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Zeolites'™* with clearly defined pore structures or channel sizes
exhibit shape selective effects on molecules with certain sizes
and, consequently, are crucial to molecule separation*® and the
production of desirable olefins or aromatics in SAPO-34 or ZSM-
5. Recently, such an effect was expanded to encapsulate the
metal active site inside the channel of the zeolite, so as to
increase product selectivity under tough reaction condi-
tions."* However, this method is only effective for producing
molecules with the same or smaller sizes than the pore. One is
unable to use zeolites to directly prepare molecules with sizes
larger than the pore, due to consideration of the pore blockage
effect. On the other hand, the huge external surfaces of nano-
sized zeolites, as catalysts, always result in undesirable,
uncontrollable side reactions,”** which always decrease the
yield of the desired product significantly and are considered as
one of the major drawbacks of nanosized zeolites.

Herein, we address an idea that combines the two afore-
mentioned effects together for the highly selective synthesis of
aromatics with sizes that are larger than the channel size of the
host zeolite (Fig. 1a). For the study, we used the nanosized ZSM-
12 zeolite with a 1-D channel (0.57 x 0.61 nm) to produce multi-
methylbenzenes (MMBs) such as tetra-, penta- or hexa-
methylbenzene, with molecule sizes of 0.7-0.9 nm, in a model
methanol to aromatics (MTA) reaction. The selectivity of the
MMBs for all aromatics, transformed directly from methanol,
was 84.6%. Characterization of the coke validated that the
micropores of ZSM-12 were fully filled with coke, resulting in
the formation of few intermediates inside the 1-D channel. The
lower ratio of Bronsted/Lewis acids of ZSM-12 inhibits the de-
alkylation of xylene (X) to B and T, and also contributes to the
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molecule sizes that were larger than the 1-D pore of ZSM-12, via the production of xylene inside the
pore and complete external surface methylation.

increased yield of MMBs. External silanization of the ZSM-12
surface validated that the methylation of tri-methylbenzene
(triMB) directly depends on the external acids. This confirmed
that the production of MMBs proceeded first by the formation
of X inside the pores, and second by the subsequent methyla-
tion of X on the huge external surface of the zeolite.

To the best of our knowledge, ZSM-12 was previously used in
other reaction systems, but has never been used in the MTA
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Fig. 1 (a) Proposed technical route for the preparation of multi-
methylbenzenes from methanol using a hano ZSM-12 zeolite-based
catalyst. (b) SEM image of H-ZSM-12. (c) High-resolution SEM image of
H-ZSM-12. (d) TEM image of H-ZSM-12. (e) High-resolution TEM
image of H-ZSM-12.
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reaction.”” In addition, the conventional route for the
production of MMBs called for expensive starting reactants
(phenol or xylene), or for the separation of MMBs (<1-5% in Co-
C;, components, in the catalytic reforming of naphtha) from
others with high energy consumption.”*** From this point of
view, the direct production of MMBs, for use as dyes or plasti-
cizers, from one reactant (methanol) represents great progress.
Considering the various choices of zeolite and zeolite catalyzed
reactions, our idea may be developed as a general approach
towards simplifying the synthesis routes of larger molecules
beyond the shape selectivity effect of zeolites.

Experimentally, ZSM-12 was synthesized by a modified
hydrothermal method (ESI S11),* using tetraethylammonium
hydroxide (TEAOH), sodium aluminium oxide (Na,Al,0,) and
colloidal silica (40% in water). Nanosized ZSM-5 was also
synthesized for comparison, following the previously reported
method.”® The as-prepared aggregates of ZSM-12 had sizes of
0.5-1.5 pm (Fig. 1b and c), and were composed of single-crystal
nanoparticles with diameters of 20-30 nm (Fig. 1d and e). All of
the peaks in the XRD pattern (Fig. 2a) were attributed to the
phases of the ZSM-12 zeolite. No signals corresponding to
amorphous Si or Al species or other zeolites (e.g. ZSM-5) were
detected in the 26 range of 5-35°. EDS characterization showed
that the Si/Al ratio of the sample was 36.03, which was very close
to the ratio (40) in the precursor. This confirmed that the ZSM-
12 sample was of high purity. N,-adsorption tests showed
typical type-I and type-IV adsorption-desorption curves, thus
indicating that the ZSM-12 sample had a remarkable micro-/
mesoporous structure (Fig. 2b). DFT calculations showed that
the sample possessed two peaks at 1 nm and 6 nm, which
correspond to micropores and mesopores, respectively. The
total volume of mesopores was 0.517 cm® g™, which accounted
for 92.8% of the total pore volume. The BET surface area was
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Fig. 2 (a) XRD image and PDF card of H-ZSM-12. (b) BET isothermal

curve and pore size distribution of H-ZSM-12. (c) NH3-TPD spectrum
of H-ZSM-12 and Zn/ZSM-12. (d) Py-IR spectrum of H-ZSM-12 and
Zn/ZSM-12. The solid line is the desorption curve at 350 °C and the
dashed line is the desorption curve at 200 °C.
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310.8 m* g, due to the presence of mesopores and the high
external surface area of the nanocrystals.

NH,-TPD was used to determine the strengths and densities
of the acid sites of H-ZSM-12 (Fig. 2c) and ZSM-5(Tables S1 and
S2t). The peak at around 300 °C was due to the contribution of
the hydrogen bond of NH,", and was therefore assigned to the
weak acid sites. Another peak at 500 °C was assigned to the
strong acid sites. Doping of the Zn species resulted in an
increase in the amount of weak and medium acid sites, but
a decrease in the amount of strong acid sites (Fig. 2c). The total
acidic density of Zn/ZSM-12, which was calculated using
quantitative ammonia calibration, was 0.629 mmol g~ ', and the
corresponding densities of the weak and medium acid sites
were 0.261 and 0.368 mmol g~ ' (Fig. S1f), respectively. In
comparison, the acidic density of Zn/ZSM-5 was 0.912 mmol g~ *
(Si/Al = 50).° ZSM-12, with a lower amount of acid, is favourable
for the suppression of dealkylation of X, as discussed below.
The interaction of zeolite with the Zn species changed the
Bronsted acids to Lewis acids with lower acidic strengths.® The
types of acidic sites of ZSM-12 and the ratio of Bronsted/Lewis
acids were determined by in situ Py-IR (Fig. 2d).

The ratios for the weak and strong acid sites of Zn/ZSM-12
were 0.167 and 0.151, respectively, both of which were lower
than the associated ratios (0.330 and 0.273, respectively) of Zn/
ZSM-5.° In addition, the acid density of the external surface was
0.108 mmol g~', 17.2% in total, which was larger than that
(12.8%) of nano ZSM-5 (Fig. S21).° The present higher ratio of
Lewis acids and higher ratio of external acids are favourable for
the aromatization of methanol, and contribute to the high
selectivity of MMBs via surface alkylation, as is discussed below.

For the catalytic performance of ZSM-12 (doped with 3% Zn)
in the MTA reaction, the conversion of methanol was above 99%
after 12 h (Fig. 3a). Aromatics in large amounts were produced
accordingly (Fig. 3b). The selectivity of the aromatics (carbon
base) using nano ZSM-12 was higher than those with the two
nano ZSM-5 samples. Although there existed an induction
period (initial 5 h) for the building of the hydrocarbon-pool
inside the channel for the nanosized ZSM-5 and ZSM-12 cata-
lysts,>* the larger pore sizes of the latter compared to those of
the former may be the reason for the high selectivity of
aromatics. In addition, the differences in pore size and acidity
may result in the life time of nano ZSM-12 (Si/Al ratio of 36.03)
being longer than that of nano ZSM-5 (Si/Al ratio of 30), but
shorter than that of nano ZSM-5 (Si/Al ratio of 60) (Fig. 3a and
b). This resulted in the high conversion of methanol, low yield
of light hydrocarbons, higher but fluctuating yield of B and T,
and lower yield of MMBs in the induction period (Fig. 3c). After
that, the selectivities of Band T (in 5-20 h in reaction) were both
in very small amounts, and the dominant products were MMBs
and other heavy components with similar melting points
(Fig. 3c). Detailed product analysis carried out by GC-MS sug-
gested that the aromatic products consisted of 1.08% C¢—Cs,
1.92% triMB, 84.6% MMBs (23.4% tetraMB, 50.9% pentaMB
and 10.3% hexaMB) and 12.4% naphthalene and other heavier
components (Fig. S3 and $47).

In contrast, the aromatic products when using nano ZSM-5
(Si/Al = 60) or nano ZSM-5 (Si/Al = 30) mostly consist of X

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) Time-dependent methanol conversions of Zn/ZSM-12, Zn/

ZSM-5 (30) and Zn/ZSM-5 (60). (b) Selectivity of aromatics for Zn/ZSM-
12, Zn/ZSM-5 (30) and Zn/ZSM-5 (60). (c) Selectivity of B, T and MMBs
(and other heavy components) in aromatics using Zn/ZSM-12. (d) Ratio
of Co/Co™ with the catalyst, with or without silanization at different
reaction times.

and triMBs. The weight ratio of MMBs is very small.”> Seem-
ingly, the product distribution is not only related to the pore
size, but also to the acidities of the different zeolites. ZSM-12,
with a larger channel, weaker acids and a lower ratio of
Bronsted/Lewis acids, compared to ZSM-5, gave products con-
taining less B and T, but aromatics with larger molecular sizes.

To understand in depth the high selectivity of MMBs when
using ZSM-12, a silicane (3-aminopropyltriethoxysilane,
APTES), with a larger size than the channel size of ZSM-12, was
used to decorate the surface of ZSM-12.>*” The effect of APTES
is to reduce the external acids without blocking the pore mouth
of ZSM-12. About 24% of the external acids, as well as 16% of
the internal acids, were lost after silanization (Fig. S5t). As
a result, the conversion of methanol dropped from 95% (pris-
tine) to 70% after a reaction time of 5 h. In addition, the Co/Co"
ratio increased by 3-6 times after silanization over the entire
reaction period (Fig. 3d), whereas the selectivity of the
aromatics (in the liquid product) remained high (>95%). These
results indicated that the transformation of C, species into
MMBs depends on the amounts and strengths of the external
acids. In addition, when the external surface covered the coke,
the Co/Co" ratio decreased significantly with reaction time,
independent of whether the catalyst had been treated by sila-
nization or not. This implied that, even in the final stages of the
reaction, there were still sufficient external acids to ensure the
high selectivity of MMBs via alkylation.

The coke formation rate of ZSM-12, calculated using the TGA
data (Fig. 4a), was very high (17.3 mg g... -~ h™") over the
induction period (initial 5 h), which validates the building of the
hydrocarbon pool inside the channel. This value decreased to
8.97 mg gee - h™* from 5-15 h, but was still far higher than that
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Fig. 4 (a) Time-dependent TGA analysis of the spent Zn/ZSM-12
catalyst used in the MTA reaction. (b) Pore volume of ZSM-12 after
different reaction times. (c) Photographs of the spent catalysts after
being dissolved in 15% HF and extracted by CH,Cl,. (d) GC-MS chro-
matograms of the organic species in the spent catalysts extracted by
CH,Cl,. (e) and (f) TEM images of the remaining carbon structure after
using 15% HF solution to dissolve the spent Zn/ZSM-12 catalyst.

(3.8 mg gear ' h™ ! within 76 h) of nanosized ZSM-5.2° The higher
coke formation rate with ZSM-12 is due to its 1-D channel, which
is different from the dual diffusion channels of ZSM-5.
Assuming that the density of coke is 1.22 g cm™>, the time-
dependent ratios of coke in the different pores were estimated
(Fig. 4b). The weight ratio of coke was 71 mg g.,. " after a reac-
tion time of 5 h, and the micropore volume of ZSM-12 decreased
to 0.0169 cm® g~ '. Considering that the micropore of ZSM-12
only holds 20.6 mg coke per gram, the remaining 50.4 mg of
coke (per gram) should deposit on the external surface or
stacking pores of ZSM-12. For the completely deactivated
sample, 43.8% of the coke deposited in the micropores and the
remaining 56.2% deposited outside (Fig. 4b). In contrast, most
of the coke (about 89%) deposited in the mesopores of nano-
sized ZSM-5.>>**** The quicker coke deposition in the micro-
pores of ZSM-12 explained well the formation of very few MMBs
and poly-aromatics, extracted by CH,Cl, (Fig. 4c and d). In
addition, the coke-deposited ZSM-12 was treated by HF solution,
which dissolved the Si and Al species completely and only left
carbon species. The carbon structure retained the morphology of
the pristine ZSM-12 (Fig. 4e and f), which is apparently different
from the carbon cage formed with nano ZSM-5.>

Considering that the coke fully occupied the micropores of
ZSM-12 over time, we were able to determine the free pore size
of the 1-D channel of ZSM-12 at different reaction times. Coke

RSC Adv., 2017, 7, 14309-14313 | 14311
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occupied 50% of the micropores in the initial 5 h, and the pore
size sustainably decreased from 0.59 nm to 0.551 nm (at 1 h)
and to 0.474 nm (at 5 h) (Fig. S61). At 24 h , the free pore size was
0.33 nm and around 67% of the micropores were occupied. It is
apparent that although progressive pore filling occurred, the
free pore size of ZSM-12 at 5-10 h still allows the free diffusion
of B, T and PX with sizes of 0.5 nm. In addition, X and triMB are
two species that are much more active than B and T thermo-
dynamically, via the hydrocarbon pool mechanism.** However,
the selectivity of PX in X using ZSM-12 was 50-60% after 5-10 h,
which was larger than the equilibrium ratio (about 23-24%)
(Fig. S71). Apparently, when the coke-deposited ZSM-12 exhibits
a shape selective effect on PX formation, it is impossible to
produce triMB in large amounts inside the pore. In this case, we
confirmed that X, and not triMB, was the primary product when
using ZSM-12, and its continuous alkylation contributed to the
formation of MMBs in high selectivity (Fig. 1a). It also explained
well the low Co/Co" ratio after 2-5 h (Fig. 3d).

In addition, we examined the aromatic product distribution
by treating the ZSM-12 based catalyst under 100% steam at
660 °C for 4 h. The steam-treated catalyst exhibited similar
crystalline characteristics to those of the pristine sample in the
XRD pattern (Fig. S87), indicating the high stability of the skel-
eton structure of ZSM-12. Although the acidic density of the
catalyst was greatly decreased by the steam treatment, which is
a normal trend for all kinds of zeolites,*"** the selectivity of
MMBs was still 60% of all the aromatics (Fig. S9 and S107). The
results proved that the structural effect (the huge external
surface of the nano zeolite) played the dominant role in the high
selectivity of MMBs, compared to the acidic effect. In addition,
the steam treatment gave a catalyst with a low acidic strength
and low density, which may exhibit a similar effect on the
product selectivity to that of the Si/Al ratios of the zeolite.
Therefore, further investigation is needed. With regards to the
difference between ZSM-5 and ZSM-12, the yield of Cs—Cg
aromatics for the former is 16-18%,'° which is higher than that
(1.08%) obtained for the latter which was used in the present
work. In this case, the consecutive alkylation on the external
surfaces of different zeolites may be different, thus explaining
well the low yield of MMBs with nano ZSM-5 (Tables S1 and S2+).

In summary, we evaluated the performance of Zn-loading
zeolite ZSM-12 with 1-D straight pores in the MTA process.
Nanosized ZSM-12 exhibited a long lifetime of up to 20 h and
a high aromatics yield of up to 84.6% (carbon base), more than
95% of which are MMBs. We validated that X is the primary
intermediate product inside ZSM-12, and its subsequent alkyl-
ation on the huge external surface of the nanosized zeolite
achieves the synthesis of MMBs with high selectivity, thus
simplifying the synthesis route of MMBs. These results provide
new insight into the utilization of the external surface reaction in
a controlled way, beyond the shape selectivity effect of zeolites.
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