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Introduction

Zeolites have shown many advantages in practical applications especially in the field of separation and catalysis. In
fact, many reactions using zeolite catalysts in the industry are controlled by kinetics and thermodynamics in the way
that is not favourable for the target products. The catalyst modifications are expected to obtain desired components at
the highest reactant conversion. For those reasons, the active sites of zeolite catalysts should be controlled properly
through the modifications. The combination of zeolite layer with catalyst particles and the chemical treatments to
control the active sites of zeolite catalyst have shown many advantages from the view point of large scale application.

The concept of thesis is the development of new catalyst design through controlling of active sites of H-ZSM-5
catalytic particles to improve product selectivities.

In this study, the chapters 2-6 focus on the control of location of acid sites on the external surface of synthesized H-
ZSM-5 particles by an inactive silicalite-1 layer for the production of p-xylene through the alkylation,
disproportionation and isomerization reactions. In addition, the morphology of the synthesized silicalite-1/H-ZSM-5
composite crystals was controlled effectively by changing the synthesis compositions.

Chapter 7 concentrates on the control of acid-strength distribution of H-ZSM-5 by a chemical treatment method for

the light olefin production in the methanol-to-olefin reaction.

1. Core-Shell Silicalite-1/H-ZSM-5 Composite Catalysts

The processes of the formation of dialkyl-benzene from monoalkyl-benzene such as disproportionation and
alkylation are one of the most important processes in chemical industry. The separation of p-xylene from its isomers; o-;
m-xylenes and from other aromatics requires high cost with much energy consumption. Since the late 1960s, ZSM-5

catalysts have been extremely studied because of high selectivity for p-isomer, the most valuable compound for
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commercial use, especially for the production of polyester resin and fibers. However, the para-selectivity significantly
decreases because of the acid sites on the external surface and at the pore-mouth openings of zeolite particles, which
causes the secondary isomerization of para-xylene into its isomers. To enhance para-selectivity, Miyamoto et al. [Adv.
Mater. 17 (2005) 1985] have developed a novel composite catalyst consisting of zeolite crystals combined with an
inactive silicalite layer giving up to 99% para-selectivity, respectively. However, the morphology of the composite
crystals had still been not controlled yet. In addition, the effects of reaction process variables were also not investigated
in their work.

In this study, new types of silicalite-1/H-ZSM-5 composite catalysts were developed based on controlling external
acid sites and the crystalline morphology by changing the synthesis compositions. The synthesized catalysts were then
used for the production of p-xylene through the alkylation, disproportionation and isomerization reactions at different
reaction conditions.

1. 1. Effect of Si/Al ratios in the core HZSM-5 on the growth of silicalite layer (Chapter 2)

H-ZSM-5 zeolites with different Si/Al ratios of 30, 50 and 70 were coated with an inactive thin silicalite-1 layer
under hydrothermal conditions used for the alkylation of toluene with methanol to produce p-xylene. The catalytic
properties of the silicalite-1/H-ZSM-5 composites were carried out at different reaction conditions. Firstly, HZSM-5
catalysts with different Si/Al ratios were synthesized then coated by silicalite-1 layer by a repeated coating process.
Then, the silicalite-1 overgrowth on H-ZSM-5 with different Si/Al ratios was studied. The thickness, structure, and

. e B i I= Si/Al= 50 Si/Al= 30
quality of the silicalite layer, as well as catalytic performances were [Slyintes ‘ gj;) i g)‘) "{"""a”’,

also investigated.

The results showed that the silicalite layers thus formed comprised
oriented polycrystals of a few micrometers that grew on the surface
of the substrate H-ZSM-5 in the early stage of synthesis. The
presence of Al in the H-ZSM-5 must affect on formation of the
polycrystalline layer (Fig. 1). When applied in the alkylation of
toluene with methanol, the silicalite-1/H-ZSM-5 catalysts with
different Si/Al ratios showed excellent para-selectivity, >99.9%
under all of the reaction conditions (Table 1). The toluene
conversions over the silicalite/H-ZSM-5 catalyst were almost Fig. 1 SEM images of H-ZSM-5 and silicalite/H-
constant, indicating that the silicalite coating inhibited coke ZSM-5 crystals.
formation on the external surface of H-ZSM-5.

Table 1. Alkylation of toluene with methanol over H-ZSM-5 and silicalite/H-ZSM-5.

silicalite/H-ZSM-5(30) silicalite/H-ZSM-5(50) silicalite/H-ZSM-5(70)
toluene para- toluene para- toluene para-
conversion [%]  selectivity [%]  conversion [%]  selectivity [%]  conversion [%]  selectivity [%]
H-ZSM-5° 63 40 65 38 65 49
silicalite/H-ZSM-5"" 2 >99.9 52 >99.9 55 >99.9

Reaction temperature: 673 K, Reaction time: 60 min, * #/F= 0.09 [kg-catalyst h mol ], ** W/F= 0.15 [kg-catalyst h mol]

1.2 Effect of crystal size of core HZSM-5 on silicalite overgrowth, and structure of the interface between silicalite
and ZSM-5 (Chapter 3)

The influence of the crystal sizes on the catalytic activity and deactivation behavior of silicalite-1/HZSM-5 catalysts
was studied in the alkylation of toluene with methanol. In addition, the crystalline structure of the interface between

silicalite-1 and H-ZSM-5 was observed carefully. The reasons for the
high para-selectivity and high toluene conversion were discussed from
the viewpoint of the structure of the composite. HZSM-5 catalysts with
different crystal sizes with the same Si/Al ratio of 70 were synthesized
under hydrothermal conditions. The crystal sizes were controlled by
changing the synthesis conditions. Polycrystalline silicalite layers were
formed on H-ZSM-5 with different crystal sizes of 5-30 um by

repeated coating times (Fig. 2). The catalysts were then used for the

alkylation of toluene with methanol to produce p-xylene. The interlayer

between silicalite-1 layer and the core HZSM-5 was observed by TEM Fig. 2 SEM images of different crystal sizes of

observations [Fig. 4]. silicalite/H-ZSM-5 composite.
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Fig. 3 Toluene conversion and p-xylene selectivity in toluene alkylation as a Fig. 4 TEM image of the composite crystal (a)
function of crystal size of the zeolite catalysts. 7'= 673K, W/F = 0.14 [kg-cat h and the HREM image at the interface between
mol™"], [MeOHJ/ [toluene] = 1.0. Reaction time = 60 min. silicalite-1 and H-ZSM-5 (b) at 120 kV.

The reaction results (Fig. 3) showed that the conversion and selectivity are as a function of crystal sizes, in which the
silicalite-1/H-ZSM-5 composite with a crystal size of 5 pm showed high para-xylene selectivity (nearly 100%), and the
toluene conversion over the silicalite-1/H-ZSM-5 composite (5 pm) was high and stable with reaction time. Small H-
ZSM-5 silicalite core-shell composites of 5 pm are expected for industrial applications.

Para-selectivity slightly decreased with increasing crystal size and the catalyst with a large crystal size rapidly
deactivated, indicating that the large crystals could not be fully covered with a silicalite layer. The acid site on the
external surface for the large crystal must contribute to the deactivation. High catalytic activity and selectivity of

silicalite-1/H-ZSM-5 composites must be caused by the direct pore-to-pore connection between H-ZSM-5 and silicalite.

1.3 New-type composite catalysts: Morphology control for high performance catalysts (Chapter 4)

Considering that the deposited polycrystals after the second synthesis were randomly oriented and were not densely
packed in our previous studies. Thus, repeated coating processes were required for obtaining highly selective catalysts.
The polycrystalline layers seem to have a low mechanical strength and would become a problem in severe conditions
such as in fluidized bed reactors. Another problem is a homogeneous nucleation of silicalite crystals in the solution.

Namely, the silicalite crystals formed not only on the ZSM-5 surface but also in the solution. It is not easy to separate
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the silicalite crystals formed in the solution from the silicalite-1/ZSM-
5 composites. Thus, the mass gain of the products after the coatings
caused by silicalite-1 was very large.

The thin silicalite layer on the surface of HZSM-5 crystals, the
mass gain was mainly due to the homogeneous nucleation of silicalite
in the liquid phase. The presence of silicalite crystals without catalytic
activity would reduce the efficiency of catalysts. Furthermore, the

repeated silicalite coating synthesis seems to be complicated from the Ty = i Vo
viewpoint of large-scale application. In this work, morphology of the  Fig. 5 Selected SEM images of (a) HZSM-5;
silicalite/HZSM-5 composite crystals was studied by changing the :E‘ELCI;EE/)ZSM? sc;'nthesfzoel()il-f(:gm ﬁmclgjﬁgllligf
molar ratios of silica source and structure directing agent (SDA) in the (ffgnli?rl)}:;-(‘;rsy_smmne silicalite/ZSM-5 synthesized
coating solutions. Polycrystalline (p) and singlecrystalline (s)

composites were obtained by changing the coating compositions using different silica sources of fumed silica and TEOS

as shown in Figs. 5&6. Single composite 05

crystals were obtained at low molar ratios . ® 01z ® ® ® @
of SiO, (fumed silica) and TPAOH (SDA). @ o.m'[ |
At high molar ratios of silica source and @ 008 ® ® ® !
TPAOH, a homogeneous nucleation in the ® W‘ ® ®

solution was apparently dominant instead °s - : " )
of a crystal growth of silicalite layer on the X (Aerosil 200) X (TEOS)

HZSM-5 surface. The mass gain was also Fig. 6 Effect of molar ratios of the coating solutions on the morphology of the
products. The symbols (s and p) represent single crystals (s) and polycrystals
very large at high molar ratios of SiO, and (p), respectively. The molar ratios of the solutions are x SiO,: y TPAOH: z

TPAOH. On the other hand, single crystal- TPABr: 8 EOH: 120 H;0.

like composites could not be obtained by using TEOS as a silica source, which can be explained by high nucleation rate
caused by high solubility of TEOS. A decrease of the molar ratio of silica sources and TPA ions would prevent the
intergrowth and the formation of undesired silicalite crystals resulting in a decrease of a mass gain after the coating. The
presence of TPA ions accelerates the nucleation and crystal growth of silicalite in the liquid phase.

The alkylation of toluene with methanol was performed using some selected composite catalysts with different
morphologies. Regardless of the difference in the synthesis conditions, the coated catalysts provided higher para-
selectivities compared to that of uncoated one. Here, the reaction data of some selected samples were shown in Table 2.
Table 2. Alkylation results of uncoated HZSM-5 and silicalite-1/H-ZSM-5 catalysts.

H-ZSM-5__silicalite/ZSM-5 __silicalite/ZSM-5°__silicalite/ZSM-5©

Composite crystal type - s P P
Toluene conversion [%] 46.7 38.6 353 345
Selectivity of xylenes [%]

p-xylene 75.6 99.6 97.5 97.3
m-xylene 15.1 <0.1 1.5 1.86
o-xylene 9.3 0.3 1.0 0.86

The para-selectivity of the composite catalysts was significantly affected by the synthesis conditions. The catalysts
prepared at lower concentration of silica source and SDA in the coating solutions showed higher para-selectivity.
Excellent para-selectivity of 99.6% with nearly 40% of toluene conversion could be obtained over the single crystal-
like composite crystals prepared by only one coating process. Revised synthesis conditions inhibited a homogeneous
nucleation of silicalite in the solution. The mass gain of the single crystals was much reduced, and very thin silicalite
layer was formed on the HZSM-5 surface. Morphology of silicalite/ HZSM-5 composite catalyst was controlled by the

synthesis conditions in this work.

1.4 Toluene disproportionation for p-xylene production over composite catalysts (Chapter 5)

In the previous work, the developed a silicalite-1/H-ZSM-5 composite catalyst were used for the alkylation of
toluene with methanol to produce p-xylene. The para-selectivities (the molar fraction of produced p-xylene in all the
produced xylene isomers) were excellent (>99.8%). However, the fraction of p-xylene in the total final products was not
high as expected because by-products were formed by series of side reactions of methanol to hydrocarbons (MTH). The
side reactions were very hard to be controlled in the alkylation reaction because the MTH reaction occurs over weak
acid sites of H-ZSM-5 catalyst even at low temperature. The huge of by-products in the final products also make
complicated separation processes in the practical application. Toluene disproportionation over ZSM-5 zeolite catalysts
is one of candidates for reducing the fraction of by-products. Generally, the catalytic activity of ZSM-5 catalyst in the
disproportionation of toluene is low compared to the toluene alkylation with methanol. In this work, silicalite-1/HZSM-
5 composites with different Si/Al ratios of 50, 70 and 100 were synthesized and used for the toluene disproportionation.
The effect of Si/Al ratios and reaction conditions on the selectivity and yield of p-xylene was also studied.

Table 3. The disproportionation of toluene over H-ZSM-5(70) and silicalite-1/H-ZSM-5(70) at 873 K, reaction time: 90
min, W/F= 0.44 [kg-catalyst h mol™"].

Silicalite-1/H-ZSM-5(70) _H-ZSM-5(70)

Conversion of toluene [%] 25.86 33.42
Product composition [%]
Benzene 15.02 17.37
p-Xylene 8.80 6.32
m-Xylene 1.29 2.77
o-Xylene 0.35 0.79
Ethyl toluenes 0.19 0.74
Trimethyl benzenes 0.24 5.44
Selectivity of xylenes [%]
p-Xylene 84.64 63.99
m-Xylene 11.71 28.05
o-Xylene 3.65 7.96
Fraction of C;-Cs (%) D.L. D.L.
Fraction of aromatics (%) 100 100

High fraction of p-xylene in the final product with a small amount of by-products was observed while the
selectivity to p-xylene was still kept at high level. In addition, the catalyst lifetime was improved through the
disproportionation of toluene over the composite catalyst due to the absence of olefins produced from methanol as a
coke precursor. The para-selectivity was increased and reached 84.6% after coating by a silicalite layer (Table 3). But, it
was hard to improve further the selectivity at these reaction conditions, which would be caused by an increase of
diffusivity of other xylene isomers (o- and m-xylenes) through the ZSM-5 zeolite channels. The para-yield was
increased over the coated samples with Si/Al of 50 and 70 after coating. However, para-yield decreased over the sample
with a Si/Al of 100 because of a lower toluene conversion. To enhance the para-selectivity, hydrogen gas was
introduced to the feed of toluene reactant at the rate of 15 ml/min as seen in the designs for the industrial units of
disproportionation and alkylation reactions. The para-selectivities were much improved. However, the decrease of
toluene conversions occurred as a lower residence time of toluene in the reactor as shown in Fig. 7.

For the effect of reaction temperatures, this study suggests that toluene disproportionation should be carried out at

high temperature to get high yields of p-xylene. 30 100
Fig. 7 Toluene disproportionation over silicalite-1/H-ZSM-5 with §25 e QST
different Si/Al ratios of 50; 70; 100 carried out with the feed of ’%':20 M 90%
hydrogen of 15 ml/min at 873 K; W/F=0.44 [kg-cat h mol']; Toluene 3 ° [ = o == F “3:
conversion: [0: 50; O: 70; A: 100; para-Selectivity: m:50; :70; A: 100; g h % R
para-Yield: +: 50; x: 70; 0:100). ° Z :

o 100 200 300

Time on stream [min]
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1.5 Synthesis of H-ZSM-5 nanocrystals for highly-active catalyst (Chapter 6)

A unique synthesis method to form uniform nanoscale HZSM-5 (500 nm) by incorporating Al species dissolved
from FAU zeolite and aAL,O; was found. The samples synthesized using the FAU zeolite and Al,O; particles are
designated as ZSM-5(F), ZSM-5(A). For comparison, different MFI zeolites were synthesized using AI(NOs); and
without aluminum source are named as ZSM-5(N) and silicalite-1. The samples were synthesized under hydrothermal
and agitational conditions. The ZSM-5(F) was then coated by silicalite-1 to study the effect of silicalite-1 coating on
ZSM-5 nano particles through the alkylation of toluene with methanol.

Fig. 8 shows the crystal surfaces of the prepared samples. The silicalite-1 crystal and ZSM-5(N) have a smooth
surface. For ZSM-5(F) and ZSM-5(A), the dissolved Al species might be fragments of the FAU framework in a
subnanometer scale and fragment of alumina. These fragments must have partially inhibited a crystallization of ZSM-5

and created a large number of defects formed on the external surface resulting in rough surface of these nano particles.

401!

-1/HZSM-5

A
SM-5(N); (d) silicalite-1; (e): silicali
From the table 4, the ZSM-5(F) catalyst has expressed very high catalytic activity in the alkylation reaction of

toluene with methanol (toluene conversion was about 80%). The para-selectivity of ZSM-5(F) was much increased
after coating by silicalite-1, about 58%, respectively. However, it was hard to increase further para-selectivity. This
might be caused by incorporated aluminum from nanoscale ZSM-5(F) released easily to the silicalite solution during the
coating process, which causes the reconstruction of external acid sites on the silicalite-1/ZSM-5 (F) composite. It is hard
to deactivate the external surface activity of nanoscale ZSM-5 catalytic particles by silicalite-1 coating.
Table 4. Toluene alkylation with methanol (D.L: Below detection limit).

ZSM-5(F) _ZSM-5(A) _ZSM-5(N) _ silicalite/HZSM-5(F)

Crystal size [um] 0.4 0.5 1.2 1.0

Conversion of toluene [%] 81 51 54 61.3
Fraction of xylenes [%]

p-xylene 238 23.1 76.8 54.2

m-xylene 49.1 53.0 13.7 32.0

o-xylene 27.1 239 9.6 13.9

2. Control acid strength distribution: H-ZSM-5 treated with H;PO, for selective production of light olefin in
MTO reaction (Chapter 7)

The demand of light olefins (ethylene, propylene) has been rising year by year because they are important starting

materials for many chemical processes, especially propylene.

C
Nowadays, the raw material of methanol can be easily produced from o
2
the abundant natural gas, so the methanol-to-olefin (MTO) reaction

Cs™ Coke
has gaining interest recently. Fig. 9 shows the MTO reaction  \.on —» pME — C Paraffins
mechanism over zeolite catalysts. cs

HZSM-5 catalyst with the medium pore size (ca. 0.55 nm) is one Ce
of the candidates to enhance the catalytic lifetime. However, the Coke

strong acid sites of the catalyst result in large fraction of by-products Fig. 9 MTO reaction mechanism

through oligomerization reactions, especially aromatic compounds.

In this work, HZSM-5 catalysts were modified with H;PO, for the

production of light olefins in MTO reaction. The H-ZSM-5 catalyst was
treated with H;PO, solutions with various concentrations. The mass s
ratios of phosphorous (P) in the solutions to H-ZSM-5 were 0.01, 0.02,
0.03, 0.045 and 0.055. Hereafter, the H-ZSM-5 samples modified with
H;PO, (P-HZSM-5) were designated as: 1P-Z, 2P-Z, 3P-Z, 4.5P-Z and

5.5P-Z. After calcination, the samples were washed with deionized

5.5P-Z

Signal [mV]

T
&
2
3

water to remove excess H;PO, on the catalysts. After the washing, the
samples were renamed as: W1P-Z, W2P-Z, W3P-Z, W4.5P-Z and -

0 300 400 500 600 700 800 900 1000

W5.5P-Z. Fig. 10 shows the NH;-TPD profiles of the catalysts before Temperature [K]

and after treatments. The peak intensity of strong acid sites (523-723K) of ~ Fig. 10 NH;-TPD profiles of H-ZSM-5
and P-HZSM-5 catalyst

modified catalysts decreased with the increase of phosphorous
incorporation. The removal of excess H;PO, after washing resulted in a partial recovery of strong acid sites for washed
P-HZSM-5 samples.

The selectivities to olefin over P-HZSM-5 in the MTO reactions were significantly improved by the H;PO,
treatments. With increasing the phosphorous content in P-HZSM-5, the selectivity to ethene and aromatics noticeably
decreased due to weakening acid strength of the strong acid sites of H-ZSM-5 by dealumination. The highest selectivity
to propylene over modified P-HZSM-5 reached up to 57% as shown in Table 5, which is very high compared to that of

other reports, with a small amount of by-products of aromatics.

Table 5. Methanol conversion and product selectivity over HZSM-5 and P-HZSM-5 catalyst at 723K after 30 min.

Catalyst Conversion Selectivity (%)
(%)
C, Cy Cs Gy Cy Cy Cs~ DME Aromatics

H-ZSM-5 100 1.45 225 3.12 39.04 3.71 13.41 577 0 11.0
1P-Z 100 1.69 19.91 2.42 44.07 3.30 16.43 7.88 0 4.31
2P-Z 100 1.86 17.35 1.28 48.35 2.10 17.99 8.15 0 2.94
3P-Z 100 1.90 8.89 0.73  54.88 158 17.10 1388 0 1.26
4.5P-Z 86.78 4.82 6.76 0.42 52.63 0.69 183 14.7 0.62 1.05
5.5P-Z 71.07 1.27 227 042 054 042 032 0.25 94.51 0
WI1P-Z 100 2.06 21.98 3.78 37.25 523 14.69 7.59 0 7.41
W2P-Z 100 2.56 22.57 3.31 40.74 4.28 15.13 6.99 0 441
W3Pp-Z 100 1.47 19.86 237 45.73 2.82 16.66 8.09 0 2.99
W4.5P-Z 100 1.22 9.59 0.58 5696 095 18.84 1072 0 1.14
W5.5P-Z 97.4 2.59 11.37 0.43 5291 0.93 16.16 14.42 0 1.09
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