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Studies on HZSM-5-Supported Mo and Re Catalysts

—— Catalytic Performances in Methane Aromatization Reaction

and Their Structural Characterization—

Abstract

The main achievements in the present studies are summarized as 4 key points: 1) HZSM-5
supported Mo and Re catalysts are found to be quite active and selective for directly converting
methane to benzene, naphthalene and C, hydrocarbons. A great progress for methane
aromatization has been made because of the discover of the two new catalysts. 2) Coke
deposition on the catalyst for non-oxidative conversion of methane is solved by varying
methane pressure combined with addition of CO, in methane feed. Coke selectivity is about 0
at 3 atm methane and with 1-3% CO, addition in methane feed. 3) Two reactions on
Re/HZSM-5 catalyst are identified: i) methane with CO at the nearly same consumption rate
to produce benzene, naphthalene and C, hydrocarbons; 1) an improved reforming reaction of
methane with CO, to produce aromatics and synthesis gas. 4) MoOs;/HZSM-5 and
Re,0,/HZSM-5 are first endothermically converted to its reduced state before production of
benzene. Mo exists in its carbide and is highly dispersed on the HZSM-5 support. The results
are presented in details in 9 chapters.

It was found in chapter 2 that Mo modified ZSM-5 catalysts exhibited excellent catalytic
activity and selectivity to benzene for the conversion of methane at 973 K under non-
oxidizing conditions. H, and ethene may be the primary products in the conversion of
methane to benzene.

It was found in chapter 3 that the catalytic activity and stability of Mo/HZSM-5 can be
enhanced by the addition of Zr or W and it is also very sensitive to pretreatment conditions.
Pretreatment of catalysts under air atmosphere at a high temperature lead to an increase in
pore size of the catalysts and a decrease in methane conversion and activity maintenance.
However, the catalysts can be stabilized under the atmosphere of methane. A new Mo phase 1s
formed under the methane atmosphere, which is a perquisite of the formation of aromatics and
C, hydrocarbons.

In chapter 4, the TG/DTA/MS , XANES/EXAFS and SEM/TEM studies reveal that HZSM-5

supported Mo oxide is endothermally converted with methane around 955 K to molybdenum

carbide (Mo,C) cluster (Mo-C, CN.=1, R=2.09 A; Mo-Mo, CN.=2.3-3.5;R=2.98 A). The




formed Mo carbide exists on HZSM-5 support in the uniform particles. The highly dispersed
metal carbide on HZSM-5 support acts as the active center to activate methane primarily to
C, hydrocarbons, which are secondarily dehydrocondensed towards benzene and naphthalene
on HZSM-5 support.

Methane aromatization with addition of C, hydrocarbons such as ethane and ethene and
acetylene on Mo/HZSM-5 catalyst is studied in chapter 5. Addition of all C, hydrocarbons in
methane feed lead to an increase of benzene formation rate and ethane addition is most effect
to enhance the rate of benzene formation. A much high formation rate and selectivity of
benzene is achieved by addition of about 4.3% ethane in methane feed. The formation rate
and selectivity of naphthalene is most effectively enhanced by addition of 4.3% acetylene.
The increase of benzene formation rate is due to high concentration of [C,H,] intermediates
for benzene formation by addition of C,. Addition of acetylene lead to enhancement of the
secondary reaction of benzene to produce naphthalene, so the formation rate and selectivity
of naphthalene 1s high.

In chapter 6, catalytic dehydroaromatization of methane with CO and/or CO, toward
benzene and naphthalene on Mo/HZSM-5 and Fe/Co modified Mo/HZSM-5 in the prolonged
time of 100 h is studied. The catalyst stability is enhanced and coke formation is suppressed by
adding CO and/or CO, to the methane feed and by varying methane pressure. Bifunctional
catalysis of Mo/HZSM-5 is discussed by the mechanism that methane 1s activated on Mo sites
to form CHx and C,-species, and then secondarily to form benzene and naphthalene.

Dependence of activity and selectivity for methane aromatization on Mo/HZSM-5 on the
reaction conditions such as pressure and specific velocity of methane, CO, addition at high SV
and reaction temperature is investigated in chapter 7. A high and stable benzene formation
rate of about 1700 nmole/s/g-cat is achieved for methane aromatization on Mo/HZSM-5 by
increasing methane pressure from 1 to 3 atm, methane specific velocity from 1440 to 10000
ml/h/g-cat and reaction temperature from 973 to 1073 K, and by adding about 2.1% CO, to
methane feed. The rate of benzene formation with time on stream is remarkably stabilized by
varying methane pressure and addition of 2.1% CO, in methane feed and greatly enhanced by
increasing methane specific velocity from 1440 to 10000 ml/h/g-cat and reaction temperature
from 973 to 1073 K. The selectivity of benzene and naphthalene and coke is also controlled

by varying reaction conditions. High methane specific velocity lead to high benzene

selectivity and low naphthalene selectivity.




Catalytic features of Re/HZSM-5-based catalyst for aromatization reaction of methane are
studied and compared with that of Mo/HZSM-5 in chapter 8. It is found in TPR of
Re,0,/HZSM-5 in methane flow that methane activation process is initiated by reduction of
Re,0,/HZSM-5, which is endothermic and company with production of hydrocarbon oxides
and loss of catalyst weight. However, the reduction of catalyst in hydrogen stream 1s a
exothermic process and takes place at a much lower temperature. We propose that rhenium
carbide is formed by reduction of Re,0;/HZSM-5 in methane flow. The carbide 1s stable in the
atmosphere of methane and catalyze the reaction of methane aromatization. The
temperature for formation of rhenium carbide is about 100 K lower than that for formation of
molybdenum carbide and Re/HZSM-5 shows much better low-temperature activity than
Mo/HZSM-5-based catalyst. To compare with Mo/HZSM-5-based catalyst, Re/HZSM-5-based
catalyst exhibits a better lower-temperature activity and a higher selectivity to G
hydrocarbons.

Catalytic conversion of methane with CO to aromatics on Re/HZ SM-5-based catalyst are
studied in chapter 9. The CO involves in the catalytic conversion with methane to produce
aromatics and the catalytic activity for benzene formation, therefore, is greatly enhanced by
adding CO to methane feed. Furthermore, the conversion of CO with methane also lead to
formation of some intermediate products such as CO, and H,O, which eliminate coke on the
catalyst. Therefore, the coke deposition is decreased and catalyst stability is enhanced by CO
addition.

Effect of CO, addition on aromatization of methane on Re/HZSM-5-based catalyst are
studied in chapter 10. High and stable rate of benzene formation is achieved at a high SVof
methane on Re/HZSM-5 type catalyst by addition of about 1-3% CO, to methane feed A
little amount of CO, in methane feed is very effective to suppress deposition of coke on the
catalyst and to enhance selectivity of hydrocarbon products. Selectivity for coke deposition is
about 0 at the presence of 1-3% CO, in methane feed. The reaction of CO, with coke to

produce CO and the secondary reaction of produced CO with hydrogen to produce CHx species

are responsible for the low coke selectivity and high hydrocarbon selectivity.




Chapter 1. General introduction

1.1. Aromatization of light hydrocarbons

Transformation of light alkans such as propane and butane into aromatics has been
extensively studied over the past years because of its significance in both industrial and
acedemic points. The aromatic hy drocarbons can be utilized as a booster for high octane
number gasoline and are fundamental raw chemicals in petroleum chemistry. The best
cataly sts for light alkane aromatization is Zn or/and Ga modified ZSM-5 zeolites with

bifunction. The acepted mechanism for aromatization of light alkanes is as below,

Conversion routes of light paraffins on ZSM-5 zeolites

C,-C4 Olefins

(1) 2 3 (4)
Paraffins —» Small olefins » Larger olefins - e
’ \
(5) Cracking (6) H-transfer reaction
Y

Smaller paraffins <

(1) Dehydrogenation (2) Oligomerization,
(3) Cyclization (4) dehydrogenation

(1) light alkane activation is initiated by dehydrogenation to produce olefin,

(2) oligomerization of the olefin to produce larger olefins

(3) cyclization of the larger olefins to produce cyclohexanes or cyclohexene




(4) dehydrogenation of cyclohexanes or cyclohexenes to produce benzene

A commerciallized process called as cycolar process has been developed for
aromatization of light alkanes. M ethane is much more abundant and cheaper raw materials
thane propane and butane. However, the catalysts such as Zn or Ga modified ZSM-5
shows only very low activity for aromatization of methane. Therefore, to find new
cataly sts for methane aromatization is highly disirable and much more siugbifcant from

both industrial and acedemic points.

1.2. Indirect conversion of methane
Methane can be converted to usfule chemicals indirectly and directly. For indirect
conversion: the first step is to prepare synthesis gas, and the second step 1s to produce
useful chemicals such as alcohols, olefins and gasoline etc from thynthesis gas as below,
CHy — CO + H, ( to prepare thynthesis gas)
CO + H, — useful chemicals ( alcohols, olefins and gasoline etc)
Because two step process is required and the indirect conversion need extra cost for

preparing thynthesis gas, methane direct conversion attracts more attention, recently.

1.3. Direct conversion of methan
Direct conversion of methane is classified as oxidative conversion and non-oxidative

conversion. Oxidative conversion includes partial oxidation and oxidative coupling:

CH4 + O, —» CH;0H

2CH4 + O, - C,H, + H,0
Non-oxidative conversion includes:
Homologation (two steps)

step 1: CHy — CH+ H, step 2: CH,+ H, — C,, hydrocarbons
Thermal pyrolysis and catalytic pyrolysis

CH; — C¢Hgs+ C,H, + H, +C

Although cost of preparing thynthesis gas is saved for methane direct conversion, the

problem is that methane is very stable molecular. For oxidative conversion, the further




oxidation of products is unavaidable. Therefore, the selectivity is low. For non-oxidative
conversion, usually high reaction temperature is required. High reaction temperature for
methane nonoxidative conversion cause serious coke deposition problem. Some data for

methane aromatization by different methods are list in table 1.

Table 1. Comparation of the results for methane dehydroaromatization by

different methods

Catalyst reaction temperature conversion selectivity aromatics yield reference

(%) (%)
(K) aromatics C, (%)
pyrolysis 1480-1580 6-10 (1)
silica gel 1273 4.2-7.2 (2)
NaCl/MnO2 1223 132 234 242 2. (3)
15% Mo/HZSM-5 1073 12.0 91.2 4.6 10.9 %
10% Re/HZSM-5 1073 10.5 88.0 6.5 9.2 %

References:

(1) H.L.Mutchell III, R H. Waghome, U. S. Patent, 4 172 810, 1979

(2) J. Oro and J. Han, Science,153 (1966) 1393

(3) J.B. Clandge, M.L H. Gréen et al, App. Catal. A, 89 (1992) 103

* The results are achieved in the present work; SV= 10000 ml/h/g-cat, P= 3 a‘frd,
with addiotion of 2.1% CO, in methane feed

For thermal pyrolysis of methane, 1480-1580 K is required to obtaine about 6-10%

benzene. For catalytic pyrolysis of methane on gel, the temperature is 1273 K to obtaine

4.2-7.2% aromatics. Methane mixture with oxigen pass through NaCl/MnO, at high




temperature of 1223 K| about 3.1% aromatics can be obtained. The above methods, both
selectivity and yield of aromatics is low, and reaction temperature is quite high.
However recently, HZSM-5 supported Mo and Re two type catalysts are developed
by us. The data we have achieved on this two catalysts for methane dehydroaromatization
are compared with the data in reference. 9.2-10.9% aromatics yiel is obtained at a
temperature of 1073 K and aromatics selectivity is quite high (about 90%). We will discuss

those two type catalysts and the cataly tic reaction of methane on the catalysts in the

following 9 chapters.




Chapter 2
HZSM-5 Zeolite-Supported Mo Catalyst for Methane Aromatization

Reaction

Abstract

It has been found that Mo modified ZSM-5 catalysts exhibited excellent catalytic
activity and selectivity for methane aromatization reaction at 973 K without oxy gen.
Benzene is the main aromatic product for methane conversion on Mo/HZSM -5 cataly st.
H, and ethene may be the primary products in the conversion of methane to benzene.
Medium pore structure of HZSM-5 play a important role for selective conversion of
methane to benzene. In addition, HZSM-5 supported Mo catalyst is the most active
and selective for methane aromatization reaction among the more thane 10 tested

transition metals.

1 Introduction

In the chemical industries concerning the utilization of the different carbon resources,
a left difficult problem is the chemical utilization of natural gas by methane direct
conversion, which has challenged many minds because methane is a too stable molecule.
Over the past years, methane conversion with oxy gen to ethylene or methanol has been
extensively studied. However, for the oxidative methane coupling process, the C,-
hydrocarbon selectivity is substantially suppressed by increasing the methane
conversion on Sm,0; and Li/Sm,0;, as shown in table 1. The situation for methane
partial oxidation to methanol on Mo/SiO, has no change. Product selectivity at high
methane conversion i1s low. Therefore, the industry interests in these processes have
been limited so far.

Recently, increasing attention has been shifted to the methane conversion without

oxy gen. The free energy for methane conversion without oxygen is positive. To avoid




the limitation in thermodynamics, two-step homologation reaction of methane was
designed as shown in fig 1. Methane is first dehy drogenated to CHx species (x=0-3)
on the catalyst at a high temperature, which are hydrogenated to higher hydrocarbon
such as ethane at a lower temperature. This is not feasible to industry because of its
low productivity. Recently, we are interested in the direct conversion of methane to
benzene, which become quite feasible by increasing temperature. However, the carbon
production is thermody namically much more favorable than hy drocarbon production at
high temperature. The purpose of the present work is to convert methane to benzene
selectively with inhibition of carbon deposition. This is a big challenge not only to the

catalyst designer but also to all the chemists.

2 Experiments

Mo/HZSM-5 was prepared by impregnating NH,ZSM-5 (SiO,/AL,05=40, Toso
Co.) with NH,)¢M0,0,,4H,0 (Kanto Chem. Co.) aqueous solution, followed by drying
at 383 K for 4 h and calcination at 773 K for 4 h. The final ratio of Mo/HZSM-5 1n
weight was set to be about 3%. HZSM-5 supported other transition metal catalysts
were prepared by the same method. The sample was finally pressed, crushed and sorted
into 20-40 mesh.

Catalytic tests were carried out with about 500 mg catalyst placed in a fixed bed
continuous-flow straight type quartz reactor. After catalyst was pretreated by air
stream at 873 K for 30 min and then by He stream at 873 K for 30 min, the stream was
switched to feed gas and catalyst bed was brought to a selected temperature for 30 min

and it finally was brought to the reaction temperature. The cataly tic test was performed

at a methane partial pressure of 100-500 kPa (1 -5 atm) and a methane space velocity of




1440 ml/g/h at NTP. The raw materials of methane is over 99.99% pure.  All the flow
rate of gas was controlled with mass flow controllers (ASAHI Keiki Co. LTD). The
products were withdraw periodically from the outlet of reactor and analy zed by two on-
line gas chromatography of Shimadazu GC-9A and GC-8A equipped with a flame

ionization detector (FID) and a thermal conductivity detector (TCD) respectively.

Hy drocarbon products were separated by a 4mm X1m Porapak P column and Ar, CH,,
CO, CO,, H, were analyzed by a 4mmx1m active carbon column. 2.2% Ar in methane
was employ ed as internal standard. Formation rate of products, methane conversion and

product selectivity were calculated by an internal standard analy zing method]. ~ Below,

the method is presented briefly. Even if the total flow rate changed at outlet from inlet
of reactor (Froa™®, Frow™ " ). Flow rate of internal standard gas (F,) doses not change.

oy outlet outlet __ inlet inlet
Fst = FTotal X Xst = FTotal X Xst

Here, X, refer to concentration of the internal standard gas.

Formation rate of 1 product (F;) can be calculated as,

e outlet outiet™ outlet outlet
Fi = FTotal X Xi o Fst X Xi /Xst

By the same way, methane conversion (Cpemane ) €an be calculated as,
s o (R P o e P e B g, SR
“1-Fa X Xonoman™ XA X Fotpane ™
TPSR (Temperature Programmed Surface Reaction) experiments was performed with
about 200mg catalyst placed in a U-shape quartz reactor. Fig 1 shows a scheme of

setup used in this work for TPAR experiments. The cataly st zone was heated in a He

stream to 873 K and held at 873 K for 30 min then cooled to room temperature.




At room temperature the stream was switched to methane feed. Temperature-
programmed methane reaction was started from room temperature to 973 K at 10 K/min
and then held at 973 K for 30 min. The products such as H, (m/e=2), CO(m/e=28),
CO,(m/e=44), C,H, (m/e=26), C,Hy (m/e=30), CsHs (m/e=78) was monitored with TE-
150 multiple channel mass spectrometer and the spectra was recorded at the same time.

Reaction pressure is 34 kPa.

3 Results and discussion

It is well known that the Zn or Ga modified HZSM-5 have been employed to the
aromatization of C,-C, hy drocarbons. However, they are limited if applying to methane
feed. We try to seek the catalyst which is active for methane aromatization reaction,
therefore we combine the transition metals with HZSM-5 zeolite and test its catalytic
performance. We have found that Mo/HZSM-5 1s quite active and selective for methane
aromatization But the other tested metals such as Nb, W, Fe, Co, Ni, Cu, V, Zr, T1, Pt,
Ru, etc. have no or only a little activity for methane aromatization .

The catalytic performance of HZSM-5 supported Mo catalyst and HZSM-5
supported other metal such as Nb is compared in table 3. For HZSM-5 supported Mo
cataly st, hy drocarbons are main products and rate of benzene formation is quite high.
However, for Nb/HZSM-5 and HZSM-5 support only exhibit a little activity for this
reaction and the main product is carbon. The contribution of Nb to the cataly tic activity
can be neglected.

The effect of the supporting materials on the cataly tic performance is also studied and
the results are shown in this table. 3%Mo was supported on the different supporting

materials such as HZSM -5, Al,O;, Mordenite, FSM-16, SiO,, USY. We found that only

Mo/HZSM-5 is active and selective for methane aromatization. This i1s due to that




HZSM-5 zeolite has a straight channel and medium pore structure. The pore size is
about 5.5 A, which 1s very similar to the molecule size of aromatics. Therefore, it has a
good shape-selectivity for aromatics formation. Other supporting materials such as
AL O3, Mordenite, FSM-16, SiO,, USY have a macropore structure and their pore size
is much larger than that of ZSM-5 zeolite. The larger pore size easily lead to serious
coke disposition.

A Study by Temperature Programmed Aromatization Reaction (TPAR) over
Mo/HZSM-5, Zn/HZSM-5 and HZSM-5 gave further information on the methane
aromatization reaction as shown in figs. 3-5. Two important observations can be made
from the results: 1) the starting temperature for benzene formation over Mo/HZSM-5 is
about 973 K, which is about 50 K lower than that over Zn/HZSM-5. HZSM -5 zeolite
did not exhibit any activity for the aromatization under the given experiment conditions.
2) Ethene and H2 can be directly detected from TPAR and both evolved over
Mo/HZSM-5 at about 973 K, Which is the same temperature at which benzene evolved.

4 Conclusion

1. Catalytic dehydrocondensation of methane towards aromatics such as benzene and
naphthalene with bulky hydrogen production was found to proceed by the HZSM-5
zeolite supported Mo catalyst.

2. Benzene 1s the main aromatic product for methane conversion on Mo/HZSM-5
catalyst. H, and ethene may be the primary products in the conversion of methane to

benzene.

3. Medium pore structure of HZSM-5 play aimportant role for selective conversion of
methane to benzene. HZSM-5 supported Mo catalyst is the most active and selective

for methane aromatization reaction among the more thane 10 tested transition metals.




Table 1
Thermodynamics of CH4 conversion with O,

Reaction AG® at 298K AG® at 1000K
(kJ/mol) (kJ/mol)

CH; + 1/20, —» 1/2C,Hs+ H,0O - 143.7 - 152.7

CH; + O, - CH;0H -1154 -75.8

CH; + 20, — CO,+ 2H,0 - 800.8 - 800.8

Table 2

The results obtained for CH4 conversion with O,

Reaction Catalyst  Conv.(%) Sel.(%)
CH;+1/20, —»1/2C,H; +H,O  Sm, 04 5.8 93
CH,+0O, — CH;0H Mo/Si0, 1.0 86

8.2 46

The data were taken from references 1 and 2.
1. K. Aoki et. al, Catal. Today, 45 (1998) 29.
2. H. D. Gesser et al., Catal. Today, 42 (1998) 183.
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Fig. 2. Schematic diagram of the setup for TPAR experiments. l., purifier; 2, three-way valvc;. 3,
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Fig. 3. TPAR profiles of methane conversion over HZSM-5 (Si0;/AL 0y = 25). F/W = 9000 ml/
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Table 3
Effect of transition metals on the catalytic performance for

methane aromatization

Catalyst Conv. Selectivity (%) Formation Rate
(%) (nmole/s/g-cat)

HC Coke CO C6H6 CmHg C2

3%Mo/HZSM-5 9.0 53 38 8 97 14 47
10%Nb/HZSM-5 0.8 16 74 10 2 S
HZSM-5 0.7 A 7 .5 W0 -

The data were taken after about 60 min on stream at 973K and 3atm
and SV= 1440 ml/h/g-cat

CH,4 CeHg + CioHs + C, + Hy

Mo/HZSM-5 is quite active and selective for methane
aromatization reaction

14




Table 4

Effect of supporting materials on catalytic performance for methane
aromatization

Catalyst Conv.(%) Selectivity(%) Formation Rate

(nmole/s/g-cat)
HC Coke CO C6I’16 C10H3 Cz

Mo/HZSM-5 9.4 63 36 R & S S

Mo/USY 6.4 13 84 2 2he=illonl 3
Mo/S10; 5.3 12 87 2 4 0310
Mo/FSM-16 6.8 9 88 3 14 0 24
Mo/Mordenite 7.3 8 &3 9 9 23
Mo/AL, O3 7.4 6 89 5 9 0 14

The data were taken after 40 min on stream at 973K and latm;
Mo loading is 3 wt.%

FSM-16(2-5Snm)  Mordenite(0.7nm)
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Chapter 3

Activity and stability enhancement of Mo/HZSM-5-based catalysts for
methane non-oxidative transformation to aromatics and C;
hydrocarbons: Effect of additives and pretreatment conditions

Abstract

The effect of additive and pretreatment condition on the activity and stability of
M o/HZ SM -5-based cataly st for methane non-oxidative transformation to aromatics and
C2 hydrocarbons is investigated. Activity and selectivity of Mo/HZ SM -5-based
cataly sts can be modified by the addition of a second metal component, and the catalytic
performance of the catalyst is very sensitive to the atmosphere of pretreatment at high
temperature. High methane conversion of over 10% and quite stable activity have been
obtained at a reaction temperature of 973 K over Mo/HZSM-5, Mo-W/HZSM-5 and
Mo-Z1r/HZSM-5 catalysts pretreated by air at a temperature of 873 K. Catalyst
pretreatment under air atmosphere at a high temp erature may lead to an increase in pore
size of the catalysts and a decrease in methane conversion and activity maintenance.
However, the catalysts can be stabilized under the atmosphere of methane. A new Mo
phase is formed under the methane atmosphere, which is a perquisite of the formation of

aromatics and C, hydrocarbons.

Keywords: Methane non-oxidative transformation, Mo/HZSM-5-based cataly sts,

additives, pretreatment conditions, aromatics and C2 hydrocarbons.

1. Introduction

Direct transformation of methane to more valuble hy drocarbons such as aromatics or C2
hy drocarbons is a facinating way for reasonable utilization of natural gas resources.
There are two research direction in this area: i) methane oxidative coupling to C2

hydrocarbons, ii) methane oligomerization to aromatics. The former has been extensively
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studied over the past for about a decade. However, the latter one is thermodynamically
more difficult, especially in the absence of oxygen. The minimum temperature for the
conversion of methane pyrolytically to benzene is about 1 173 K, but the temperature for
obtaining 6-10 wt.% of benzene is 1480-1580 K [1]. Numerous attempts have been made
to catalyze these reactions at lower and more feasible temperature. In 1966, the synthesis
of aromatic hydrocarbons from methane with 4.2-7.2% aromatics yield over silica gel at
1273 K was reported [2]. In addition, methane aromatization reaction over other catalyst
systems such as boron nitride (BN) [3], multifunctional multimetal oxides [1.4], high
silica zeolite supported Pt-Cr catalysts [5], metal oxide and supported metal catalysts [6],
high Ga-contained Pt/H-Ga-silicates [7], Mo/ HZSM-5 and Zn/HZSM-5 catalysts [8],
carbonaceous materials [9] has been investigated since 1980. More recently, the effect of
W additive on the catalytic activity and coking rate of Mo/HZSM-5 catalyst for methane
and ethane aromatization has been reported ¢[10]. Methane activation and conversion over
Mo modified acidic zeolite catalyst can proceed without the need of any oxidants.
Compared with methane oxidative coupling (MOC) and methane partial oxidation
reactions, the advantages of the methane non-oxidative transformation process is that the
selectivity to higher hydrocarbon products is high and the main product, benzene, is
easier to be separated from the methane feed. In addition, many problems causing from
the side reaction such as methane complete oxidation can be avoided under non-oxidative
reaction conditions. Recently, the study of methane non-oxidative transformation on Mo
modified zeolite catalysts attracts more attention. An increasing number of papers on this
research area have been published recently [11-16], in which characterization of catalytic
and physical properties of the catalysts has been reported. However, the reported catalytic
reaction results of methane over Mo-containing HZSM-5, especially the results on the
activity and stability of catalysts are very different since they depend on the preparation
and pretreatment conditions of the catalysts. Enhancement of the catalytic activity and
stability of the catalysts is significantly important for obtaining a commercialized process

for this reaction. In order to obtain a highly active and stable catalyst for the reaction, the
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effect of pretreatment conditions and additives on the catalytic performance of Mo/HZSM-

5-based catalysts are presented here.

2. Experiment

2.1. Catalyst preparation

Commercially available ZSM-5 zeolite (S102/A1203=50) was first converted into the
ammonium form (NH4ZSM-5) by repeated 1on exchange (4 times) with IN NH4NO3
aqueous solution at around 368 K for I h. It was then dried at about 383 K for 4 h.
HZSM-5 and Mo/HZSM-5 were prepared as described previously [8]; Mo-Zr/HZSM-5
was prepared by consecutively impregnating NH4ZSM-5 with zirconium nitrate and
ammonium heptamolybdate aqueous solution; Mo-W/HZSM-5 was prepared by co-
impregnating NH4ZSM-5 with ammonium molybdate and ammonium tungstate aqueous
solution; Mo-V/HZSM-5 was prepared by co-impregnating NH4ZSM-5 with ammonium
molybdate and ammonium vanadate aqueous solution; Mo-La/HZSM-5 was prepared by
consecutively impregnating NH4ZSM-5 with lanthanum nitrate and ammonium
heptamolybdate aqueous solution. They were dried at 383 K for 4 h and calcined at 773
K for 4 h. The Mo loading of these samples 1s 2%. Finally, the catalysts were pressed,

crushed and sorted into . 2040 mesh.

2.2. Catalytic tests

Catalytic tests were carried out with about 500 mg catalyst placed in a fixed bed
continuous-flow quartz reactor. The catalysts were first pretreated under air or ,He stream
in the temperature range of 773-973 K for 30 min., then the stream was switched to
methane and the reactor was brought to the reaction temperature. All the catalytic tests
were performed at a pressure of 200 kPa and a methane space velocity of 1440 ml g~1

h~1. The products were withdrawn periodically from the outlet of the reactor and
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analyzed by an on-line Shimadzu GC-9A gas chromatography with a 2 m long Porapak Q
column and a hydrogen frame 1onization detector. Conversion and selectivity were

calculated on the carbon number basis.

2.3. Coke deposition and BET surface area measurements

Specific surface area and pore size were determined by the BET method with
Micrometrics ASAP-2000 equipment using nitrogen as analysis gas. The amount of coke

deposited on the catalysts was determined by TG-DTA method.

2.4. Temperature-Programmed Surface Reactions (TPSR)

The experiment was performed with about 200 mg catalyst placed in a U-shape quartz
reactor. Firstly, the catalyst zone was pretreated under a He stream at 873 K for 30 min
and then brought to room temperature. At room temperature, the stream was switched to
methane. Temperature-programmed methane reaction was started from room temperature
to 973 K at 10 K min~ I and then held at 973 K for 30 min. The product such as CO
(m/e=28), CO2 (m/e=44), C2H4 (m/e=26), C2H6 (m/ e=30), C6H6 (m/e=78) was
monitored with TE-150 multiple channel mass spectrometer. The reaction pressure is 34

kPa.

2.5. Maternial

Methane feed is over 99.99% pure.

3. Results and discussion

3.1. Effect of additive and pretreat,ment atmosphere
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Tab]e I shows the effect of additives on the reactivity of methane over Mo/ HZSM-5-
based catalysts. The results in Table I indicate that the activity and se]ectivity to aromatics
can be improved by the addition of Zr or W to MO/HZSM-5. The addition of Zr is most
effective in improving the activity of catalyst at a reaction temperature of 923 K and a Zr
content of 1.0% . The addition of V Leads to a decrease in methane conversion and
selectivity to aromatics, but the selectivity to C2 hydrocarbons is slightly increased. The
effect of catalyst pretreatment atmosphere on the catalytic activity of Mo-Zr/HZSM-5 is
summarized in Table 2. It is clear from Tab]e 2 that the catalytic activity of Mo-Zr/HZSM-
5 can be enhanced when i1t 1s pretreated under flowing air at a temperature of 873 K. The
effect of pretreatment conditions on specific surface area and pore size of the catalyst is
also examined. The results are summarized in Table 3. The treatment of Mo-Zr/HZSM-5
under an air atmosphere and a high temperature of 973 K Leads to a decrease in BET
specific surface area and an enlargement of average pore diameter of the catalyst. The
BET specific surface area and pore volume of the catalyst are also decreased with time on
stream at a reaction temperature of 973 K, which result from coke deposition on the
catalyst. The BET surface area and pore volume can be completely recovered after the
coke 1s removed by combustion with air at a temperature of 773 K. Therefore, the effect
of air and methane atmospheres on the specific surface area and pore volume of the

catalyst is very different.

3.2. Effect of pretreatrnent temperature

The effect of pretreatment temperature on the catalytic performance of Mo-Zr/ HZSM-5
cata]yst 1s compared in Figs. 1-3. Mo-Zr/HZSM-5 catalysts pretreated under flowing air
at 973, 923 and 873 K are described as Mo-Zr/HZ-973, Mo-Zr/ HZ-923 and Mo-Zr/HZ-
873, respectively. Methane conversion and activity maintenance are very sensitive to the
pretreatment temperature of the catalyst. Mo-Zr/ HZ-873 exhibits quite high and stable
activity and selectivity to aromatics with time on stream. The methane conversion is over

10% with selectivity of more than 93% to aromatics and about 6% to C2 hydrocarbons.
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The amount of coke deposited on the catalysts is less than 0.25% of methane feed. The
catalytic activity and stability of Mo-Zr/HZSM-5 for methane aromatization are evidently
decreased with increasing pretreatment temperature of the catalyst as shown in Figs. 2
and 3. Therefore, the pretreatment conditions are crucial for obtaining highly active and
stable cata]yst. In order to compare Mo/HZSM-5 with Mo-Zr/HZSM-5 and Mo-W/
HZSM-5, methane conversion and selectivity to aromatics and C2 hydrocarbons as a
function of time on stream over Mo-W/HZSM-5 and Mo/HZSM-5 are shown in Figs. 4
and 5. Enhancement of catalytic activity maintenance by Zr or W is also clear from Figs.

4 and 5.

3. 3. Nature of the active center

The pure methane reaction process on Mo-Zr/HZSM-5 at elevated temperature 1s shown
in Fig. 6. Itis clear from Fig. 6 that methane reaction on Mo-Zr/HZSM-5 initiates with
C02 and CO formation. C6H6, C2H4 and C2H6 are then formed after the disappearance
of CO.* products. The formation of carbon oxides cannot be simply ascribed to the
reduction of M0O3 by methane. A sharp peak of CO product is still appeared in the case
of Mo/HZSM-5 catalyst after reduction under H2 stream at 973 K as shown in Fig. 7. It
is suggested that Mo phase transformation takes place at the first step of methane reaction
on the catalysts, which is a prerequisite of aromatics and C2 hydrocarbon formation. The
new Mo phase most possibly is molybdenum carbide (MoC). The formation of
molybdenum carbide active phase for methane non-oxidative transformation to aromatics
and C2 hydrocarbons, therefore, is suggested as follows, cH, — C 4250

MoO; + C — MoC + CO, + CO MoO, +3C — MoC + 2CO On the active
phase, methane non-oxidative transformation to higher hydrocarbons occurred. The air
pretreatment of the catalyst at a suitable temperature may induce the formation of
molybdenum oxide which favors the formation of carbide active phase. The activity of the

catalyst, therefore, is evidently enhanced by air pretreatment as shown in Table 2.
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Mechanism for methane activation and transformation to aromatics and C2 hydrocarbons

has been discussed in our previous papers [8,10,12].

4. Conclusions

The catalytic activity and stability of Mo/HZSM-5 can be enhanced by the addition of Zr
or W, and it is also very sensitive to pretreatment conditions. High methane conversion of
over 10% and quite stable activity can be obtained at a reaction temperature of 973 K over
the catalysts pretreated by air at a temperature of 873 K. Pretreating catalysts under air
atmosphere at high temperature may lead to an increase in pore size of the catalysts and a
decrease in methane conversion and activity maintenance. However, the catalyst can be
stabilized under the atmosphere of methane. A new Mo phase is formed under methane

atmosphere, which is a prerequisite of the formation of aromatics C2 hydrocarbons.
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Table 1
Effect of additives on the reactivity of methane over Mo/HZSM-5-based catalysts

Additives  Additive content (%) Conversion (%) Selectivity (%)

C, Benzene Toluene B+T (Ar)
- 0 ' 3.6 8.3 86.1 5.6 91.7
La 1.0 3.3 6.1 87.9 6.0 93.9
Y 0.5 4.0 5.0 87.5 7.5 95.0
\Y 1.0 2 11.1 pif il 88.9
Zr 0.5 3.1 6.5 87.1 6.4 93.5
Zr 1.0 5.2 5.8 86.5 7.7 94.2
Ze 2.0 3.4 6.5 79.4 4.1 93.5

reaction temperature: 923 K

Table 2
Effect of pretreatment conditions on the catalytic performance of Mo-Zr/HZSM-5

Pretreatment conditions Conversion (%)  Selectivity
Temperature (K) Atmosphere C, Benzene Toluene B+T (Ar)
923 air 52 5.8 90.9 33 94.2
923 He 2.6 4.0 88.5 7.5 96.0
873 air ;S 4.0 86.5 9.5 96.0
873 He 2.0 10.0 85.0 5.0 90.0
13 air 4.2 10.0 70.2 19.8 90.0
. T3 He 2.6 12.7 80.8 6.5 87.3

GHSV = 1440 ml g~' h™"; reaction pressure = 200 kPa; reaction temperature = 923 K.

Table 3

Effect of pretreatment atmosphere at high temperature on the BET surface area and pore volume of Mo-Zr/
HZSM-5 catalyst

Treatment conditions BET surface Pore volume (cm’ g™ ") Average pore
area (m? g“') diameter (A)
Micropore Total
Fresh 130 0.04227 0.0669 15
Methane atmosphere with coke 87 0.0314 0.0461 20
973 K after combustion 138 0.0443 0.0687 15
of coke
Air atmosphere 96 0.0313 0.0564 18
973 K
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Fig. 1. Methane conversion and selectivity to aromatics and C, as a function of time on stream over Mo-Zr/HZ-
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Chapter 4
Characterization of Mo/HZSM-5 catalyst by TG-DTA-MS, XAFS, EXAFS
SEM and TEM

Abstract

Mo/HZSM-5 catalyst is characterized by TG-DTA-MS, XAFS, EXAFS, SEM and
TEM techniques. TG-DTA-MS experiments indicate that the Mo oxide is reduced by
methane to its carbide at about 962 K on HZSM-5 support, which is a strong
endothermic process and accompany with weight loss of cataly st and production of CO,
H,0 and H,. Only after the molybdenum carbide 1s formed, the hy drocarbon products
such as benzene, naphthalene and ethene can be formed. This strongly suggests that the
Mo carbide is the active center of the Mo/HZSM-5 cataly st for methane aromatization.
The XANES/EXAFS studies reveal that the zeolite supported Mo oxide is converted
with methane to molybdenum carbide (Mo0,C) cluster (Mo-C, C.N.=1, R= 2.09; Mo-
Mo, C.N.=2.3-3.5; R 2.98 A). The formed Mo carbide exists on HZSM-5 support 1n
the uniform particles. The highly dispersed metal carbide on HZSM-5 support acts as
the active center to activate methane primarily to C, hydrocarbons, which are

secondarily dehydrocondensed towards benzene and naphthalene on HZSM-5 support

1 Introduction

Since Mo/HZSM-5 catalyst for methane aromatization was first reported in 1993 [1],

many promising results have been achieved on this catalyst. In order to understand the

28




mechanism for methane aromatization on this catalyst and the structure of the catalyst,
we have conducted TG-DTA-MS, XAFS/EXAFS, SEM/TEM experiments in this

chapter.
2 Experiments

2.1. DTA-TG-MS experiments

DTA-TG-MS experiments were performed with a DTA-TG-MS combined
instrument (Mas Science DTA-2020S + Thermolab). Fig. 1 briefly shows the scheme
of the setup for TG-DTA-MS experiments. About 40 mg catalyst was paced in a
alumina container under flowing 150 ml/min He and 15 ml/min methane with ramping
the temperature of 10 K/min. The weight change of catalyst was recorded by TG, heat
effect of the reaction was recorded by DTA and the products for the reaction were
monitored by MS at the same time during the catalyst was heated from room

temperature to 973K by a programmed temperature.

2.2. XAFS/EXAFS experiments and analysis

The powdered samples were charged under nitrogen in an in-situ XAFS cell with a
Kapton film window (0.5mg) to prevent exposure of the sample to air. Mo K-edge
XAFS (X-ray absorption fine structure) measurements were conducted on the sample of
Mo/HZSM-5 after impregnation, calcination at 873 K, and reaction with methane at 873
K and 973 K at BL-10B at the photon factory of the National Laboratory for high
Energy Physics (KEK-PF,Tsukuba, Japan). The energy and the current of the electron
(or position) were 2.5 GeV and 250 mA, respectively. A Si(311) channel-cut
monochromator was used. The XANES (X-ray absorption near edge structure) and
EXAFS (extended X-ray absorption fine structure) was analyzed by a computer
program supplied by Technose Co. LTD [ 2 ]. k* -weighted EXAFS function was

Fourier transformed into R-space using the k-range from 3.5-18 A”'. The Hanning
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function used was 8=0.5 A"' . The phase shift was not corrected for the preliminary
Fourier transformation. The inverse Fourier transform was calculated to obtain a filtered
EXAFS function. The R range of an inverse Fourier transformation was taken from
109t0 3.31 A. The Hanning function of A=0.05 A was used as a window function.
The fitting EXAFS parameters of the sample were determined for coordination number
(C. N.) and interatomic distance R, to minimize o and correction of threshold energy
(AEo). The backscattering amplitudes and phase shift functions of Mo-Mo, Mo-C,
and Mo-O bondngs are corrected using those of Mo foil (Mo-Mo), Mo,C (Mo-Mo,
Mo-C), and MoO; (Mo-Mo), Mo-0O). The EXAFS parameters for discussion were
fixed around the optimum value, and the residual factor R was calculated to offer the
optimum values for the other parameters. The real value was estimated using a residual

factor R which is smaller than twice the optimum value.

3 Results and discussion

It is evidently indicated from TG-DTA-MS spectra in fig. 2 that the Mo oxide 1s
firstly reduced by methane to its carbide at about 962 K on HZSM-5 support. The
phase transformation process from molybdenum oxide to its carbide is a strong
endothermic process as shown by DTA profile, which accompany with weight loss of
catalyst as shown by TG profile, and CO, H,0 and H, are produced at the same time as
monitored by Mass Spectra.  Only after the molybdenum carbide is formed, the
hydrocarbon products such as benzene, naphthalene and ethene can be formed. This
strongly suggests that the Mo carbide is the active center of the Mo/HZSM-5 catalyst
for methane aromatization. The reduction of Mo oxide by methane to its carbide 1S
quite different from its reduction by hydrogen to Mo metal. The TG-DTA-MS spectra
of Mo/HZSM-5 in hydrogen flow in fig. 3 indicate that there 1s no heat effect can be
identified by DTA profile for reduction process of Mo oxide by hydrogen, although the

catalyst weight loss is identified as by TG profile and H,O product is monitored by




MS.

In order to obtain more direct evidence for the formation of molybdenum carbide,
the XANES/EXAFS experiments were conducted. Figure 4 shows some XANES
spectra of 6 wt% loading Mo/HZSM -5 calcined, treated in flowing methane at 973 K for
] and 24h. The spectra of MoO; , Mo foil and a Mo,C powder were observed as
references. All the spectra (figs. 4c and 4d) of Mo/HZSM-5 after methane reaction at
973 K showed identical edge position, similar to Mo carbide (fig 4e) and Mo foil (fig
4f) as the first inflection point in the rapidly nising portion of the edge. This position
was assigned an energy of 20003.9 eV. It is known that edge features move to lower
energy as the oxidation state of Mo is reduced [3,4 ], as shown for Mo/HZSM -5 sample
after the reaction with methane at 973 K, compared with those of the calcined sample
(fig 4b) and MoO; (fig 4a). The only notable difference between Mo foil and Mo,C
X ANES spectra was a separation of the two broad peaks at 20.04 KeV and 20.03 KeV
above the absorption edge. The XANES spectrum of Mo foil showed a larger
separation than the Mo,C spectrum. The XAFS of the Mo/HZSM -5 sample reacted
with methane at 973 K for 1 and 24 h (figs. 4c and 4d) look basically identical to the
Mo,C reference spectrum (fig. 6e) not to the Mo foil (fig. 4f).

The FT K-edge EXAFS spectra in fig 5 indicate that the Mo-Mo distance for Mo
oxide is between 3 and 4 A. After the catalyst exposed to methane at 973 K, it changes
to between 2 and 3 A, which is at the exactly same position as the Mo-Mo distance of
Mo,C reference sample and is at the quite different position from that of Mo foil
sample. This results have further improved that molybdenum oxide is reduced by
methane to its carbide and not to Mo metal on HZSM-5 support after reaction with
methane. HZSM-5 supported Mo carbide is the active center for methane
aromatization reaction.

By fitting the EXAFS spectra, some structure parameters have been obtained and
listed in table 1. Table 1 indicates that the Mo-Mo distance of the formed Mo carbide 1s

same as bulky molybdenum carbide, although it 1s supported on HZSM-5 zeolite.
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However, the coordination number of supported Mo carbide is 2.1-3.5 1s much lower
than that of bulky Mo carbide, which 1s 12.

The surface morphology of the formed moly bdenum carbide supported on HZSM -5
was observed by scanning electronic microscope (SEM) as shown in fig 6. After
methane reaction, the clear molybdenum carbide can be observed by SEM imagine,
which exists in the uniform particle on HZSM-5 support. However, before the reaction
of methane, no any particles but only zeolite cry stal can be observed. This indicates that
the Mo oxide is highly dispersed on the zeolite after calcination.

The cross-section of the catalyst is observed by transmission electronic microscope
(TEM) as shown in fig 7. It is indicated in fig 7 that the particles is mainly dispersed
on the surface of the zeolite crystal.

Based on the above results, we have proposed a mechanism for methane
aromatization on Mo/HZSM-5, which is schemed as fig 8. The first step for the
reaction is that Mo oxide supported on HZSM-5 was reduced by methane to its carbide,
and methane was oxidized to CO, H,0 and H,, HZSM-5 supported Mo carbide is the
active center for methane activation. On the formed Mo carbide, methane are first
dehy drogenated to CHx species, which are dimerized to C,Hy species such as ethene.
C,H, is secondarily converted to aromatics such as benzene, naphthalene even coke on

HZSM-5 zeolite.

4 Conclusion

The TG/DTAMS , XANES/EXAFS and SEM/TEM studies reveal that HZSM-5
supported Mo oxide is endothermally converted with methane around 955 K to
moly bdenum carbide (M0,C) cluster Mo-C, C.N.=1, R=2.09; Mo-Mo, C.N.=2.3-35;
R 2.98 A). . The formed Mo carbide exists on HZSM-5 support in the uniform particles.

The highly dispersed metal carbide on HZSM-5 support acts as the active center to
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activate methane primarily to C, hydrocarbons, which are secondarily

dehydrocondensed towards benzene and naphthalene on HZSM-5 support
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Fig. 5
K-edge EXAFS spectra of calcine
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Fig. 6.
| SEM image of Mo/HZSM-5 before and after methane reaction
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Fig. 7.
TEM image of Mo/HZSM-5 before and after methane reaction

6wt%Mo /HZSM-5 calcined at 873K

100nm

6 wt%Mo /HZSM-5 reacted at 873K 6wt%Mo /HZSM-5 reacted at 373K

B

41




Fig. 8. Mechanism for methane aromatization on Mo/HZSM-5
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Chapter 5
Methane Aromatization with Addition of C,; hydrocarbons on

Mo/HZSM-5

Abstract :

M ethane aromatization with addition of C, hy drocarbons such as ethane, ethene and
acetylene on Mo/HZSM-5S catalyst is studied. Formation rate and selectivity of
benzene and naphthalene is quite dependent on the addition of various C, hy drocarbons
in methane feed. Addition of all C, hydrocarbons lead to increase of benzene formation
rate and ethane addition is most effect to enhance the rate of benzene formation. A
much high formation rate and selectivity of benzene is achieved by addition of about
4.3% ethane in methane feed. The formation rate and selectivity of naphthalene is
most effectively enhanced by addition of 4.3% acetylene in methane feed. Although
addition of all C, hydrocarbons lead to increase of the active intermediates for benzene
formation, the secondary reaction of benzene to produce naphthalene is assisted by

addition of only unsaturated C, hydrocarbons, especially by addition of acetylene.

Keywords:

methane aromatization , Mo/HZSM-5, C, addition, benzene, naphthalene
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1 Introduction

Mo/HZSM-5 catalyst was first employed to non-oxidative dehy drogenation and
aromatization reaction of methane in 1993 [1]. The catalytic tests were performed in a
continuous-flow stainless steel reactor and in a quartz tubular microflow reactor. The
product was analyzed by a GC equipped with a FID detector and by a TE-150 mass
spectrometer, respectively, but only benzene as aromatic product was measured in the
experiment conditions. About two years later, more information on this reaction
system was reported by other authors [2-4] and by us [5-6]. Recently, the unique
catalytic activity of moly bdenum-containing HZSM -5 cataly st for aromatics production
directly from methane has attracted an increasing attention [7-20]. The characterization,
preparation and modification of cataly st and reaction kinetics have been investigated by
various techniques[7-15]. The catalytic activity and stability of Mo/HZSM-5 have
been improved by addition of different modifiers [6,16-19]. It has also been found that
the catalytic activity and stability of catalyst is very dependent on pretreatment
conditions [16]. More reéently, Ichikawa et al [19 ] and Lunsford et al. [20] gave more
complete results on products analysis and evaluation of the amount of naphthalene in
hydrocarbon product and coke deposited on the catalyst by using internal standard
method. From the view point of potential industrial application, the natural gas 1s the
mixtures of methane with some higher hy drocarbons such as C, hydrocarbons. The
rate of aromatics such as benzene and naphthalene for aromatization of pure methane is
not so high to obtaine a commercialized process for this reaction. It is important to
enhance the rate of aromatic products by adding C, hydrocarbons to methane feed. In
view of aromatization of C, hy drocarbons, mainly Zn/HZSM-5 and Ga/ HZSM-5 type
catalyst has been reported. Little attention has been paid to aromatization of C, on
Mo/HZSM-5 type catalyst. In addition, It has been accepted that C, species is the
intermediates for benzene formation on the catalyst. Investigation of the role of C,
species 1s key crucial to understand the mechanism of methane aromatization.

Therefore, the study on methane aromatization with addition of C, hydrocarbons is of
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significance not only in academy but also in industry. Here, aromatization of methane

with addition of C, hydrocarbons is presented.

2 Experimental
Mo/HZSM-5 was prepared by impregnating NH,ZSM-5 (Si0,/Al,05=40) with
(NHg)sM070244H,0 aqueous solution, followed by drying at 383 K for 4 h and
calcination at 773 K for 4 h. The ratio of Mo/ NH4ZSM-5 in weight is about 3%,
Catalytic tests were carried out with about 500 mg cataly st placed in a fixed bed
continuous-flow straight type quartz reactor at a pressure of 100 kPa (1 atm) and a
methane space velocity of 1440 ml/g/h. The products were withdraw periodically from
the outlet of reactor and analyzed by two on-line gas chromatography of Shimadazu
GC-9A and GC-8A equipped with a flame ionization detector (FID ) and a
thermoconductive detector (TCD) respectively. 2.2% Ar in methane was employed as
internal standard. Formation rate of products, methane conversion and product
selectivity were calculated by an intemnal standard analy zing method. Below, the method
is presented briefly. Even if the total flow rate changed at outlet from inlet of reactor
Frar T T ot ). Flow rate of non-reactive internal standard gas (F,,) doses not
change.
Fp =Fro™® XX, o0t = F, et X X, inlet
Here, X, refer to concentration of the internal standard gas.
Formation rate of i product (F;) can be calculated as,
F, = Froo™® XXt =F, X X;oulet/x oult
By the same way, methane conversion (Cane ) can be calculated as,
Cibans ™ e Fostea O B pe S g e CBHRGORE - IR
=1-Far X Xoetan /X, 000 X F__ ol
C, conversion (Ccp) is calculated as, Cey =( B ™ o s SIS U il
Coke selectivity = 1- (prdduced HC+produced CO)/(converted methane+converted Cy).

The raw materials of methane and C, hydrocarbons are over 99.99% pure.
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3 Results and discussion
3.1 Effect of various C, hydrocarbon addition on formation rate of benzene and
naphthalene

Formation rate of benzene and naphalene for methane aromatization with and
without addition of about 2.4% C, (in mole) such as ethane, ethene and acety lene on 3%
Mo/HZSM-5 was compared.  The results are shown in figs 1 and 2. Fig1 indicates
that the rate of benzene formation is increased by addition of various C, hydrocarbons
to methane feed. Ethane addition is most effective to enhance rate of benzene
formation. Fig 2 indicates that the rate of naphthalene formation is increased by
addition of ethene and acetylene. Acetylene addition is most effective to enhance the

rate of naphthalene formation.

3.2 Effect of C, concentration in methane feed
Formation rate of benzene as a function of C, concentration in methane feed are
shown in fig 3. It is shown in fig 3 that the rate of benzene formation is maximized at
the ethane concentration of 4.3% or at the acety lene/ethene concentration of about 2.4%
in methane feed. The rate of benzene formation is doubled by addition of 4.3% ethane
and it is increased by 50% by addition of 2.4% ethene or acetylene in methane feed.
The Rate of benzene formation contributed from methane aromatization with or without
addition of ethane and the rate of benzene formation contributed from ethane
aromatization are compared in fig 4. Fig 4 indicates that more methane and ethane
converted to benzene when about 4.3% ethane is added to methane feed. It 1s also
shown in fig 4 that the rate of benzene formation is very high and quite stable with time
on stream for methane aromatization with addition of 4.3% ethane.
Formation rate of naphthalene as a function of C, concentration in methane feed are
shown in fig 5 . It is shown in fig 5 that the rate of naphthalene formation increases

sharply with increase of acetylene concentration in methane feed. The rate of
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naphthalene formation increases by about 4 times by addition of 4.3% acetylene and it
increases only a little by addition of ethane or ethene in methane feed. The Rate of
nap hthalene formation contributed from methane aromatization with or without addition
of 4.3% acetylene and the rate of naphthalene formation contnibuted from acetylene
aromatization are compared in fig 6. Fig 6 indicates that much more methane and
acetylene converted to naphthalene when about 4.3% acetylene is added to methane feed.
It is also shown in fig 6 that the rate of naphthalene formation is very high and quite
stable with time on stream for methane aromatization with addition of 4.3% acetylene.
Naphthalene formation rate for aromatization of methane with addition of about 4.3%
acety lene over Mo/HZSM-5 at 973 K is up to 80 nmole/s/g, which 1s much higher than
the sum of naphthalene formation rates contributed from pure methane and from 4.3%
acetylene balanced in Ar gas at the same reaction temperature.

Effect of C, addition in methane feed on selectivity of benzene and naphthalene
products is compared in table 1. It is indicated in table 1 that enhancement of the
selectivity for production of benzene and naphthalene 1s dependent on the nature of C,
additives. The order of C, additives for enhancing the selectivity of benzene is as below,

ethane > ethene > acetylene.
The order of C, additives for enhancing the selectivity of naphthalene i1s as below,

acetylene > ethene > ethane

3.3 Mechanism for the role of C, in enhancing production of benzene and
naphthalene

The mechanism for promoting effect of C, hydrocarbons on aromatization of
methane 1s schemed as follows,
According to the scheme, the concentration of intermediates such as [CH,], C;H,] for
producing benzene is increased by addition of C, hydrocarbons in methane feed, which
is responsible for increase of benzene formation rate. The unique role of acetylene for

enhancing rate and selectivity of naphthalene is contributed to its reaction with benzene
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to produce naphthalene.

C,Hg
C,Hy4 C,H,
1' C2H2 CZI'I4

- ~ 1oy

////M";*Z/SM/////

Scheme for the role of C, addition to methane in enhancing production
of benzene and naphthalene

4 Conclusion

M ethane aromatization with addition of C, hy drocarbons such as ethane and ethene
and acetylene on Mo/HZSM-5 catalyst is studied. Formation rate and selectivity of
benzene and naphthalene is quite dependent on addition of various C, hydrocarbons in
methane feed. Addition of all C, hy drocarbons lead to increase of benzene formation rate
and ethane addition is most effect to enhance the rate of benzene formation. A much
high formation rate and selectivity of benzene is achieved by addition of about 4.3%
ethane in methane feed. The formation rate and selectivity of naphthalene 1s most
effectively enhanced by addition of 4.3% acetylene. Although addition of all C,
hy drocarbons lead to increase of the active intermediates for benzene formation, the
secondary reaction of benzene to produce naphthalene is assisted by addition of only

unsaturated C, hydrocarbons, especially addition of acetylene.
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Fig 1. Effect of addition of 2.4% C, hydrocarbons to methan on benzene production

Fig 2. Effect of addition of 2.4% C, hydrocarbons to methan on naphthalene production

Fig 3. Effect of C, concentration in methan on rate of benzene formation

Figd. Comparation of benzene formation rate with time on stream for methane
aromatization with and without addition of ethane

Fig 5. Effect of C; concentration in methan on rate of naphthalene formation

Fig 6. Comparation of naphthalene formation rate with time on stream for methane
aromatization with and without addition of acetylene

Table 1. Effect of C, addition in methan on selectivity of benzene and naphthalene
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Fig 1. Effect of addition of 2.4% C, hydrocarbons to methane
on benzene production productionon Mo/HZSM-§ at 973 K
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Fig 2. Effect of addition of 2.4% C; hydrocarbons to methane
on naphthalene production over Mo/HZSM-S at 973 K
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Fig 3. Effect of C, concentration in methane feed on benzene formation rate
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Fig 4.

Comparation of benzene formation rate with time on stream for methane
aromatization on Mo/HZSM-5 with and without addition of ethane
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Fig 5. Effect of 02 concentration in methane
feed on naphthalene formation rate
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Fig 6. Comparation of naphthalene formation rate with time on stream
for methane aromatization of with or without addition of acetylene
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Table 1. Effect of C2 addition on selectivity of benzene and naphthalene for
methane aromatization on 3% Mo/HZSM-5

Feed Conversion (%) Selectivity in hydrocarbon products(%)
Benzene naphthalene naph./ben.

CHy 11.5 69.5 193 0.27
CHy4 11.8 75.3 19.4 0.26
CaoHe (4.3%) 99.8

CHy 11.4 67.5 28.6 0.42
CoHs (2.4%) 100

CHi4 112 58.4 35.6 0.61

CoHs (4.3%) 100

Reaction temperature: 973 K, reaction pressure: latm,
methane SV: 1440 ml/h/g-cat
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Chapter 6

Catalytic Dehydroaromatization of Methane with CO/CO; towards

Benzene and Naphthalene on Bimetallic Mo/Zeolite Catalysts:
Bifunctional Catalysis and Dynamic Mechanism

1. INTRODUCTION

In recent years a great challenge and intriguing problem in heterogeneous catalysis is the
catalytic dehydrocondensation of natural gas into useful peterochemical feedstocks such as
ethylene by the oxidative coupling of methane over Li/MgO and Sm»O3 catalysts[1] and the
lower hydrocarbons by the two-step conversion of methane on Co and Ru catalysts[2], while
they have not been feasible yet due to the lower yields and selectivities. Since 1993, the non-
oxidative conversion of methane to benzene has been reported[3-8] on Mo/HZSM-5 catalysts
in conjunction with their reactivities, reaction mechanism and catalyst characterization.
Recently, we have preliminarly reported that the Fe/Co modified Mo/HZSM-5 catalysts exhibit
the higher conversion of methane to aromatics such as benzene and naphthalene with a large
yield of hydrogen[9],and the CO/COp addition to methane effectively improve their catalyst
stability[10]. This paper will present the the promotion role of CO/CO; addition to methane
feed to effectively reduce the coke formation and improve their catalyst stability on Mo/HSM-5
and Fe/Co modified Mo/HZSM-5. The remarkably higher rates and selectivities of benzene
formation in the catalytic dehydrocondensation of methane were obtained by increasing the
pressure (1-5 atm) and flow rates of methane at 973K on Mo/HZSM-5 catalysts. In addition,
we will discuss on the bifunctional catalysis of Mo carbide and HZSM-5 support, which have
been characterized by XAFS, TG/DTA/Mass and IR spectroscopy.

2.1 Materials and catalysts preparation

3-6wt%Mo loading Mo/HZSM-5 and Fe/Co modified Mo/HZSM-5 catalysts were
prepared by impregnation(incipient wetness) of NH4ZSM-5(SiO2/Al203=20~1900; surface
area,780-925 m?/g; Toso Co. and CRI Zeolyst, Inc.) with (NH4)sM070244H20, Co(NO3)2 or
Fe(NO3)3 aqueous solutions. The resulting materials are dried at 393K and calcined at 773K
for 6 h, similarly as reported in the previous literature[9,10]. Powdered Mo carbide(Mo2C;
100-500 mm size) was purchased from Japan New Metal Co. and used as it. The hybnd
catalysts of 3wt% Mo/SiO2+HZSM-5 and Mo,C+HZSM-5 were prepared by mechanically

grinding both components and by the coimpregnation from the slurry solution.
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2.2. Catalytic measurement and Kkinetic analysis
The catalytic tests were carried out under 1-5 atmospheric pressure of methane in a continu-

ous flow system with a quartz reactor of 8mm i.d. which is charged with 0.15-0.30 g of
catalyst pellets of 20-42 mesh. The feed gas mixture of 98%CH4(99.9% purity) and 2%Ar as
internal standard for analysis was introduced into the reactor at 7.5-20 ml/min[space velocity=

1000-20000 ml(g-cat.h)-1] through a mass flow controller(Brooks 5850E) after flashing with

He at 973K for 40min. Hydrocarbon products including C»-C4 alkanes(and/or alkenes) and
condensable Cg-C12 aromatics such as benzene, toluene, Xylene and naphthalene derivatives
were analyzed by the on-line FID gas chromatography using a six-way sampling valve heating
at 533K on a Porapak-P column and the one-line TCD gc for Hp, Ar, CO, CH4 and CO; on an
activated carbon column. The condensable materials such as benzene, toluene, Xxylene,
naphthalene, methylnaphthalene and anthracene which were identified by using the on-line GC-
MS(Perkin-Elmer, Auto System GC with 910 Q-Mass). Using an internal standard analyzing
method, methane conversion, selectivities of hydrocarbon products and coke formation formed

on the catalysts were evaluated according to the mass balance for carbon and hydrogen|[9,10].

3. RESULT AND DISCUSSION

3.1 Methane aromatization on Mo/HZSM-5 and Fe/Co modified Mo/HZSM-5

The non-oxidative conversion of methane was conducted by flowing methane(1-5 atm) on the
catalysts in the fixed bed at 973K. Using 2%Ar as the internal standard for the reaction
analysis, the yields and selectivities of benzene and coke formation were carefully evaluated
according to the previous work[9,10]. Ca-hydrocarbons and aromatic products such as
benzene and naphthalene were continuously obtained with a considerable evolution of hydrogen
(H2/ benzene=9-18 mol/mol) on the Mo/HZSM-5, Fe/Co modified Mo/HZSM-5 catalysts. The
conversion of methane(ca. 12 %) usually decreases rapidly at the initial stage and moderately at
the later stage of the reaction down to 4% in 30 h possibly due to the coke formation. The major
hydrocarbons produced on Mo/HZSM-5 consist of benzene(50-68%), naphthalene(45-12%)
and toluene (2-5 %) as the aromatics, and C, products(4-12%) such as ethylene and ethane.
The other carbon-containing products such as CO, propene, butene, and methylnaphthalene,
phenanthrene, anthracene and tetracene as poly-condenced aromatics were produced in a small
amount (totally less than several % selectivity). Further bulky substituted aromatic compounds
are minorly obtained on the catalysts at 973K because of the higher activity for hydrogenolysis
and molecular shape selectivity due to the limited size of micropores of HZSM-5(5-6A)
accessible only to benzene and toluene. Our obtained results on the Mo/HZSM-5 catalyst
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show that the benzene selectivities based on the consumed methane did not exceed 42% at the
maximum value owing to the formation of coke(32-42% sel) and polycondensed by-products.
From Fig.1a and 1b it is clear that the addition of Fe as for Co, to Mo/HZSM-5 catalysts

yields a considerable enhancement of aromatic products such as benzene and naphthalene in the
reaction at 973K. A maximum rates(120-150 nmol/h/g-cat) and selectivity(52-54% sel) of
benzene formation and minimizing coke formation(less than 20%) was attained by the optimum
addition of Co(and/or Fe) to Mo/HZSM-5. Further addition of Fe or Co to Mo/HZSM-5 results
in a decrease of the aromatic products owing to substantial increase of coke formation in the
methane conversion. The characterization by XRD, TG/DTA/Mass and EXAFS suggest that
the binary FeMo and CoMo carbides are highly dispersed in the micro-channels of HZSM-5
zeolite in the methane conversion at 973K, implying that Fe and Co act as anchoring elements

to promote the dispersion of Mo carbide as the active species for the reaction.
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Fig.1. Catalytic performances of (a) Co-Mo//HZSM-5 and (b) Fe-Mo/HZSM-5 for methane
dehydroaromatization at 973K and 1 atm as the function of the Co/Mo and Fe/Mo composition.

yields a considerable enhancement of aromatic products such as benzene and naphthalene in the
reaction at 973K. A maximum rates(120-150 nmol/h/g-cat) and selectivity(52-54% sel) of
benzene formation and minimizing coke formation(less than 20%) was attained by the optimum
addition of Co(and/or Fe) to Mo/HZSM-5. Further addition of Fe or Co to Mo/HZSM-5 results
in a decrease of the aromatic products owing to substantial increase of coke formation in the
methane conversion. The characterization by XRD, TG/DTA/Mass and EXAFS suggest that
the binary FeMo and CoMo carbides are highly dispersed in the micro-channels of HZSM-5

zeolite in the methane conversion at 973K, implying that Fe and Co act as anchoring elements
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to promote the dispersion of Mo carbide as the active species for the reaction.

3.2. Effects of pressure and flow rate

Fig.2 shows the dependency of rates of products and coke formation in the methane reaction
on 3%Mo/HZSM-5 at 973K by varing the methane pressure of 1-5 atm, respectively. It is
intersting to find that the formation rates of benzene and Cp hydrocarbons increase moderately
by increasing the methane pressure. The maximum yields and selectivity (65% sel) of benzene
were attained at 3-4 atm of methane by the constant flow rate of 2500 (ml/h/g-cat) at 973K,
although the methane conversion is thermodynamically unfavorable for the pressurized
condition(6CH4= CgHg+9H2). Moreover, it is of worthy to note that the coke formation 1s
substantially suppressed and the catalyst stability was relatively improved by increasing the
methane pressure above 3 atm on the catalyst, as shown Fig.2. This may be related with the
sufficient supply of hydrogen from methane and the concentration of the surface carbon species
CHy for the formation of aromatic products such as benzene and naphthalene on the catalysts.

On the other hand, by increasing the flow rates of methane refered to as the specific velocity
(ml/h/g-cat) from 1000 to 20000 the rate of benzene formation(nmol/s/g-cat) under the 3
atmosphere of methane at 973K on 3%Mo/ HZSM-5 is remarkably enhanced by ca. 10 times as
shown in Fig. 3. The methane conversion at the 5 h time-on stream moderately decreased
from 8 to 6 % by changing the specific velocity from 1000 to 20000(ml/h/g-cat). These results
suggest that benzene is produced under the diffusion control on the catalysts and the methane

conversion to benzene is close to the thermodynamical equilibrium(benzene conversion for Hp/
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Fig. 2 Catalytic performances of 3%wt Mo/HZSM-5 for methane dehydroaromatization
varing the methane pressure from 1 to 5 atm at 973K and SV=1440 ml/h/g-cat.
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Fig.3. Product formation rates and methane conversion on 3% wtMo/HZSM-5 by vary-
ing specific velocity of methane(ml/h/g-cat) at 3 atm and 973K
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CeHe=12 at 973K is calculated as 8.2% and 1 atm of methane) under the reaction conditions.
The effective transportation of the aromatic products results in the higher conversion of methane

and suppressing the coke formation through the micro-channels of HZSM-5.

3.3. Selective dehydroaromatization of methane by CO/CO; addition

The addition of CO to methane feed gas exerts a significant effect on the catalytic
performances of Mo/HZSM-5 and Fe/Co modified Mo/HZSM-5 for the aromatization reaction
to promote the benzene formation and catalyst stability. Using pure CH,4 as the feed gas,
methane conversion and benzene formation rate were decreased greatly during 24 hours of
reaction time on stream, as shown in Fig. 4. While with the addition of CO in the feed gas, the
methane conversion drop was substantially moderated regardless of varying the partial pressure
of CO (from 1.7% to 12.3%). After attaining a increase of benzene formation in the early stage
of the methane conversion with CO, benzene formation rate kept almost constant during the
prolonged reaction up to more than 24 hours. It is worthy to note that in the steady reaction
stage, the amount of CO is almost kept constant before and after the reaction in all the case of

CO addition. The results imply that CO is regenerated possibly due to the reaction of the surface
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carbon with the active oxygen species derived from CO dissociation as shown in Scheme 1.

By addition of CO to a 1 atm methane flow at 973K the Co and Fe modified Mo/HZSM-5
catalysts at 973K and 1 atm of methane exhibit remarkable catalytic activities for the benzene
formation in high selectivities (75-85% sel. at 10-13% CHg4 conv.), as shown in Fig. 4. The
rate of benzene formation decreases moderately but keep the higher rates and lower coke
selectivity(less than 10%) for 100 h. Similarly, the stability of the catalyst was also improved
by adding a few per cent of CO, into the feed gas. The addition of 1.6% CO, yielded a higher
methane conversion and hydrogen formation rate. Nevertheless, the benzene formation was
greatly suppressed by the exceeding addition of CO,(more than 12%), but it yields the
improvement of the catalyst stability in the methane aromatization during the prolonged time. It
is suggested that CO, is converted with CH, to produce double amount of CO and H2 under the
reaction condition by the reforming process (CO,+CH4=2CO+2H,). The formed CO may exert
a similar promotion of products formation and the catalytic stability. The excess CO, may

greatly consume the surface active carbon species such as CHy and C; species for the reaction.
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Fig. 4. Rates of benzene formation in methane aromatization with and without addition of CO
(1 atm, 3.5%CO, 973K) on Mo/HZSM-5 and Co-Mo/HZSM-5 catalysts.
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Fig.5. TPO pattterns as CO, formation by flowing air on the Mo/HZSM-5 catalysts after the
reaction with CH,, CH4+CO and CH4+CO2 at 1 atm, 973K and SV=1500
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As shown in Fig.5, it was demonstrated by the temperature-programmed oxidation(TPO)
experiments(ramping temperature rate:2K/min, air flow of 20 ml/min) that the amount of coke
deposition on the catalyst surface was greatly reduced by adding various amount of CO or CO,
to the methane feed gas. The increase of CO concentration from 1.7% to 12.0% in methane
flow resulted in a marked suppression of the total coke formation on the catalyst surface,
particularly the irreversible or inert coke which was oxidized to CO, at the higher temperature
above 773K in TPO experiment. The increase of CO, partial pressure(1.4 to 4.0%) in methane
feed gas decreased effectively the coke formation on the catalyst to a much lower level,
compared with that of CO. This may be related to its higher activity of the dissociated oxygen
in the reaction with surface carbon to form CO(CO3 + C ---> 2CO) as shown in scheme 1.

To understand the role of CO in methane aromatization reaction, the 13CO+CH4 reaction was
conducted in a closed circulating reaction system. The starting composition of the mixture
reactant is 8% CO+92%CH, with a total pressure around 220 torr. Even after Smin of the
closed circulating reaction at 973K, C atoms involved in methane (13CH4) reached the value of
8%. The isotopic abundance of PC incorporated in benzene molecule were detected by GC-
Mass analysis as the random distribution (®CCsHe-47.6%, “C,C4He36.7%, ~C3CsHs-
13.0%, 13C4C2H6—2.4%, 13C5CH6—O.3%) regardless of the reaction time of methane on
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Mo/HZSM-5. These results suggest that the carbon derived from CO dissociation is efficiently
incorporated into the benzene formation and the isotopic scrambling reaction between PCO and
'2CH, proceeds rapidly under the reaction condition at 973K. Based on the above results we
suggest the mechanism of an unique role of CO in methane aromatization reaction to stabilize
the catalyst performances and promote the benzene formation as shown in scheme 1.  Firstly,
CO dissociates on the Mo sites to form the active carbon species CHx and Cp species through
reaction (2) and (3); followed with their oligomerization to form higher hydrocarbons such as
benzene and naphthalene in reaction (1) on the catalyst; The dissociated oxygen species [O]
from CO may react with the surface inert carbon species (coke) to regenerate CO, resulting in

the suppression of the coke formation on the catalyst through reaction (4).

Table 1. Catalytic performances of the hybridcatalysts of MoCa(or MoO3/Si102)+
HZSM-5 in the methane aromatization at 1 atm and 973K

catalyst CH, conv(%) V(Benzene)2
i HESMAS: el bl s bG G T Cth (v
Mo,C 0.8 3
MoCp+HZSM-5 a7 150
Mo0Q3/S102 53 412
MoO3/SiO2+HZSM-5 6.2 2019
3%Mo/HZSM-5 8.5 3162

a: Specific rates of benzene formation(nmol/Mo/sec)

3.4. Bifunctional catalysis by Mo carbide and ZSM-§ zeolite support

EXAFS(Mo K-edge) and TG/DTA/Mass studies have been performed in methane
conversion(1 atm, 300-973K) on 6wt% Mo/HZSM-5 using the SOR facility(KEP-10 line) and
Mac Science system(TG-DTA2020S), respectively. It was demonstrated that Mo oxide on
HZSM-5 is converted with methane at 923K by the evolution of Hp and CO to Mo carbide
cluste(Mo,C; Mo-Mo; C.N.= 2.1-3.5, R-2.98A), where the methane aromatization reaction
initiats to form CgHg, C1oHg and CoHy in evolving hydrogen above 923K. The results imply
that Mo carbide on HZSM-5 support is an active species for the catalytic methane aromatization
similarly as it has been proposed peviously by Solymosi and Lunsford[5,6,8].

To understand the bifunctional role of Mo carbide and HZSM-5 support the following

64

A ——————————




experiments were conducted. As indicated in Table 1, it was of interest to find that the specific
rates of benzene formation(CeHs/Mo/sec) on a hybrid catalysts of MoCa(or MoOs3/SiOz)
+HZSM-5 at 973K were greatly enhanced(50-100 times) by the mechanical mixture of each
component, which shows neglegible or low activity. These imply the bifunctional catalysis for
methane aromatization at the interface of Mo carbide and ZSM-5 support. The results by in-situ
FTIR and EXAFS studies suggest that methane is activated on Mo carbide sites to form CHx
and Cy-species(e.g.CH3-C;2967, 2878,1468 and 1382 cm-1) which may migrate at the
interface of ZSM-5 acidic support, followed by the dehydroaromatization of Ca-intermediates to
benzene and naphthalene. As it is discussed in the session 3.3., the common carbon species
CHjx by the dissociation of CO and methane on MoCy are converted to Ca-hydrocarbons,
benzene and naphthalene on the acidic sites of the ZSM-5 support. The influence of Si0,/Al203
ratio(20-1900) of the HZSM-5 zeolite on benzene production and coke formation were also
investigated. It was found that there exists a sharp optimum SiOy/Al»O3 ratio of 40 yielding
highest rates of benzene formation and lowest coke formation. The HZSM-5 supports having
too smaller or larger Si/Al ratios beyond 40 produce the Mo/HZSM-5 catalysts of poor activity
for methane aromatization. The proper Bronsted acidity of HZSM-5 promotes the conversion
of Ca-intermediates to benzene and naphthalene and suppress the coke formation. This
bifuncti-onal catalysis of MopC/HZSM-5 for methane aromatization reaction is discussed by
analogy with the synergetic promotion on Pt/Al20s catalyst for the dehydroaromatization of

alkanes.
4. Conclusion

(1) Catalytic dehydroaromatization of methane with CO and/or CO, proceeds at 973K under the
higher pressure of methane(1-5 atm) on Mo/HZSM-5 and Fe/Co modified Mo/HZSM-5
towards aromatic products such as benzene and naphthalene with higher yields and stable
selectivities (above 85 %) and minimizing the coke formation in the prolonged time of 100 h.
(2) The catalyst stability by adding CO and/or CO, to the methane feed is associated with
effectively suppressing the coke formation due to CO dissociation on Mo/HZSM-5 catalysts.

(3) A remarkable synergetic promotion for benzene formation is obtained on the hybrid catalysts
consisting of Mo/SiO2+HZSM-5 and MoC+HZSM-5, whereas each component shows a
marginal activity in the reaction.

(4) Bifunctional catalysis of Mo/HZSM-5 is discussed by the mechanism that methane 1s
activated on Mo sites to form CHy and Cp-species, which may migrate at interface of ZSM-5

having the optimum acidity for the dehydrocyclization to benzene and naphthalene.
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Chapter 7
Inhibitation of coke deposition and activity enhancement for methane
aromatization by varying reaction conditions on Mo/HZSM-5

Abstract:

Dependence of activity and selectivity for methane aromatization on Mo/HZSM -5
on the reaction conditions such as pressure and specific velocity of methane, CO;
addition at high SV and reaction temperature is investigated. A high and stable benzene
formation rate of about 1700 nmole/s/g-cat is achieved for methane aromatization on

Mo/HZSM-5 by increasing methane pressure from 1 to 3 atm, methane specific velocity

from 1440 to 10000 ml/h/g-cat and reaction temperature from 973 to 1073 K, and by
adding about 2.1% CO, to methane feed. The rate of benzene formation with time on
stream is remarkably stabilized by varying methane pressure and addition of 2.1% CO,

in methane feed and greatly enhanced by increasing methane specific velocity from 1440

to 10000 ml/h/g-cat and reaction temperature from 973 to 1073 K. The selectivity of
benzene and naphthalene and coke is also controlled by vary ing reaction conditions.
High methane specific velocity lead to high benzene selectivity and low naphthalene

selectivity. Coke selectivity is minimized at 3 atm methane.
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1 Introduction

In recent years, a great challenge and intriguing problem in heterogeneous cataly sis
is the catalytic dehydropolymerization of natural gas into useful petrochemical
feedstocks and liquid fuel. Methane aromatization on Mo/HZSM-5-based catalysts
has been attracted a increasing attenti.on. The conventional reaction conditions
emp loy ed for methane aromatization on Mo/HZSM-5 are at methane pressure of about
1-2 atm, methane specific velocity of 1440 ml/s/g-cat and temperature of 973 K [1-20].
In the present study, the role of reaction conditions such as pressure and specific
velocity of methane, CO, addition in methane feed, reaction temperature and Mo-
loading on HZSM-5 support in controlling the activity and selectivity for methane

aromatization 1s discussed.

2 Experimental
Mo/HZSM-5 was prepared by impregnating NH4ZSM-5 (Si0,/A1,05=40, Toso
Co.) with (NH,)sM0,0,44H,0 (Kanto Chem. Co.) aqueous solution, followed by drying
at 383 K for 4 h and calcination at 773 K for 4 h. The sample was finally pressed,
crussed and sorted into 20-40 mesh. Catalytic tests were carried out with about 500
mg catalyst placed in a fixed bed continuous-flow straight type quartz reactor. After
cataly st was pretreated by air stream at 873 K for 30 min and then by He stream at 873
K for 30 min, the stream was switched to feed gas and catalyst bed was brought to
reaction temperature. The products were withdraw periodically from the outlet of
reactor and analy zed by two on-line gas chromatography of Shimadazu GC-9A and GC-
8A equipped with a flame ionization detector (FID) and a thermoconductive detector
(TCD) respectively. Hydrocarbon products were separated by a 4mm X2m Porapak P
column and Ar, CH,, CO, CO,, H, were analy zed by a 4mmx1m active carbon column.
2.2% Ar in methane was employed as internal standard. Formation rate of products,
methane conversion and product selectivity were calculated by an intemal standard

analyzing method [19]. Formation rate of products, methane conversion and product
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selectivity were calculated by an internal standard analy zing method. Below, the method
is presented briefly. Even if the total flow rate changed at outlet from inlet of reactor
Frou™  Frow™"). Flow rate of non-reactive internal standard gas (F,) doses not
change.

F, = Frou ™ XX, = P et X X inlt
Here, X,, refer to concentration of the internal standard gas.
Formation rate of 1 product (F;) can be calculated as,

Al outlet outlet  _ outlet outlet
Fi 5 FTotal X Xi i Fst X Xi /Xst

By the same way, methane conversion (Cpethane ) CaN be calculated as,

L inlet outlet inlet __ outlet inlet
Cmcthanc Sy (chthanc °chthanc )/ chthanc s o chthanc /chthanc

zl'FAr X )(mt:thancouud/.>(Ar0mh:t X chthancin]ct
Coke selectivity = 1- (produced HC+produced CO)/converted methane. The raw

materials of methane and ethane is over 99.99% pure.

3 Results and discussion
3.1 Effect of methane pressure

The reaction for benzene aromatization was conducted by varying pressure of
methane. Benzene formation rate with time on stream at different methane pressure 1s
shown in fig 1. At the lower methane pressure less than 1 atm (including latm),
benzene formation rate decline with time on stream although it 1s higher at the initial ;
stage. At the higher pressure of 2-3 atm, benzene formation rate increase with time on
stream at the initial stage and then become stable. However, at so high methane
pressure as 5 atm, the formation rate is somehow suppressed although a stable rate of
benzene formation is still available. Therefore, a stable rate of benzene formation is
achieved by conduct the reaction at the higher methane pressure higher than 2 atm. The

effect of methane pressure on the selectivity of coke and formation rate of hydrocarbon %
products is shown in fig 2. The selectivity of coke is minimized and the selectivity and t
§

formation rate of benzene is maximized increasing methane pressure from 0.28 atm to 3
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atm (fig 2). Coke selectivity at 3 atm methane is about 10 times less than that at 0.28
atm methane. High methane pressure lead to low coke selectivity, which is responsible
for high stability for benzene formation. Formation rates of ethene and ethane is
also qUite dependent on the pressure of methane as shown 1n fig 3. Ethene formation
rate decreases and ethane formation rate increases with increasing methane partial
pressure. Higher partial pressure of methane is favorable for transformation of ethene to
ethane through hydrogen transfer reaction. The coke species deposited on the catalyst at
different methane partial pressure is characterized by TPO spectra . Two distinct coke
species respond to different oxidation temperature can be identified by TPO spectra as
shown in fig 4. The two TPO peaks are ascribed to the coke species (Cm)
deposited on metal sites formed by deep dehydrogenation of hydrocarbon
species and coke species (Cs) deposited on acid sites of support. It seems
that high methane pressure is unfavorable to formation of the coke species
(Cs) deposited on support. However, the coke species (Cwm)on metal, which is

contributed to formation of carbide, is independent of methane pressure.

3.2 Effect of methane specific velocity and reaction temperature

Formation rate of benzene with time on stream at 3 atm methane and different
methane specific velocity is shown in fig 5. At a methane specific velocity of 1440
ml/h/g-cat, formation rate of benzene is about 130 nmole/s/g-cat and quite stable with
time on stream. Benzene formation rate increases remarkably with increasing methane
specific velocity. However, benzene formation rate with time on stream decline at high
methane specific velocity. The coke species deposited on the catalyst at different
methane specific velocity is characterized by TPO spectra as shown 1in fig 6. It
indicates in fig 6 that high methane specific velocity mainly lead to increase of the coke
species of Cs. In addition, product selectivity is also dependent on methane specific
velocity as shown in fig 7. Benzene selectivity remarkably increases and naphthalene

selectivity decreases with increasing methane specific velocity from 720 to 2500 mi/h/g,
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and C, selectivity is also increases with increase of methane specific velocity. This
reflect some mechanistic features of methane aromatization. Benzene is primary
aromatic products and naphthalene is produced by the secondary reaction of benzene.
Therefore, benzene selectivity is enhanced and naphthalene selectivity is suppressed at
a higher specific velocity of methane since high SV is unfavorable for the secondary
reaction. On the other side, high naphthalene selectivity is available at low methane
specific velocity. Naphthalene selectivity at a lower methane specific velocity of

about 720 ml/h/g 1s about 40%.

3.3. Effect of reaction temperature and Mb-loadings

Benzene formation rate also increases quite dramatically with increase of reaction
temperature as shown in fig 8. Rate of benzene formation is almost doubled by 50 K
increase from 973 K to 1023 K. Therefore, a very high benzene formation rate is
achieved at high specific velocity and high reaction temperature. At the severe reaction
conditions of higher SV and higher reaction temperature, benzene formation rate and
coke selectivity is also dependent on the Mo-loading of Mo/HZSM-5 catalyst. The
coke selectivity is minimized and benzene formation rate is maximized at the Mo-

loading of about wt.6-21% as shown in figure 9.

3.4 Effect of CO, addition in methane feed

Although rate of benzene formation is increased remarkably by increasing methane
specific velocity and reaction temperature, benzene formation rate decline sharply with
time on stream because of the serious coke deposition on the catalyst at high methane
specific velocity. To stabilize the catalyst at high methane specific velocity, about
2.1% CO, is added to the methane feed. Fortunately, The rate of benzene formation 1s
stabilized with time on stream at high methane specific velocity by addition of 2.1%

CO, to methane feed as shown in fig 10. It is shown in fig 10 that a high and stable

benzene formation rate of about 1000 nmole/s/g-cat 1s achieved for methane
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aromatization with about 2.1% CO, on 15%Mo/HZSM-5 at 1023K and methane
specific velocity of 10000 mlh/g-cat. In addition, the rate of benzene formation for
methane aromatization with CO, is greatly increased further by increasing reaction
temperature from 1023 K to 1073 K. A very high benzene formation rate of about
1700 nmole/s/g-cat is attained for methane aromatization with 2.1% CO, on 15%
Mo/HZSM-5 at methane specific velocity of 10000 ml/h/g-cat and 1073 K as shown In
fig 10. Therefore, it seems that CO, addition is the solution to solve the problem of

the serious coke deposition on the catalyst for methane aromatization at high methane

specific velocity and high temperature.

4 Conclusion

High and stable rate of benzene formation has been achieved for methane aromatization

on Mo/HZSM-5 by optimizing reaction conditions including:

1) increasing methane pressure from 1 to 3 atm, 2) increasing methane specific velocity
from 1440 to 10000 ml/h/g-cat and reaction temperature from 973 to 1073 K, and 3)
adding about 2.1% CO, to methane feed. The role of 1) and 3) is to enhance the stability
for benzene formation rate with time on stream and the role of 2) is to increase rate of
benzene formation rate.  The rate of benzene formation is about 1700 nmole/s/g-cat at the

optimized conditions, which is about 17 times of that at the conventional

conditions(SV=1440 ml/h/g-cat, T= 973 K and P = latm). The selectivity of benzene
and naphthalene and coke is also controlled by reaction conditions. High methane
specific velocity lead to high benzene selectivity and low naphthalene selectivity .

Coke selectivity is minimized by varying methane pressure.
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Caption of figures:

Fig 1. Benzene formation rate with time on stream for methane aromatization on
3%Mo/HZSM-5 at various methane pressure

Fig2. Formation rate and selectivity of product as a function of methane pressure for
methane aromatization on 3%Mo/HZSM-5

Fig 3. Fom;ation rate of ethane and ethene as a function of methane pressure

Fig 4. TPO profiles of Mo/HZSM-5 catalyst after methane aromatization at various
methane pressure

Fig 5. Benzene formation rate with time on stream for methane aromatization on

3%Mo/HZSM-5 at various methane specific velocity
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Fig 6. TPO profiles of Mo/HZSM-5 catalyst after methane aromatization at various
methane specific velocity

Fig 7. Formation rate and selectivity of product as a function of methane specific
velocity for methane aromatization on 3%Mo/HZSM-5

Fig 8. Dependence of benzene formation rate on methane specific velocity and reaction
temperature

Fig 9. Formation rate and selectivity of product as a function of Mo-loadings of
Mo/HZSM-5 catalyst for methane aromatization

Fig 10. Effect of CO, addition in methane feed on the stability of benzene formation for

methane aromatization on 15% Mo/HZSM-5
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Fig 1. Benzene formation rate with time on stream for methane
aromatization on 3% Mo/HZSM-5 at various methane pressure
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Fig 2. Formation rate and selectivity of product as a function of methane pressure
for methane aromatization for methane aromatization on 3% Mo/HZSM-5
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Fig 3. Formation rate of ethane and ethene as a function of methane pressure
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Fig 4. TPO profiles of Mo/HZSM-$ catalyst after methane aromatization at various

methane pressure
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Fig 5. Benzene formation rate with time on stream for methane aromatization
on 3% Mo/HZSM-5 at various methane specific velocity
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Fig 6. TPO profiles of Mo/HZSM-S catalyst after methane aromatization at various

methane specific velocity
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Fig 7. Dependence of benzene production on methane specific velocity
on 3% Mo/HZSM-5 at 3 atm and 973 K
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Fig 8. Dependence of benzene formation rate on
methane specific velocity and reaction temperature
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Fig 9. Formation rate and selectivity of benzene as a function of
Mo-loadings of Mo/HZSM-5 catalyst for methane aromatization
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Fig 10. Effect of CO2 addition in methane feed on the stability of benzene
formation for methane aromatization on 15%
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Chapter 8
Catalytic performance of Re/HZSM-5 for dehydro-dimerization and
dehydro-aromatization reactions of methane

Abstract

Catalytic features of Re/HZSM-5-based catalyst for aromatization reaction of
methane are studied and compared with that of Mo/HZSM-5. It is found in TPR of
Re,0,/HZSM-5 in methane flow that methane activation process is initiated by
reduction of Re,0,/HZSM-5, which is endothermic and company with production of
hy drocarbon oxides and loss of catalyst weight. However, the reduction of catalyst in
hy drogen stream is a exothermic process and takes place at a much lower temp erature.
We propose that thenium carbide is formed by reduction of Re,0,/HZSM -5 in methane
flow. The carbide is stable in the atmosphere of methane and cataly ze the reaction of
methane aromatization. The temperature for formation of rhenium carbide is about 100
K lower than that for formation of moly bdenum carbide and Re/HZSM-5 shows much
better low-temperature activity than Mo/HZSM-5-based catalyst. To compare with
Mo/HZSM-5-based catalyst, Re/HZSM-5-based catalyst exhibits a better lower-

temperature activity and a higher selectivity to C, hydrocarbons.
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1 Introduction

Direct transformation of methane to more valuable hy drocarbons such as aromatics
or C, hydrocarbons is fascinating and highly desirable for more reasonable utilizing
abundant natural gas resources. Recently, much attractive results for dehydrogenation
and aromatization of methane over Mo/HZSM-5 cataly st have been reported and it has
attracted a wide attention and interest (1-20) over the past several years. It has been
suggested that molybdenum carbides supported on HZSM-5 is the active phase for

methane aromatization. At the present research, the catalytic performance of Re/HZSM-

5-based catalysts for dehydrogenation and aromatization of methane is presented as a

alternative choice of catalyst.

2 Experimental

Re/HZSM-5 was prepared by impregnating NH,ZSM-5 (Si0,/AI,05=40, Toso
Co.) with NH,ReO44H,0 (Kanto Chem. Co.) aqueous solution, followed by drying at
383 K for 4 h and calcination at 773 K for 4 h.  The sample was finally pressed,
crushed and sorted into 20-40 mesh.

Catalytic tests were carried out with about 500 mg catalyst placed in a fixed bed
continuous-flow straight type quartz reactor. The raw materials of methane 1s over
99.99% pure. All the flow rate of gas was controlled with mass flow controllers
(ASAHI Keiki Co. LTD). The products were withdraw periodically from the outlet of
reactor and analy zed by two on-line gas chromatography of Shimadazu GC-9A and GC-

8A equipped with a flame ionization detector (FID) and a thermal conductivity detector
(TCD) respectively. Hydrocarbon products were separated by a 4mm X1m Porapak P
column and Ar, CH;, CO, CO,, H, were analy zed by a 4mmx1m active carbon column.

10.7% Ar in methane was employed as internal standard. Formation rate of products,

methane conversion and product selectivity were calculated by an internal standard

analy zing method described elsewhere [19]. Below,the method is presented briefly.
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mtlet outlet )

Even if the total flow rate changed at outlet from inlet of reactor (Froul JFTotal
Flow rate of non-reactive intemal standard gas (F) doses not change.
F, =Fp ¢ XXM = Py X X et
Here, X, refer to concentration of the intenal standard gas.
Formation rate of i product (F;) can be calculated as,
F,= Fro M XX =F, X X /X e
By the same way, methane conversion (Cpethane ) €an be calculated as,
Concthene = (chz}mncimCt 'chthancouﬂet)/ chmanciﬂ]Ct e chthancmm/ chthancinld
o= B A chthancomICt /XAroutld X chmneimt
The gaseous products given off from the catalyst and heat effect, weight change

of the catalyst in the carburization process were monitored with a DTA-TG-MS
combined instrument (Mas Science DTA-2020S + Thermolab). The expeniment was
performed with about 40 mg coked cataly st paced in a alumina container under flowing
150 ml/min He and 15 ml/min methane with ramping the temperature of 5K/min.

TPSR (Temperature Programmed Surface Reaction) experiments was performed
with about 200mg catalyst placed in a U-shape quartz reactor. Catalyst zone was
heated in a He stream to 873 K and held at 873 K for 30 min then cooled to room
temperature. At room temperature the stream was switched to methane feed.
Temperature-programmed methane reaction was started from room temperature to 973
K at 10 K/min and then held at 973 K for 30 min. The products such as H, (m/e=2),
CO(m/e=28), CO,(m/e=44), C,H, (m/e=26), C,Hs (m/e=30), CeHs (m/e=78) was
monitored with TE-150 multiple channel mass spectrometer and the spectra was

recorded at the same time. Reaction pressure is 34 kPa.

3 Results and discussion

3.1 Reduction performance of Re/HZSM-5 in methane and in hydrogen flow
Catalytic features of Re,0;/HZSM-5-based catalyst for activating methane were

investigated by TG-DTA-MS measurement. When Re,O,/HZSM-5-based cataly st was
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heated in methane flow by programmed temperature from 673 to 973 K, reduction
process of Re,0,/HZSM-5 by methane first take place at about 873 K, and then
benzene, naphthalene and ethene were produced on the reduced catalyst shortly as
shown in figure 1. In the reduction process of Re,0,/HZSM-5 by methane, CO, H,0,
H, and a little C,Hs were given off, and a strong endothermic effect companying the
reduction were identified by DTA as shown in fig2. This is quite different from the
reduction of Re,O,/HZSM-5 by H, It is shown for the reduction process of
Re,0,/HZSM-5 by H, in fig 3 that the reduction starts at about 573 K and it is a
exothermic process. To explain the different reduction performance of Re,O; in
methane and in hydrogen, we propose here that a new phase of rhenium carbide is
formed by reduction of of Re,O; in methane as shown in scheme 1. The carbide is
stable in the atmosphere of methane and is active to cataly ze the aromatization reaction
of methane. The temperature for formation of rhenium carbide is about 100 K lower
than that for molybdenum carbide formation at the same conditions, therefore, low-

temperature activity of Re/HZSM-5 1s better than that of Mo/HZSM-5-based catalyst.

3.2. Catalytic performance of Re/HZS M-5 for dehydro-dimerization and dehydro-
aromatization of methane

The activity and the selectivity of Re/HZSM-5-based catalyst with different Re-
loading for dehy dro-dimerization and dehydro-aromatization of methane at 873 K is
listed in table 1 and compared with that of Mo/HZSM-5-based catalyst. 10%
Re/HZSM-5 shows high benzene selectivity and low coke selectivity. In addition, to
compare with Mo/HZSM-5-based catalyst, Re/HZSM-5-based catalyst exhibits
relatively much higher activity and selectivity for dehy dro-dimerization of methane to
form C; hydrocarbons and lower activity and selectivity for naphthalene production.
The bimetal catalyst of Mo-Re/HZSM-5 shows a higher C, selectivity than
Mo/HZSM-5 and a higher naphthalene selectivity than Re/HZSM-5.

Dependence of activity and selectivity of Re/HZSM-5 catalyst on reaction
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temperature and specific velocity is given in table 2 and fig 4, respectively. Methane
conversion and benzene selectivity increase sharply with increasing temperature from
873 to 1023 K as shown in fig4. Naphthalene selectivity get the maximum value at
973 K and then decrease with further increase of temperature. Low reaction
temperature lead to a high C; selectivity.

Benzene formation rate can be greatly enhanced by increasing specific velocity of
methane. However, catalyst deactivates quickly at very high specific velocity of
methane. So benzene formation rate can not be enhanced further by increasing SV from

5000 to 10000 ml/h/g-cat as show 1n fig 4.

3.3 Effect of H, pretreatment on catalytic performance of Re/HZSM-5

Fig 5 shows the effect of pretreating catalyst by hydrogen and methane on the
activity of Re/HZSM-5 for benzene formation. It is shown in fig 5 that pretreatment of
Re/HZSM-5 by hydrogen and methane lead to decrease of the starting temperature for
benzene formation. The pretreated Re/HZSM-5 by hydrogen at a lower temperature of
573 or 623 K shows the best low-temperature activity for benzene formation and the
starting temp erature for producing benzene is about 773 K. The time on stream results
in fig 6 also indicate that the stability and activity of Re/HZSM-5 catalyst for benzene
formation is enhanced by H, pretreatment. This is quite different from the case of
Mo/HZSM-5 type catalyst.

The products for the temperature-programmed reaction of methane on
Mo/HZSM-5 are identified by a mass spectrometer and shown as in fig 7. The nitial
temperature for benzene formation is as high as about 950K. Pretreatment by hydrogen
reduction and carburization also lead to decrease of the initial temperature for benzene

formation as shown in fig 8.

3.4 Copling effect of Co in Re-Co/HZSM-5 catalyst

The activity of Re/HZSM-5 and Re-Co/HZSM-5 for benzene formation with time
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on stream was compared in figs 9-11. It is indicated in figs9-11 that the activity of
. Re/HZSM-5 is evidently enhanced by addition of 0.5% Co to 10%Re/HZSM-5 at
various reaction conditions. However, the Re-Co/HZSM-5 catalyst is not very stable

with time on stream in the reaction conditions.

4 Conclusion

Re,0,/HZSM-5 is endothermically converted to its reduced state heat and it
accompany with production of COx and loss of catalyst weight in methane flow before
production of hydrocarbon products. The temperature for formation of rhenium active
phase is about 100 K lower than that for molybdenum type catalyst. As a result,
Re/HZSM-5-based catalyst exhibits a better low-temperature activity and a higher
selectivity to C, hydrocarbons. In addition, activity and stability of Re/HZSM-5-
based catalyst is also dependent on pretreatment conditions or addition of modifier such
as Co to it. The pretreatment of Re/HZSM-5 by hydrogent lead to a better catalytic
activity and stability. Addition of Co to Re/HZSM-5 is effective to enhance the

activity.
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Fig 1. TPR spectra of Re/HZSM-5 in methane flow

Fig 2. DTA spectra of Re/HZSM-5-based catalysts in methane flow

Fig 3. TG-DTA-MS spectra of Re/HZSM-5 in hydrogen flow

Table 1. Activity and selectivity of Re/HZSM-5 cataly sts for dehy dro-dimerization and
dehydro-aromatization

Table 2. Dependence of activity and selectivity on reaction temperature for dehy dro-
dimenzation and dehydro-aromatization

Fig 4. Dependence of benzene formation rate on methane specific velocity on 10%

Re/HZSM-5
Fig 5. TPR spectra for benzene formation on pretreated 10% Re/HZSM-5 at different

conditions

Fig 6. Effect of hydrogen pre-reduction on activity and stability of 10% Re/HZSM-5
Fig 7. TPR spectra of Mo/HZSM-5 in methane flow

Fig 8. TPR spectra for benzene formation on pretreated 3% Mo/HZSM-5 at different

conditions

Fig 9. Effect of Co addition to Re/HZSM-5 on rate of benzene formation
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Table 1. Activity and selectivity of Re/HZSM-5 catalysts for

dehydro-dimerization and dehydro-aromatization

Catalyst Conversion Selectivity for product formation (%)
(%) Ben. Tol. Naph. Cz CO Coke
3% Re/HZSM-5 2.7 299 3.1 4.5 65 14 51
10% Re/HZSM-5 2% 453 54 39 135 18 30
20% Re/HZSM-5 1.9 383 45 25 121 19 40
3% Mo/HZSM-5 2.6 354 3.3 116 6.1 01 387
15% Mo/HZSM-5 2.8 322 2.8 -16.% 54 54 38
3%Re3%Mo/HZSM-5 2.5 363 4.1 1186 79 0.7 39

Temperature= 873 K, SV= 1440 ml/h/g-cat, P=3 atm

Table 2. Dependence of activity and selectivity on re temperature

for dehydro-dimerization and dehydro-aromatization

Temperature Conversion Selectivity for product formation (%)
X) (%) Ben. Tol. Naph. C, CO Coke
873 2.1 453 54 B85 185" 18 30
923 4.2 43.0 3.8 8.3 59 09 42
973 6.8 476 33 114 38 02 .33
1023 9.8 506 3.3 3.0 3.8 . 0O 39

SV= 1440 ml/h/g-cat, P= 3 atm, catalyst: 10% Re/HZSM-5
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Dependence of benzene formation rate on methane
specific velocity (SV) on 10%Re/HZSM-5
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Effect of H, pre-reduction of 10% Re/HZSM-5 on activity and stability
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According to the obtained results, the process for formatio of
rhenium carbide active phase and for production of C, and
aromatics by dehydro-dimerizatio and dehydro-aromatization
of methaneis schemed as follows,

CO
Hy
CH4 H,0
C,He
Re,0,/HZSM-5 ReC/HZSM-5
H-transfer reaction
H+
—H‘) +H7
AT CH . C,H P, CbL
1,dchydro-dimerization 4 —RE——’ L
2, dehydro-aromatization CH 22 = CgH + C,oH
I * TReC/HZSM-5 = ©° )
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Effect of Co addition to Re/HZSM-5 on
rate of benzene formation
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Chapter 9
Methane conversion with CO into aromatics on Re/HZSM-5 catalyst

Abstract

Catalytic conversion of methane with CO to aromatics on Re/HZSM-S-based
catalyst are studied. Both methane and CO are consumed and contributed to

the production of aromatics. The reaction of methane with CO is expressed as:

3CH, +300 —= () + 3H,0

4CH, + 4CO ——>© + 2C0, + 5H,

© ———> e BORD

C (coke) + CO, — 2CO

Benzene production, therefore, is greatly enhanced by adding CO to methane
feed. In addition, the conversion of CO with methane also lead to formation of
some CO,, which reacts with coke to eliminate it. Therefore, the coke deposition

on the catalyst is decreased and catalyst stability is enhanced by CO addition.
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1 Introduction

The catalytic features of Re/HZSM-5-based catalysts for dehydrogenation and
aromatization of methane was presented previously. ~Compared with Mo/HZSM-5,
Re/HZSM-5 shows much better lower-temperature activity for production of aromatics.
In the present research, methane conversion with CO to aromatics on Re/HZSM-5 1s

studied and a mechanism for the reaction is suggested.

2 Experimental

Re/HZSM-5 was prepared by impregnating NH4ZSM-5 (Si0,/AL,05=40, Toso
Co.) with NH.ReO,4H,0 (Kanto Chem. Co.) aqueous solution, followed by drying at
383 K for 4 h and calcination at 773 K for 4 h.  The sample was finally pressed,
crushed and sorted into 20-40 mesh.

Catalytic tests were carried out w'ith about 500 mg catalyst placed in a fixed bed
continuous-flow straight type quartz reactor. The raw materials of methane and CO is
over 99.99% pure. All the flow rate of gas was controlled with mass flow controllers
(ASAHI Keiki Co. LTD). The products were withdraw periodically from the outlet of
reactor and analy zed by two on-line gas chromatography of Shimadazu GC-9A and GC-

8A equipped with a flame ionization detector (FID) and a thermal conductivity detector
(TCD)respectively. Hydrocarbon products were separated by a 4 mm X1m Porapak P
column and Ar , CH,, CO, CO,, H, were analyzed by a4 mmXx 1 m active carbon column.

10.7% Ar in methane was employed as intenal standard. Formation rate of products,
methane conversion were calculated by an intenal standard analy zing method descrnibed
as previously. Below, the method is presented briefly. Even if the total flow rate
changed at outlet from inlet of reactor Frow™  Frow™™"). Flow rate of non-reactive
internal standard gas (F,,) doses not change.

Y e XX oulet = el X X, et
Here, X, refer to concentration of the internal standard gas.

Formation rate of i product (F;) can be calculated as,

| outlet gutiet™ * o outlet outlet
o= Trsa XX =Fq RN XK 1A
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By the same way, methane conversion (Cpethane ) Can be calculated as,

TP A e I s AR Bon s O B ar T

=]1-Far X cht}umcouﬂCl /XAromm X chth.mcinlCt

CO conversion (Cco) is calculated as, Cco =( Feo™ - Feo™'*)/ F R

HC selectivity is caiculated as Syc= formation rate of HC/(consumption rate of methane

+ consumption rate of CO)

3 Results and discussion
3.1 Features of methane reaction with CO on Re/HZSM-5

The consumption rates of CO and methane as well as the formation rates of
products with time on stream for methane conversion with CO on Re/HZSM-5 are
shown in figs 1 and 2. The main products for reaction of methane and CO on the
catalyst are benzene, naphthalene, C, and a little CO,.  The consumption rates of
methane and CO initially is higher and then kept to be constant with time on stream
after about 2 h. Formation rate of benzene is lower and CO, formation rate is higher in
the initial stage and then kept to be stable. In addition, formation rate of CO; is much
less than a half of CO consumption rate. Active carbon species and CO, is produced
from Budart reaction of CO. We supposed that the active carbon species is contributed
to the production of higher hy drocarbons by reaction with hydrogen or with methane
which provide hydrogen source. On the other hand, coke deposition on the catalyst,
which lead to decrease of catalyst activity, is inhibited by the reaction of coke with CO,
to produce CO (coke + CO, = 2CO). Therefore, the amount of produced CO, 1s much

less than what expected from Budart reaction ( about a half of consumed CO).

3.2 Effect of CO/methane ratio
Dependence of benzene formation rate on the concentration of CO in methane feed
is shown in fig 3. Rate of benzene formation is greatly enhanced and stabilized by

increasing the concentration of CO in methane from 0 to 22.2%. Further increase of
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CO from 22.2 to 47.7% lead to decrease of catalyst stability. Conversion of methane
and selectivity of total hydrocarbon products increase by addition of CO to methane
feed as shown in fig4. Therefore, both methane and CO are contributed to production
of higher hydrocarbons. It also can be seen from fig 4 that CO conversion increases
with increase of CO concentration in methane feed. Selectivity of total hydrocarbon
products is maximized at a CO concentration of about 8.6% and benzene formation rate

1s maximized at a CO concentration of about 22.2%.

3.3 Effect of varying methane SV and reaction temperature

Dependence of conversion, selectivity and benzene formation rate on reaction
temp erature is shown in fig 5.  Both methane conversion and selectivity of total higher
hy drocarbon products are remarkably enhanced by increasing reaction temperature from
973 K to 1073 K, although CO conversion decreases a little at higher temperature.
Benzene formation rate is almost doubled by increasing temperature from 973 K to 1023
K. This indicates that higher reaction temperature is more favorable for the catalytic
conversion of methane with CO to higher hy drocarbon products on Re/HZSM-5. Fig
6 shows that Re/HZSM-5 catalyst for the reaction at high temperature is quite stable
with time on stream. Rate of benzene formation increases and naphthalene 1s decreases a
little with time on stream. M ethane conversion almost keep constant within 500 min.
Effect of methane specific velocity on conversion of methane and CO, formation rate of
benzene and selectivity to total hydrocarbon products is shown in fig 7. Benzene
formation rate increases by a order of magnitude by increasing methane SV from 1440 to
10000 ml/h/g-cat. However, methane conversion change little with increasing methane
SV. Therefore, Re/HZSM-5 catalyst exhibits very high activity for methane
aromatization with CO at high SV. Fig 8 indicates that a lower CO concentration of
about 8.6% in methane feed lead to a higher activity and stability for benzene formation

at high methane specific velocity.
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3.4 The mechanism suggested for the catalytic conversion of methane with CO
According the analysis of products and consumption of methane and CO, the

conversion of methane with CO on Re/HZSM-5 proceed as follows,

3CH, +3c0 — () + 3H;0

4CH; +4CO —= () + 200, + 5H,

© P g Coke

C (coke) + CO, — 2C0
Contribution of CO on the production of aromatics and production of CO, are described

by following mechanism,

Mechanism:

CH, _i» G, e CzHy e B @ '__>
Ho

CO+"‘E -ﬂi» CHX

H,O, CO;

C (coke) + CO, —» 2CO

The role of CO addition for stabilizing catalyst is due to the reaction of produced CO,

with coke to produce CO. Therefore, coke deposition on the catalyst is decreased.
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4 Conclusion

Activity and stability of Re/HZSM-5 catalyst for methane aromatization 1s
greatly enhanced by CO addition to methane feed. CO is contributed to the formation
of benzene by interaction with methane on Re/HZSM-5 catalyst. In addition, a little
CO, is also produced as a side product, which may play a role to enhance the catalytic

stability.
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Caption of figures:

Fig 1. Consumption of CHy and CO and formation rate of CO, with time on stream
for methane conversion with CO on 10% Re/HZSM-5

Fig 2. Conversion and product formation rate with time on stream for methane
conversion with 22.2% CO on 10%Re/HZSM-5 at 1023 K and 3 atm

Fig 3. Benzene formation rate with time on stream for methane conversion with
different CO concentration on 10%Re/HZSM-5

Fig 4. Conversion of CH, and CO, Selectivity of higher hydrocarbon products and
formation rate of benzene as a function of CO concentration in methane feed

Fig 5. Conversion of CHj4 and CO, Selectivity of higher hydrocarbon products and
formation rate of benzene as a function of reaction temperature

Fig 6. Conversion and formation rate of products with time on stream for methane
conversion with 22.2% CO

Fig 7. Conversion of CH, and CO, Selectivity of higher hydrocarbon products and
formation rate of benzene as a function of methane specific velocity

Fig 8. Benzene formation rate with time on stream for methane conversion with different

CO concentration at a higher methane SV
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Fig 1. Consumption rate of CH4 and CO and formation rate of CO2 with
time on stream for methane conversion with CO on 10% Re/HZSM-5
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Fig 2. Conversion and formation rate of products with time on stream

for methane conversion with 22.2% CO on 10% Re/HZSM-5
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Fig 3. Benzene formation rate with time on stream for methane
conversion with different CO concentration on10%Re/HZSM-5
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Fig 4.
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Fig 5. Conversion of CH, and CO, selectivity of higher hydrocarbon products
and formation rate of benzene as a function of reaction temperatures
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Fig 6. Conversion of and formation rate of products with time on stream
for methane conversion with 22.2% CO on 10% Re/HZSM-5 at 1073 K
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Fig 7. Conversion of CH4 and CO, selectivity of higher hydrocarbon products
and formation rate of benzene as a function of methane specific velocity
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Fig 8. Benzene formation rate with time on stream for methane conversion with
CO of deifferent concentration on 10%Re/HZSM-5 at a higher SV of methane
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Chapter 10
Methane aromatization with CO, on Re/HZSM-5 catalyst

Abstract

Effect of CO, addition on aromatization of methane on Re/HZSM-5-based cataly st are
studied.  Selectivity of hydrocarbon product and formation rates of benzene and
naphthalene are greatly enhanced by addition of about 1-3% CO, to methane feed.
Selectivity for coke deposition is about O at the presence of 1-3% CO, in methane feed.

Over 90% of CO, is consumed and transformed to CO by reaction with coke. The

reaction of methane with CO, is expressed as:

CH4 §> CHX _—>C2Hy T» O ——»@ —» Coke
HZ

H,

e

CO». 14 - Coke » 2C0O

CO + H, » CH, + H,0

In addition, amount of produced CO is less than 2 times of consumed CO,, with
methane also lead to formation of some CO,. Therefore, a part of produced CO is
secondarily react with hy drogen to produce hy drocarbon products, which is responsible

for the increase of hydrocarbon selectivity.
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1 Introduction

The catalytic features of Re/HZSM-5-based catalysts for dehydrogenation and
aromatization of methane and effect of CO addition to methane feed on the catalytic
reaction were discussed previously. Compared with Mo/HZSM-5 [1-20], Re/HZSM-5
shows much better lower-temperature activity for production of aromatics and different
selectivity to C, and naphthalene [21]. In the case of CO addition to methane feed, both
methane and CO are consumed and contributed to production of aromatics on Re/HZSM-
5 [22]. In the present research, effect of CO, addition to methane on methane
aromatization on Re/HZSM-5 is studied.

2 Experimental

Re/HZSM -5 was prepared by impregnating NH,ZSM-5 (Si0,/AI,0;=40, Toso
Co.) with NH,ReO,4H,0 (Kanto Chem. Co.) aqueous solution, followed by drying at
383 K for 4 h and calcination at 773 K for 4 h.  The sample was finally pressed,
crushed and sorted into 20-40 mesh.

Catalytic tests were carried out with about 500 mg cataly st placed in a fixed bed
continuous-flow straight type quartz reactor. The raw materials of methane and CO, is
over 99.99% pure. All the flow rate of gas was controlled with mass flow controllers
(ASAHI Keiki Co. LTD). The products were withdraw periodically from the outlet of
reactor and analy zed by two on-line gas chromatography of Shimadazu GC-9A and GC-

8A equipped with a flame ionization detector (FID) and a thermal conductivity detector
(TCD)respectively. Hydrocarbon products were separated by a4 mm x1m Porapak P
column and Ar, CHy, CO, CO,, H, were analy zed by a 4 mmx1m active carbon column.

10.7% Ar in methane was employed as internal standard. Formation rate of products,
methane conversion were calculated by an internal standard analy zing method described

as previously. Below, the method is presented briefly. Even if the total flow rate

changed at outlet from inlet of reactor (Frow™" Frow ™). Flow rate of non-reactive

internal standard gas (F,,) doses not change.

- outlet outlet __ inlet inlet
Fsl i FTotal XXM = FTotal XX:(
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Here, X, refer to concentration of the intemnal standard gas.

Formation rate of 1 product (F;) can be calculated as,

F,= Fro®™™ XX =F, X Xoulet/x oue

By the same way, methane conversion (Cpemene ) €an be calculated as,

Climae™ it Bl WP L it Bl A B g 00

=l" FAr X chthancouﬂct /XAroutICt X chthancinlet

CO4 conversion (Cepy)is caleulated as, Cagy =( Foas™® < Fogs ™8 F g, e

HC selectivity is caiculated as Syc= formation rate of HC/consumption rate of methane
Coke selectivity = ( consumed CHy + consumed CO, - produced HC - produced

CO)/consumed methane.

3 Results and discussion
3.1 Achievement of high and stable benzene formation by addition of CO,
Benzene formation rate with time on stream is very stable and a stable formation
rate of benzene 1s about 130 nmole/s/g-cat for methane aromatization on Re/HZSM-5
cataly st at a methane SV of 1440 ml/h/g-cat. A higher rate of benzene formation can be
obtained by increasing methane specific velocity. However, benzene formation rate with
time on stream is not stable as shown in fig 1. Benzene formation rate at the initial
stage 1s about 500 nmole/s/g-cat at a methane SV of 5000 ml/h/g-cat and decreases very
quickly with time on stream. To solve this problem, some CO, with different
concentration 1s added to methane feed. A high and stable rate of benzene formation
with time on stream has been attained for methane aromatization with adding a little
CO, to methane feed on Re/HZSM-5 at a high methane SV of 5000 ml/h/g-cat as shown
in fig 2. 1-3% CO, addition in methane feed is important for obtaining a high a stable
formation rate of benzene. A higher CO, concentration of 8.6% in methane feed lead to a
suppression of benzene formation rate. In addition, benzene formation rate can be
increased further by increasing methane SV and reaction temperature. About 1600

nmole/s/g-cat of benzene formation rate is achieved for methane aromatization with
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about 2.1% CO, on 10%Re/HZSM-5 at 1073K and methane SV of 10000 ml/h/g-cat.

3.2.  Conversion of CHy and CO, and analysis of products

The results for conversion of CHy and CO, and analy sis of products by employing
CH, with 2% CO, as feed are shown in figs 4 and 5. It is shown in fig 4 that over 90%
CO; 1s converted to CO. Formation rate of CO is more than consumption rate of CO,,
but less than 2 times of CO, cosumption rate. This indicate that some methane is also
contributed to the formation of CO. It is shown in fig 5 that major hy drocarbon product
1s benzene and formation rate of naphalene, C, and T+X are much less than formation
rate of benzene. In addition, it is also clear in fig 5 that methane conversion is high and
benzene formation rate is lower in initial stage and then become stable with time on

stream. Therefore, there is a introduce period for methane conversion with CO,.

3.3 The role of CO; in enhancing HC selectivity and inhibiting coke deposition

Product selectivity is analy zed and results are shown in fig 6. It 1s clear in fig 6 that
the selectivity of hydrocarbon products is evidently enhanced by addition of 1-2% CO, .
It 1s quite important that selectivity for coke deposition on the catalyst is about 0 when
1-3% CO2 is added to methane feed as shown in fig 6. In addition, benzene formation
rate 1s maximized at 1-2% CO, in methane feed. Higher concentration of CO, , for
instance, 8.6% CO, in methane feed lead to a sharp suppression of benzene formation.
As soon as coke is deposited on the catalyst from methane aromatization, it will react
with CO, to produce CO through reaction: CO2 + C(coke) = 2CO. This reaction is
responsible for inhibition of coke deposition on the cataly st and that the coke selectivity
is about 0. On the other hand, the produced CO may further react with hydrogen and is
partially contributed to the production of benzene. Therefor, selectivity of hydrocarbon
products is high when 1-2% CO, is added to methane feed.

3.4 Effect of reaction temperature and methane SV
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The results in fig 7 indicate that CH4 conversion and benzene formation rate increase
remarkably with increase of reaction temperature. HC selectivity and CO, conversion
are maximized at a reaction temperature of 1023 K. At a selected reaction temp erature of
1023 K, methane conversion with 2.1% CO, is conducted by varying methane specific
velocity. Conversion of CH4 and CO,, selectivity of hydrocarbon products and
formation rate of benzene as a function of methane SV is shown in fig 8. It is indicated in
fig 8 that CH, conversion change little with increase of methane SV. However, benzene
formation rate increases by one order of magnitude by increasing methane SV from 1440
to 10000 mlh/g-cat. HC selectivity and CO; conversion also increase a little by
increasing methane SV. So, Re/HZSM-5 catalyst is quite active for methane

conversion with CO,.

3.5 The mechanism for the reaction of methane with CO,
Based on the above results, the role of CO, in enhancing selectivity of hydrocarbon

products and inhibiting coke deposition is described as below,

H, Hy
CO, + Coke » 2C0O
CO + H, » CH, + H,0

The reaction of CO, with coke to produce CO and the secondary reaction of produced

CO with hydrogen to produce CHx species are responsible for the low coke selectivity

and high hydrocarbon selectivity.

4 Conclusion

High and stable rate of benzene formation is achieved at a high SV of methane on

Re/HZSM-5 type catalyst by addition of about 1-3% CO, to methane feed. A little

: =1 ’:'(' ‘%::'”"4;-1 H;.[:‘T =
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amount of CO, in methane feed is very effective to suppress coke deposition on the
cataly st and selectivity of hy drocarbon products is greatly improved by addition of CO,
to methane feed. The reaction of CO, with coke to produce CO and the secondary
reaction of produced CO with hy drogen to produce CHx species are responsible for the

low coke selectivity and high hydrocarbon selectivity.
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Caption of figures:

Fig 1. Benzene formation rate with time on stream for methane aromatization on
10%Re/HZSM-5 at various methane specific velocity

Fig 2. Benzene formation rate with time on stream for methane aromatization with
different CO, concentration on 10%Re/HZSM-5

Fig 3. Conversion and product formation rate with time on stream for methane
aromatization with 2.1% CO, on 10%Re/HZSM-5 at 1073 K and methane SV of
10000ml/h/g-cat

Fig4. Consumption rate and conversion of CO, and formation rate of CO with time on
stream for methane aromatization with 2%C0O; on 10% Re/HZSM-5

Fig 5. Conversion and product formation rate with time on stream for methane
aromatization with 2% CO, on 10%Re/HZSM-5

Fig 6. Conversion of CH, and CO,, selectivity of higher hydrocarbon products and
formation rate of benzene as a function of CO; concentration in methane feed

Fig 7. Conversion of CH, and CO,, selectivity of higher hydrocarbon products and
formation rate of benzene as a function of reaction temperature

Fig 8. Conversion of CH4 and CO,, selectivity of higher hydrocarbon products and

formation rate of benzene as a function of methane specific velocity
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Fig 1. Benzene formation rate with time on stream for methane aromatization

at different specific velocity (SV) of methane on 10%Re/HZSM-5
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Fig 2. Benzene formation rate w
aromatization with various CO2

ith time on stream for methane
concentration in methane feed
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Fig 3. Conversion and product formation rate with time on stream for aromatization
of methane with 2.1% 002 at 1073 K and methane SV of 10000 ml/h/g-cat
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ig 4, Consumption rate and conversion of CO2 and CH,, formation rate of CO
vith time on stream for methane aromatization with 2% CO_, on10%Re/HZSM-5
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Fig 5. Conversion and product formation rate with time
on stream for aromatization of methane with 2% CO2
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Fig 6. Conversion of CH4 énd co, , selectivity of HC and coke, formation
rate of benzene as a function of CO2 in methane feed on 10% Re/HZSM-5
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Fig 7. Conversion of CH, and CO,, HC selectivity and formation
rate of benzene as a function of teaction temperature
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Fig 8. Conversion of CH4 and COZ, selectivity of hydrocarbon products
and formation rate of benzene as a function of methane SV
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Conclusion

1. HZSM-5 supported Mo and Re catalysts are found to be
quite active and selective for directly converting methane to
benzene, naphthalene and C, hydrocarbons. A great
progress for methane aromatization has been made because
of the discover of the two new catalysts.

2. Coke deposition on the catalyst for non-oxidative
conversion of methane has been solved by varying methane
pressure combined with addition of CO, in methane feed.
Coke selectivity is about 0 at 3 atm methane and with 1-3%
CO, addition in methane feed.

3. Two reactions on Re/HZSM-5 catalyst are identified:

1) methane with CO at the nearly same consumption rate to
produce benzene, naphthalene and C, hydrocarbons;

i) an improved reforming reaction of methane with CO, to
produce aromatics and synthesis gas.

4. MoO3/HZSM-5 and Re,0/HZSM-5 are first
endothermically converted to its reduced state before
production of benzene. Mo exists in its carbide and is highly
dispersed on the HZSM-5 support.

133

Ay

e R SN 115 4 B e e e
S N R T s

(7
oo
;




LIST OF PUBLICATIONS
International Journals:
1. Linsheng Wang I.ongxiang Tao,Maosong Xie,Guifen Xu,Jiasheng Huang, Yide Xu,

Dehydrogenation and aromatization of methane under non-oxidizing conditions,
Catalysis Letters, 21(1993)35-41 |

2. Linsheng Wang, Maosong Xie, Longxiang Tao, Conversion of light paraffins for
preparing small olefins over ZSM-5 zeolites,
Catalysis Letters, 28(1994)61-68

3. Linsheng Wang, Liwu Lin, Jingling Zang,Hailin Cai, Enhancement of Pt-Sn/Al,O5;
catalyst stability for butane dehydrogenation by modification with Sm and Li,
Reaction Kinetics and Catalysis Letters, 52(1994)107-111

4. Longxiang Tao, Linsheng Wang, Maosong Xie, Guifen Xu, Xuelin Wang,
A new method for production of olefins from paraffins,
Reaction Kinetics and Catalysis Letters, 53(1994)205-209

5. Linsheng Wang, Yide Xu, Maosong Xie, Shetian Liu, Longxiang Tao, Guifen Xu,
Activation and aromatization of methane and ethane over Mo/HZSM-5 and
W/HZSM-5 zeolite catalysts,

Studies in Surface Science and Catalysis, Vol 94(1995)495-500

6. Yide Xu, Shetin Liu, Linsheng Wang, Maosong Xie, Xiexian Guo, Methane
activation over Mo/HZSM-5 without using oxidants,
Catalysis Letters, 30(1995)135-149

7. Shetin Wong, Yide Xu, Wei Liu, Linsheng Wang , Gangjin Li, Xiexian Guo, ®
Methane activation without using oxidants on supported Mo catalysts,
Applied Catalysis., A:General ,1 36(1996)7-17

8. Shetin Wong, Yide Xu, Linsheng Wang , Shetian Liu, Gangjin Li, Maosong Xie, It
and Xiexian Guo, -
Methane and ethane activation without adding oxygen: promotional effect of W in ?:'
Mo-W/HZSM-5
Catalysis Letters, 38(1996)39-43 g

9. Yide Xu, Wei Liu, She-Tin Wong, Linsheng Wang Xiexian Guo, #
Dehydrogenation and aromatization of methane in the absence of oxygen on 3‘1
Mo/HZSM-5 catalysts before and after NH,OH extraction I

e

Catalysis Letters, 40(1996)207-214

FRCR S

R

i
sty
i

ke
e

134




10. Linsheng Wang Yide Xu, She-Tin Wong, Wei Cui, Xiexian Guo

11

59

13.

14.

15.

16.

Activity and stability enhancement of Mo/HZSM-5-based catalyst for methane
non-oxidative transformation: effects of additives and pretreatment conditions

Applied Catalysis A:General, 152(1997)173

Yuying Shu, Yide Xu, S.-T. Wong, Linsheng Wang, Xiexian Guo,
Promotional effect of Ru on the dehydrogenation and aromatizati on of methane

in the absence of oxygen on Mo/HZSM-5 catalysts
Journal of Catalysis, 170 (1997) 11-19

Liliana B. Pierella, Linsheng Wang Oscar A. Anunziata

Direct conversion of natural gas to aromatics at low reaction temperature,
Reaction Kinetics and Catalysis Letters, 60(1997)101

Wei Liu, Yide Xu, S.-T. Wong, Linsheng Wang, Xiexian Guo,

Methane dehydrogenation and aromatization in the absence of oxygen on
Mo/HZSM-5: A study on the interaction between Mo species and HZSM-5 by
using 2’Al and ’Si MAS NMR

Journal of Molecular Catalysis, 120 (1997)257-265

Shetian Liu, Linsheng Wang, Qun Dong, Ryuichiro and Masaru Ichikawa
Catalytic dehydroaromatization of methane with CO/CO, towards benzene and
naphthalene on bimetallic Mo/zeolite catalysts: bifunctional catalysis and
dynamic mechanism <
Studies in Surface Science and Catalysis, Vol. 119(1998)241-246

Shetian Liu, Linsheng Wang, Ryuichiro and Masaru Ichikawa

Bifunctional catalysis of Mo/HZSM-5 in the dehydroaromatization of methane to
benzene and naphthalene-XAFS/TG/DTA/MASS/FTIR characterization and
supporting effects

Journal of Catalysis, 181 (1999) 175-188

Ryuichiro Ohnishi, Shetian Liu, Qun Dong, Linsheng Wang, and Masaru
Ichikawa

Catalytic dehydrocondensation of methane with CO and CO, towards benzene
and naphthalene on Mo/HZSM-5 and Fe/Co-modified Mo/HZSM-5

Journal of Catalysis, in press (1999)

English Journals in China

17. Linsheng Wang, Longxiang Tao, Maosong Xie,Guifen Xu,Xielin Wang,Yide Xu,

Catalytic synthesis of benzene directly from methane,
Chinese science Bulletin, 39(1994)790-791

135

:_’i% - -; 0_»»;

e
.
e

A
sEFLRS

s it

5 Ty e
4

i

e



18.

19.

20.

.3 18

Linsheng Wang, Yide Xu, Longxiang Tao,

Non-oxidative dehydro-oligomerization of methane to aromatics and ethene at
low temperatures,

Science in China ( Ser. B), 41(1997) 161-164

Linsheng Wang, Yide Xu, and Longxiang Tao, Catalytic cracking of light alkanes
in the presence of oxygen and selective control of olefin products
Journal of Natural Gas Chemistry, 5(4),(1996)296-305

Linsheng Wang, Yide Xu, Xianchun Liu, Wei Cui, Yuran Cai, Xiexian Guo

The novel catalytic approach to productioin of aromatics and ethene directly from
methane (I) — TPSR of methane on Mo/HZSM-5,

Progress on Natural Science, (1998) in press

Linsheng Wang, Yide Xu, Xianchun Liu, Wei Cui, Yuran Cai, Xiexian Guo

The novel catalytic approach to productioin of aromatics and ethene directly from
methane (II) — Characterization and TPSHR of the surface carbonaceous species
on Mo/HZSM-5,

Progress on Natural Science, (1998) in press

Chinese Journals:

27

23,

24.

23.

Linsheng Wang, Yide Xu, and Longxiang Tao,

Directional control of the conversion of light paraffins to aromatics and
olefins

Chinese J. of Catalysis (CuiHua XueBao), 17(6), (1995) 525-529

Linsheng Wang,

Progress in research on methane conversion to aromatics,
Natural Gas Chemical Industry (TianRanQi HuaGong), 19(1994)47-50

Linsheng wang, Maosong xie, Guifen Xu, Longxiang Tao, Yide Xu,
Studies on the bifunctional Mo-containing zeolite catalysts,
Natural Gas Chemical Industry (TianRanQi HuaGong), 20(6) (1995) 1-3.

Longxiang Tao, Linsheng Wang, Maosong Xie,
Oxidative dehydrogenation- cracking of light alkanes over modified ZSM-5
zeolites,

Acta Petrolei Sinica(Petroleum Processing Section),Vol.11, No.2(1995)9-14

INTERNATIONAL CONFERENCES
26. 34th [IUPAC Congress, 1993, Beijing, China n
27. lst International Conference on Modern Chemical Technology,1993, China “t
28. The third China-France Symposium on Catalysis, 1993, Dalian, China

136










