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Abstract

Owing to their narrow pore structure, ZSM-5 zeolites are widely explored for shape-selective
toluene methylation to p-xylene, however, only limited success could be obtained due to two
prominent reasons i.e., presence of large cavities at the intersection of microporous channels and
high acid strength nature of ZSM-5 zeolites. This offset p-xylene shape selectivity advantage of
these zeolites, led to undesirable side reactions and fast catalyst deactivation. Catalytic
modifications e.g. reduction in pore sizes, lowering acidity, and introduction of mesopores often
resulted in a trade-off between p-xylene selectivity and toluene conversion. Considering the above
challenges with conventional ZSM-5 zeolites, low to moderate acid strength ZSM-48 zeolites with
pores narrower than ZSM-5, absence of large cavities, and shortened crystallite sizes hypothesized
as suitable to maximize toluene methylation to p-xylene.

Given above, HZSM-48 zeolite with nanoscale crystallite size was synthesized by employing
multiple structure directing agents and further subjected to detailed material characterization and
evaluation for the first time for toluene methylation to p-xylene. Toluene methylation activity test
for prepared ZSM-48 zeolite performed in a fixed bed micro-reactor unit. Results revealed at par
or higher toluene conversion (40-42 %) with a 20 % increase in p-xylene selectivity compared to
conventional HZSM-5 zeolites at 400-450 °C reaction temperatures. Further, no activity loss of
catalyst was reported over 72 hours time-on-stream (TOS) study, demonstrating the successful
application of nano-size ZSM-48 zeolite for toluene methylation to p-xylene.

Further ZSM-48 zeolites with different silicon-to-aluminum (Si/Al) molar ratios were synthesized
and the role of their acid site density was investigated for maximization of p-xylene in toluene
methylation reaction. While acid strength and presence of extra-framework aluminum for
synthesized ZSM-48 zeolites were determined respectively using NH3-TPD and 27 Al MAS NMR
techniques, concentrations of Bronsted and Lewis acidic sites were measured using Pyridine-FTIR.
While NH3-TPD analysis revealed the presence of only low to moderate acid strength acidic sites,
27-A1 MAS NMR spectroscopy confirmed the absence of extra-framework aluminum and,
therefore, associated Lewis acidity and pyridine-FTIR revealed Brensted acidic sites as prominent
catalytically active sites. While low density of acid sites led to high p-xylene selectivity (42-43 %)
at low toluene conversions (35-42 %), high density of acid sites resulted in low p-xylene selectivity

(28-29 %) at high toluene conversions (52-55 %) in the temperature range of 375-420 “C. Low p-
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xylene selectivity and high toluene conversion at high acid sites density attributed respectively to
p-xylene isomerization to its two isomers o, m-xylenes at external acidic sites and highly promoted
shape-selective toluene methylation to p-xylene inside narrow pores of ZSM-48 zeolite. The study
suggested a combination of high acid site density interior to ZSM-48 pores along with the
elimination of external acidic sites as an ideal design strategy to maximize p-xylene formation.
Further, a kinetic model for toluene methylation with methanol over ZSM-48 zeolite was
developed for the first time. Based on product distribution, prominent reactions were identified.
While the Eley-Rideal (ER) mechanism was used to develop kinetic expressions for toluene
methylation to xylenes, simple power law models were used for other reactions. Intrinsic kinetic
data free from any mass transfer limitations generated at three different temperatures 375 °C, 400
°C and 420 °C for toluene to methanol molar ratio 2 and at weight hourly space velocities (WHSV)
in the range of 5-13 hr'! using a fixed bed micro-reactor unit. Developed kinetic models were fitted
to the generated kinetic data. A reasonably good fit of the model to the kinetic data proved the
efficacy of kinetic model equations. Employed ZSM-48 showed a lower activation energy ~ 33
kJ/mol for toluene methylation to p-xylene and 53-56 kJ/mol for toluene methylation to o, m-
xylenes compared to 50-90 kJ/mol reported in the literature. The high activation energy for
methanol dehydration to gaseous hydrocarbons (~ 190 kJ/mol) supported the literature findings
which considered this reaction insignificant. Further methanol adsorption energy was estimated to
be -129 kJ/mol which was found to be of the order of -118 to -130 kJ/mol reported for ZSM-5
zeolites.

Finally, to validate and demonstrate the design strategy for highly p-xylene selective ZSM-48
zeolite, a high acid site density ZSM-48 (Si/Al: 60) zeolite was synthesized and further silylated
using chemical liquid deposition (CLD) technique by employing tetracthylorthosilicate (TEOS) as
a silylating agent to cap its external acidic sites. A SiO> loading of 6.5 % (w/w) resulted in a 14-
21 % increase in p-xylene selectivity compared to un-silylated parent ZSM-48 zeolite in the
temperature range of 375-450 °C. Further, an increase in methylation temperature from 375 °C to
450 °C led to an increase in p-xylene selectivity from 38 to 47 % and toluene conversion from 44
to 58 % for silylated ZSM-48 zeolite which validated the efficacy of the proposed ZSM-48 design
strategy. Thus, a combination of nano crystallite size, narrow pore and low to moderate acid
strength along with silylation of external acidic sites opened a new window for designing of highly

p-xylene selective ZSM-48 zeolite catalyst for toluene methylation to p-xylene.
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