pen-
tasil zeolite, has also been explored as a potential MTA catalyst,
with the finding that a prolonged catalyst lifetime can be ach-
ieved.* The advantage of hierarchical ZSM-11 in MTA and other
reactions has inspired research efforts for their synthesis.
Previously, hierarchical ZSM-11 zeolites were prepared by
various methods, including desilication,®> carbon templating,®
and soft templating,” to name but a few. However, these
methods are costly, synthetically complicated, and environ-
mentally unfriendly. For instance, expensive surfactants are
required to control desilication of parent zeolites to generate
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The superior catalyst stability is attributed to the better capacity of accommodating the coke and

mesopores. In carbon templating, large amounts of expensive
carbon templates were consumed for the formation of meso-
pores. Furthermore, soft templating requires a two-step
synthetic procedure to avoid phase separation, and the
combustion of the templates results in dangerous emissions
into the environment.

Kaolin, an inexpensive natural mineral, has been increas-
ingly used to replace aluminum- and silicon-containing chem-
icals as the precursor to synthesize various zeolites, such as A,?
Y,’ NaX,'* SAPO-34," mordenite** and ZSM-5."* To date, there
are no reports on the synthesis of ZSM-11 from kaolin, to the
best of our knowledge. Generally, kaolin-derived zeolites,
prepared by conventional hydrothermal methods, exhibit
micrometer-sized particles. Zhu et al. reported a facile method
to prepare mesoporous ZSM-5 zeolites via a steam-assisted
crystallization (SAC) method." When the method is extrapo-
lated to synthesize ZSM-11, ZSM-5/11 intergrowth was achieved
from natural kaolin using the conventional tetrabutylammo-
nium hydroxide (TBAOH) as the structure-directing agent (SDA)
via SAC (¢f. Experimental and results in ESIT).

Recently, Tsapatsis et al. proposed the one-step synthesis of
self-pillared pentasil (SPP) hierarchical zeolite using tetrabu-
tylphosphonium hydroxide (TBPOH) as a single template.'® In
this work, we report the generation of hierarchical ZSM-11
made up of nano-sized aggregates from kaolin by using this
novel TBPOH as SDA. The product is phase-pure and is
prepared via a porogen-free SAC process. The obtained samples
were analyzed by X-ray diffraction (XRD), FT-IR spectroscopy,
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FT-IR spectra of pyridine, scanning electron microscopy,
nitrogen physisorption, ammonia temperature-programmed
desorption (NH3-TPD) and thermogravimetric (TG) analysis.
Furthermore, their catalytic performance in the MTA reaction
was evaluated and compared with a standard ZSM-11 with
similar composition.

2. Materials and methods

2.1 Preparation of leached metakaolin

Raw kaolin (Si/Al (mol mol ') = 1.1, China Kaolin Co., Ltd.)
was calcined at 800 °C for 2 h to give metakaolin. Afterwards,
40 g of metakaolin was treated with 200 mL of a 6 M HCI (38
wt%, Aladdin) solution for 4 h, with stirring. The leached
metakaolin (designated as LMK, Si/Al (mol mol ') = 23.5) was
filtered and dried at 120 °C for 12 h. The textural properties
and chemical composition of LMK are reported in the ESI
(Tables S1 and S2).}

2.2 Synthesis of ZSM-11

In a typical synthesis of ZSM-11 from kaolin using a novel tet-
rabutylphosphonium hydroxide (TBPOH) as the SDA via SAC,
8.29 g of TBPOH (40 wt%, Aladdin), 8.58 g of tetraethyl orthosi-
licate (TEOS, 28 wt% SiO,, Aladdin), and 7.2 mL of deionized
water were mixed with vigorous stirring until a clear sol was
formed. Afterwards, the clear sol was mixed with 6.00 g of LMK to
obtain the final gel with the composition 1Si0,:0.019A1,03:0.09-
TBPOH:3H,0. The final gel was then dispersed in a Petri dish to
evaporate the solvent until a dry gel was formed. The dry gel was
rubbed into a powder and placed in a Teflon cup. The cup was
placed in the bottom of a Teflon-lined autoclave (200 mL
capacity), and deionized water was added outside the cup to
supply moisture for the SAC. The autoclave was maintained at
160 °C for 9 h, and the crystallization products were air-dried and
calcined at 550 °C for 6 h.

For comparison, conventional ZSM-11 zeolites were prepared
with the composition 1Si0,:0.019A1,05:0.2TBAOH:8.65H,0 via
SAC, according to the procedure reported by Song et al.*®

The as-synthesized Na-ZSM-11 zeolites were converted to the
NH," salt form by ion-exchange treatment with a 1 M NH,NO;
solution at 80 °C for 24 h. The NH,"-exchanged zeolites were
then dried and calcined at 550 °C for 6 h to obtain the H" form.
The conventional ZSM-11 and kaolin-derived ZSM-11 zeolites
(H' form) were named ZSM-11-C and ZSM-11-K, respectively.

2.3 Characterization of samples

XRD patterns were characterized by a Bruker D8 ADVANCE
diffractometer with Cu Ko radiation (A = 1.5418 A).

FT-IR spectra were recorded with a Nicolet 6700 spectrom-
eter in the 400-4000 cm™ " range by the KBr method.

The FT-IR spectra of pyridine adsorption (Py-IR) of all
samples were recorded by a Bruker Tensor 27 spectrometer.
Firstly, about 50 mg of the sample was pressed into a self-
supporting wafer (¢ 20) and activated at 500 °C for 2 h under
vacuum. Then, the wafer was cooled to 100 °C and saturated in
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pyridine vapor for 0.5 h. Finally, the wafer was evacuated at
350 °C for 1 h to obtain IR spectra.

Scanning electron microscopy (SEM, Nova NanoSEM 450)
and transmission electron microscopy (TEM, JEM-2100) were
applied to determine the morphology and crystal size.

N, adsorption-desorption isotherms were obtained using
a Micromeritics ASAP 2020 V3 instrument. Prior to measurement,
all samples were degassed at 280 °C for 12 h. The adsorption—-
desorption isotherms were collected at —196 °C in liquid N,, the
total surface areas (Spgr) were obtained from the Brunauer-
Emmett-Teller (BET) method in the adapted pressure range (p/p,
= 0.01-0.15), which was used for comparative purposes.'” The
mesopore size distribution was inferred from the adsorption
branch of the isotherms, using a standard Barrett-Joyner—
Halenda (BJH) model.*® The total pore volume data was deduced
from the amount adsorbed at a relative pressure of 0.99. The ¢-
plot method was employed to estimate micropore volume by
extrapolating the interception to zero.*

NH,-TPD analysis was performed using a Micromeritics
ChemiSorb 2720 with a thermal conductivity detector. Adsorp-
tion of NH; was conducted at 25 °C under a 5% NH;-He
atmosphere, and desorption of NH; was recorded from 150 °C
to 650 °C at a heating rate of 10 °C min~" in a He stream.

The chemical composition of the samples was determined by X-
ray fluorescence (XRF) with a Shimadzu Model XRF-1800
instrument.

TG analysis was conducted on a Cahn TherMax 700 instru-
ment. About 10 mg of deactivated catalysts was preheated at
100 °C for 1 h under flowing air (100 mL min~"). Then the
sample was heated to 550 °C and held for 2 h.

2.4 Catalytic activity testing

The catalytic activity tests were performed in a fixed-bed
reactor (600 mm length and 10 mm i.d.) under typical condi-
tions for the MTA reaction: atmospheric pressure, 450 °C
reaction temperature, and a weight hourly space velocity
(WHSV) of 1.9 gcir,0m 8car. - h ™. The stream out of the reactor
was passed through a condenser at 0 °C to separate liquid
products from gaseous products. The gaseous products were
analyzed online by a gas chromatograph equipped with a TCD
detector, a FID detector, a TDX-01 packed column and a Plot-Q
capillary column. The liquid products were separated into
aqueous and oil phases. The oil-phase products were analyzed
by a gas chromatograph (Agilent 6820) equipped with a FID
detector and a HP-5MS capillary column. The aqueous-phase
products (water, methanol, and oxygenates) were analyzed by
a gas chromatograph equipped with a TCD detector and
a GDX103 packed column. The methanol conversion and the
selectivity for different products were calculated based on
carbon balance:

methanoli,; — methanol.;

Xn = x 100%

methanol;ye

s = A o0y,

ZAinifi
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where n; is the number of carbon atoms in the product i, 4; is
peak area, f; is the mole correction factor, S; is the selectivity of
the product i, and X,, is the conversion of methanol.

3. Results and discussion

The SEM images of LMK and the as-synthesized ZSM-11 zeolites
are displayed in Fig. 1. The LMK exhibited an amorphous
layered structure, a small part of which had honeycomb block

a2

al
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morphology (highlighted with a circle in Fig. S1t). Both ZSM-11-
K and ZSM-11-C had particles with spherical morphology. The
average particle size of ZSM-11-K was about 240 nm (Fig. 1a2),
while ZSM-11-C exhibited bigger particles of 410 nm (Fig. 1a3).
The surface of ZSM-5-K appears to be rough and sponge-like, as
each crystal is made up of small primary building blocks
ranging from 20 to 50 nm (Fig. S21), a typical morphology
feature of hierarchical zeolites. Notably, ZSM-11-K particles
were arranged in a more orderly manner than were those of

Fig. 1 SEM images of LMK (al and bl), ZSM-11-K (a2 and b2) and ZSM-11-C (a3 and b3).
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Fig. 3 N, isotherms and BJH pore size distributions of ZSM-11-C and
ZSM-11-K.

ZSM-11-C. This difference was likely attributed to the layered
structure of kaolin.***

The XRD patterns in Fig. 2a show that LMK was X-ray
amorphous. Moreover, a spot of crystalline quartz was
observed corresponding to its characteristic peaks at 26 of 26.6°
and 20.8°. By contrast, ZSM-11-C and ZSM-11-K displayed the
characteristic peaks of ZSM-11 zeolites (JCPDS card no. 38-246,
55-349). The enlarged XRD patterns at 26 of 20-27° and 43-47°
are illustrated in Fig. 2b and c. Compared to standard ZSM-5
(JCPDS card no. 00-037-0361), the (421), (133) and (0,10,0)
peaks belonging to ZSM-5 were not observed for ZSM-11-C and
ZSM-11-K. This suggested that as-synthesized ZSM-11 zeolites
were pure-phase and were free from ZSM-5 intergrowths.**
Furthermore, ZSM-11-K showed slightly lower crystallinity and
broadening diffraction peaks at 20 = 23-25° as compared to
ZSM-11-C, which could be attributed to the smaller relative
particle size of ZSM-11-K.

Fig. 2d displays the FT-IR spectra of samples LMK, ZSM-11-K
and ZSM-11-C. In the FT-IR spectrum of LMK, the band at 954
cm ! was ascribed to the Si-O stretching vibration in surface
silanol groups.*® However, in the FT-IR spectrum of ZSM-11-K,
this band vanished and new bands at 547 and 1225 cm "
appeared, suggesting the formation of double five-membered
rings characteristic of the pentasil family of zeolites.** More-
over, both ZSM-11-K and ZSM-11-C exhibited characteristic
bands at 449, 547, 800, 1099, and 1225 cm ™, indicating that
ZSM-11 zeolites with high crystallinity were indeed obtained.*

Table 1 Physical properties of ZSM-11-C and ZSM-11-K
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As shown in Fig. 3, ZSM-11-C exhibited a type I isotherm, cor-
responding to the typical microporous structure. The N, adsorp-
tion isotherms of ZSM-11-K (Fig. 3) represent a hybrid type I and IV
with H3 hysteresis loops, indicating the presence of slit-shaped
mesopores,**” which could be ascribed to the aggregation of
nanocrystals. Furthermore, the mesopore-size-distributions
calculated from the adsorption branch of N, isotherms with the
Barrett-Joyner-Halenda (BJH) model*® are also shown in Fig. 3
(insets). The mesopore-size-distribution for ZSM-11-K was inferred
from the adsorption branch of the isotherm, to avoid the tensile-
strength-effect.”® From the mesopore-size-distribution data, it was
clear that the majority of mesopores were larger than 3 nm, albeit
with a rather broad distribution due to the packing of primary
crystallites that formed the agglomerated morphology (Fig. 1b2
and S27). These results indicated that ZSM-11-K possibly had
a hierarchical porosity: the slit-shaped intercrystalline mesopores
that were produced from the aggregation of brick-type nano-
crystals and the micropores intrinsically possessed by these brick-
type nanocrystals. Moreover, ZSM-11-K exhibited larger BET
surface areas (Sggr) than did ZSM-11-C, which matched well with
the relatively small particle size of ZSM-11-K (Table 1).

The strength and concentration of the acidity of ZSM-11-C
and ZSM-11-K were determined by NH3;-TPD, as shown in
Fig. 4a and Table 2. Two desorption peaks were evident at about
200 °C and 400 °C, which were associated with ammonia
physically adsorbed onto weak acid sites (WAS) and chem-
isorbed onto strong acid sites (SAS), respectively.”® From Fig. 4a
and Table 2, it was confirmed that ZSM-11-K exhibited fewer
SAS and more WAS than did ZSM-11-C. Notably, ZSM-11-K
possessed a lower concentration of total acid sites than did
ZSM-11-C, even though they shared close Si/Al ratios (Table 1).
This should be attributed to the inability of some Al species in
LMK to be incorporated into the ZSM-11 framework.*

Py-IR was employed to analyze the Lewis acid sites (LAS) and
Bronsted acid sites (BAS) of the catalysts. As demonstrated in
Fig. 4b, the IR bands detected at 1454 and 1542 cm ' were
attributed to coordinate interaction of bound pyridine with LAS
and to pyridinium ions generated on BAS, respectively.** Moreover,
the concentrations of LAS (Cpas) and BAS (Cgag) were calculated
according to the integrated area of the IR bands at about 1454 and
1542 cm ™Y, as shown in Table 2. It was found that the Cgag was
similar for ZSM-11-K and ZSM-11-C, whereas the C; 55 of ZSM-11-C
was obviously higher than that of ZSM-11-K. Additionally, ZSM-11-
K had a lower concentration of total acid sites than did ZSM-11-C,
which was consistent with the results of NH;-TPD.

To obtain a comprehensive idea of the intrinsic acidic
properties of ZSM-11-K and ZSM-11-C, the acidity obtained by

Sample Si/Al” Sper’ (M2 g7Y) Smeso” (M* g™ ") Vioral” (cm® g7 Viiero” (cm® g7%) Vimeso® (cm® g7 ")
ZSM-11-C 29 320 128 0.19 0.12 0.07
ZSM-11-K 27 428 228 0.41 0.11 0.30

¢ Determined by XRF with a Shimadzu Model XRF-1800 instrument. 5 BET method. ¢ ¢-Plot method. ¢ Volume adsorbed at Plpo = 0.99. ¢ Vineso =

Vtotal - Vmicro~
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Table 2 Acid properties of ZSM-11-C and ZSM-11-K

Acidity by strength® Acidity by type”

(mmol g™) (mmol g™)
Sample SAS WAS Total LAS BAS Total
ZSM-11-C 0.686 0.518 1.204 0.256 0.220 0.476
ZSM-11-K 0.569 0.590 1.159 0.215 0.224 0.439

% The concentration of strong acid sites (Csas) and weak acid sites (Cyas)
determined by NH;-TPD. ? The concentration of Lewis acid sites (Cpas)
and Brensted acid sites (Cpys) calculated by Py-IR after evacuation at
350 °C.

NH;-TPD and Py-IR was also normalized by surface areas (Table
S37). It has been proposed that the BAS is mainly located in
micropores.**** Hence the BAS was normalized by micropore
surface areas. Notably, it was hard to probe the exact location of
LAS, WAS and SAS. Thus, the LAS, WAS and SAS were roughly
normalized by Sggr. ZSM-11-K showed obviously lower
concentrations of LAS, WAS and SAS than did ZSM-11-C, due to
its large Sger. Furthermore, it was found that the two samples
exhibited similar Cgag, which was consistent with the results
obtained from the acidity normalized by mass.

To explore the potential of the as-synthesized zeolites as
catalysts, we compared the catalytic performance of ZSM-11-K
and ZSM-11-C in the MTA reaction. As shown in Fig. 5a, ZSM-

11-K and ZSM-11-C displayed high methanol conversion
(above 98%) within about 180 h. After that, ZSM-11-C deacti-
vated rapidly, while ZSM-11-K maintained methanol conversion
above 98% until 236 h. This indicated that ZSM-11-K exhibited
better catalyst stability than did ZSM-11-C. Previously, it has
been reported that the hierarchical nanocrystalline ZSM-5
zeolites showed high catalyst stability, due to the improved
diffusion.>** With time-on-stream (TOS) increasing, the
aromatic selectivity of the two catalysts decreased monoto-
nously. However, ZSM-11-K displayed higher aromatic selec-
tivity than ZSM-11-C (Fig. 5a and b). Notably, it was well
accepted that aromatization activity could be enhanced by
increasing the Cgas and improving diffusion properties.>**%¢
The results showed that the two catalysts exhibited similar Cgag
(Table 2 and S3t), while ZSM-11-K had more mesopores and
smaller crystallite size than ZSM-11-C. As small crystallite size
(Thiele theorem) and the presence of auxiliary porosity
enhanced diffusion properties, that was also a determinant of
the catalyst lifetime in the MTA reaction.”* Therefore, the high
aromatic selectivity for ZSM-11-K should be attributed to the
high mesopore volume (Table 1) and small crystallite size
(Fig. 1b2 and S27). In summary, these reactivity results suggest
that ZSM-11-K is more promising for catalytic applications than
ZSM-11-C.

Technically, industrial catalysts are rarely permitted to run
until complete loss of activity; thus the total conversion
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Fig. 5
tained at 2 h of TOS (the reaction became stable).
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(@) Methanol conversion and the selectivity for aromatics as a function of time-on-stream (TOS) and (b) initial product distribution ob-
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capacities were supplemented to qualitatively evaluate the
catalytic performance of ZSM-11-K and ZSM-11-C. As explained
by Bjergen et al.,*” this was done by plotting the methanol
conversion versus the grams of methanol converted per gram of
catalyst, and extrapolating the curves towards zero conversion,
thereby obtaining the value for the total capacity of the catalyst
for the methanol to hydrocarbons reaction (MTH) until
complete deactivation; this is illustrated in Fig. 6. For ZSM-11-C,
a total conversion capacity of 428 g (methanol) (g (catalyst))™"
was observed, and for ZSM-11-K it was 539 g g~ '. These calcu-
lated values suggested that the catalyst utilization of ZSM-11-K
was obviously higher than that of ZSM-11-C.

The unsaturated species, including alkenes, aromatics and
cyclic alkenes, were transformed into coke through dehydro-
genation and condensation. Coke was trapped inside the cavity
and deposited on the external surface of the catalysts, which
resulted in catalyst deactivation.’® The TG was used to estimate
the content and rate of coke deposited on the catalysts. Fig. 7
shows that ZSM-11-K had a higher coke content than ZSM-11-C,
which can be attributed to the abundance of mesopores in ZSM-
11-K. This was also reported for other coked hierarchical
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catalysts.***' The mesopores could enhance the capacity of
accommodating the coke of the catalysts and thus result in high
catalyst utilization.* Furthermore, the coking rate, defined as
the coke production per hour, was calculated. It was about
2.37 mg g~ " h™" for ZSM-11-C and 2.20 mg g~ " h™" for ZSM-11-
K. The lower coking rate of ZSM-11-K was ascribed to the lower
Cras- Guisnet et al. proposed the role of acid sites in the
formation of coke: (i) the higher concentration of acid sites
favors the condensation reactions, resulting in a faster coking
rate; (ii) the stronger acid sites could speed up these reactions
and therefore result in a faster coking rate.*® These results
suggest that it was reasonable for ZSM-11-K to exhibit
outstanding catalyst stability, owing to its better capacity of
accommodating the coke and the lower coking rate.

4. Conclusions

In summary, we have successfully prepared pure-phase hierar-
chical aggregates of nano ZSM-11 (240 nm) using natural kaolin
as the alumina and silica source with the aid of TBPOH via
steam-assisted crystallization. The hierarchical ZSM-11 exhibi-
ted good aromatization activity and superior catalyst stability in
the MTA reaction. Moreover, this study suggested a new
protocol to control the topology and hierarchical architecture of
ZSM-11, while at the same time using a low-cost starting
material. Further studies on the crystallization mechanism of

the hierarchical aggregates of nano ZSM-11 will be pursued in
future work.
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