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Abstract This paper introduces some recent results of "modified FT
synthesis” over manipulating catalysts of traditional FT catalysts to produce
some other valuable chemical feedstock like oxygenates, olefins, aromatic
hydrocarbons, wax efc. instead of liquid fuel. Molecular sieves such as Al-
MCM-41, ZSM-5 and aluminophosphate are playing a more and more
important role in the reaction based on FT synthesis. Metal catalysts are still the
focus of the research. Either molecular sieves or other carriers always serve the
metallic active sites like Fe, Co, Pd, Rh, Ni and bimetallic such as Fe-Ir and Pt-
Mo. Furthermore, some new methods were applied in the reaction, for example,

supercritical FT synthesis, ultrafine particle catalyst etc.
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Introduction

Fischer-Tropsch (FT) synthesis, as conceived by Franz Fischer and Hans Tropsch
(1923, 1926), has played an important role for the production of not only liquid fuel but
also chemical feedstock from coall!l. Since the products of traditional Fischer-Tropsch
synthesis have a wide spectrum from C; to Cy; according to Anderson-Schulz-Flory
(ASF) model®®], one of the most important tasks for catalyst researchers is to improve the
catalysts to produce more profitable chemical feedstock. There has been renewed interest
in recent years, especially for the selective production of oxygenates, olefins, aromatic
hydrocarbons, wax efc. from synthesis gas directly. Even so, there are still a lot of
researchers who have been focusing their attention on FT synthesis because 1) FT
synthesis is considered as an economical proposition for a long term due to its economic
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and ecological meanings. 2) Many other subsequent reactions, such as preparation of
oxygenates and lower molecular olefins, are based on FT synthesis. This paper has
summarized some investigations on FT synthesis according to catalyst types, for example,
molecular sieves, Fe-based catalysts, Co-based catalysts ezc.

Modified FT synthesis

The FT synthesis concerns many kinds of products. Hydrocarbons up to Cy; are the
most components among them. Oxygenates take a small part in the products. Through
selective modification of catalyst composition, one can obtain certain products without
consideration of any kinetic effects®®l. For example, Rh/oxide leads to the production of
alcohol, Cu/ZnO benefits methanol; Ni, Co and Fe are more selective for hydrocarbons.
So, many reactions based on FT synthesis are devcloped in which different catalysts are
applied for particular purpose. Oxygen-containing products such as methanol, ethanol and
iso-butanol from syngas have been studied for a long timel*7). Some processes have
come into industrial uses. Catalysts C207 (a modified Cu-Zn/Al;0; methanol synthesis
catalyst) as well as NC208 modified from C207 were first developed by Xiamen
University in China and both of them showed high CO conversion and yield of
methanoll®!, With the increase of the demand of gasoline additives (MTBE), people are
managing to find another method to produce the stock of MTBE-isobutene through FT
synthesis!®l. Studies on aromatic hydrocarbon synthesis have been conducted for many
years. Combined catalysts such as zirconia-based cobalt-nickel mixed with HZSM-5,
Fe/MnO-GaZSM-5, Fe/MnO-ZnZSM-5 have been developed!®). Wax is widely used in
many fields such as adhesives and cosmetics. Especially, wax produced by FT synthesis
has been recognized for its high quality and stability because FT wax does not contain

aromatics and it is also sulfur-free!!!,

Research progress in catalysts

1. Molecular sieve catalysts

Zeolite catalysts are extensively used in petroleum refining, petrochemical and
chemical industries. In many industrial processes, zeolites are utilized as catalysts in their
acid form. However, in recent years a number of new processes based on the metal
loaded zeolite catalysts have been developed. In processes such as hydrocracking,
selectoforming, dewaxing, hydroisomerization of C4~Cs alkanes, and hydroisomerization

of Cg aromatic hydrocarbons, zeolite loaded with metals are widely used as the catalysts.
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The relative abundance of propane and butane and a great demand for aromatic
hydrocarbons make it economically attractive to produce aromatic hydrocarbons by
means of the aromatization of propane and butanel!l,

1.1. Micropore molecular sieve catalysts

On ZSM-5 type zeolite olefins and/or oxygenates can be catalytically converted to
hydrocarbons and aromatics. The shape-selective acidic zeolite ZSM-5 has uniform pores
of about 5.5 diameter governed by a 10-membered oxygen ring opening that results in
a sharp cutoff in the aromatic product distribution at C;g3. Most conventional Fischer-
Tropsch (FT) catalysts give a wide spectrum of hydrocarbon products, however, if they
are combined with a shape selective catalyst, a more selective hydrocarbon product can
be produced. Thus, synthesis gas can be directly converted to gasoline range and other
products by combining FT synthesis function with a shape-selective acid function of
catalysts!'?]. Instead, if FT synthesis catalysts are combined with an aromatic-selective
catalysts the synthesis gas could also be converted to aromatic hydrocarbons. The use of
ZSM-5, ZrOy-introduced B HY has got the results corresponding to expectations. There
are little olefins in the products, but plenty of light paraffins!*3],

1.2. Mesoporous molecular sieves

In 1992, Mobil Company first synthesized a group of new molecular sieves using
surface-active agent as the template. These new molecular sieves are attracting more and
more researchers.

Mesoporous molecular sieve MCM-41 based catalysts were applied in FT synthesis
(Table 1)3!. ZrO,-introduced AI-MCM-41 was investigated in FT synthesis. The main
products are light hydrocarbons. Researchers predict that mesoporous molecular sieves

modified by Fe, Mn, K efc. would have high selectivity for C; ~Cj .

Table 1 Results of CO hydrogenation over ZrO, supported

on mesoporous molecular sieves

CO Product distribution / mol%
Catalyst - - - E—
Conv./% CH, C; C; C; C5 C; C§ i-C, i-CJC, C3~C]
Z10,/HMS* 1428 42.20 10.74 14.36 13.01 3.79 10.86 1588 46 17.20 34.62
ZrO,/MCM* 531 31.58 7.88 12.95 13.70 7.18 17.61 26.68 6.0 13.54 39.21

ZrO,/AIMCM41 547 37.11 4.18 16.03 10.39 6.69 12.92 25.59 10.82 28.09 27.49

Reaction condition: 673 K; 1.5 MPa; GHSV, 2 400h’!  *: 723 K; 1.0 MPa
HMS was synthesized by applying DDA; MCM was synthesized by applying CTMAB.
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1.3. Aluminophosphate molecular sieves

Luisa and Cubeiro first applied aluminophosphate molecular sieves in CO
hydrogenation!'*l. The behavior in syngas conversion of Me/AIPO4-5 and MeAPO-5
(Me=Fe, Co, ~4 wt%), as well as that of hybrid systcms comprising an iron FT catalysts
physically mixed with SAPO-5, FAPO-5, SAPO-11 and FAPO-11, were studied at 1.2
MPa, 573 K and H,/CO=1. Conversion of CO was much lower for Fe/AlIPQ4-5 and
MecAPQO-5 than that for Co/AlPO4-5, which could be related to the presence of the metal
in high-oxidation states in former case. Significant differences in selectivity were
observed as a result of changes in the type of metal and the way that the metal is
introduced into the catalyst (added to the synthesis gel or impregnated on the molecular
sieve). These differences in selectivity were explained in terms of the facility of forming

alkenes (related to metal sites) and the presence of acid sites!'4].

2. Metal catalysts

At present metal catalysts are the most studied catalysts used in FT synthesis. The
most common catalysts for CO hydrogenation (FT synthesis) are group VIII elements
such as cobalt, nickel, ruthenium and iron{'*!. Metal catalysts can be acquired through co-
precipitating, melting and loading on certain supports such as Si0,, TiO,, ZrO, or Al,Os.
Transition metals such as Ti, Mn and V have greater affinity to carbon monoxide than Fe.
So Ti, Mn and V are widely used as the promoters for metal catalysts. Among these
metals, manganese oxide catalyst is agreed to be the best promoter. The preparation
method and the pretreatment conditions used for a catalyst have great influences on the
surface states of metal and metal oxide species formed during the reaction, so they.play
important roles in determining the catalytic properties. Till now, the metals for obtaining
higher hydrocarbons on an industrial scale are mainly restricted to iron and cobalt, to a
less extent, also ruthenium and nickel!!¢],

2.1. Fe/MnO based catalysts

Bulk iron catalysts promoted with manganese oxide have been verified to enhance the
formation of low-molecular-weight olefins when used for carbon monoxide
hydrogenation. The study on cobalt-manganese oxide come into the same conclusion!!],
It is also found that high manganese content catalyst containing 10-20 wt% iron is more
selective to olefins. In recent years, the production of aromatic hydrocarbons such as
benzene, toluene and xylene from light alkane over Ga-, Zn- and Pt-modified ZSM-5
zeolite catalysts has been widely investigated. These catalysts have exhibited very high
catalytic activities in the transformation of light hydrocarbons into aromatics because of

their unique acidic property, shape selectivity, channel dimensions and low coke
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formation. The mode of introduction of metal into zeolite is of crucial importance to
many of these processes because of the dispersion of metals in zeolite and their
interaction within the zeolite framework or on external surfaces. Metal modified zeolite
catalysts are extremely useful for reactions such as aromatization, oxidation, dimerization,
oligomerization and cyclization because of different states of metals, their mobilities and
their high catalytic activities. Zeolite structure also affects the electronic properties of
metals incorporated into them. Metals are generally incorporated into zeolites by methods
such as ion exchange, impregnation and physical mixing. Taking into account of the
efficiency of metal uptake and its uniform distribution in zeolites, these methods have
both advantages and drawbacks!!!].

On the basis of the high aromatization activity of ZSM-5 zeolite promoted by Ga or
Zn (GaZSM-5, ZnZSM-5)'¥ many subsequent studies have been conducted on
combining iron manganese oxide with gallosilicate (GaZSM-5) in order to convert olefins
to aromatic hydrocarbons. The synthesis is expected to produce aromatic hydrocarbons
directly due to the bifunction of catalysts. The gallosilicate is also catalytically active in
cracking the hydrocarbon, e.g. butane and the cracked product distribution are altered
with olefins predominating. So this enhances the selectivity of olefins in the reaction. As
a result the iron-manganese oxide combined with gallosilicate (Fe/MnO-GaZSM-5) has a
high selectivity of about 40% to aromatic hydrocarbons. But the Fe/MnO-GaZSM-5 was
deactivated in short time. which may result from the migration of Ga from bulk to
surfacel®). Similar to GaZSM-5 in catalytic activity, Fe/MnO-ZnZSM-5 is also expected
to get good result, which needs further studies!!®]. '

2.2. Cobalt based catalysts

Cobalt is one of the most studied metals in Fischer-Tropsch synthesis. This metal is
active and has good selectivity to alcohol or linear hydrocarbons, to short (C,~Cy) or very
long (C10~Cgp) chains, to paraffins or olefins, depending on the reaction conditions, on
the metal promoter (Cu, Ru, Mn, efc.), on the oxide promoter (rare earth oxides, TiO,,
etc.) or on the nature of support (SiO,, Al,O3, etc )], The cobalt-based catalysts showed
high activity and wax selectivity even at lower reaction temperatures such as 210°C. And
additions of lanthanum and nickel can promote the activity of Co-based catalyst!!%l.
Cobalt-based catalysts exhibit characteristics which are superior to those of iron-based
catalysts for the conversion of synthesis gas to hydrocarbons. These characteristics
include the formation of smaller quantitics of carbon and oxygenates, and a higher
resistance to oxidation. These properties increase catalyst life and facilitate product
processing, which makes the catalyst industrially attractive. Ground pelletized catalysts
consisting of a co-precipitated mixture of cobalt and a partially reducible oxide, such as
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manganese oxide, have given excellent yields of olefins from synthesis gas. The
investigation on the performance of a cobalt-manganese oxide (Co/MnO) catalyst in a
fixed bed reactor for the conversion of carbon monoxide with hydrogen showed a good
result(Fig. 1)1,

100

CO conversion / %

Time on stream /day

Fig.1 CO conversion versus time on stream
Temperature=220°C; Pressure=2100 kPa, H,:C0O=2:1 (mol/mol),
Co:Mn=1:3 (molimol); GHSV=75 h-! 120]

Comprehensive investigations on various Ru-promoted cobalt FT catalyst
formulations have indicated the promoting effect of Ru on Co/Al,0;3 as well as the
optimal preparation technique for such catalysts. Ru, like other noble metal promoters,
has been concluded to increase the reducibility of Co and possibly preserve its activity by
preventing the build-up of carbonaceous deposits(?!].

The mechanism of deactivation of alumina supported cobalt catalysts due to water in
Fischer-Tropsch synthesis has been studied using steady-state isotopic transient kinetic
analysis (SSITKA) by Martin Rothaemel et al.[??. They reported that after treatment with
water, both the Co/Al,03 and the Co/Re/Al,O5 catalysts showed a reduced activity with
respect to the conversion of syngas. Furthermore, an increase of the olefin selectivity
after water treatment was observed. This result gave us another direction to proceed our
study to suit the industrial production.

2.3. Palladium based catalysts

Supported palladium catalysts have been claimed to be good catalysts for the
production of methanol from synthesis gas for many years. Recently, Gotti and Prins(?3!
reported the results contrary to early claims for the supported Pd catalysts but in
agreement with studies of unsupported Pd catalysts. Pd supported on impurity-free SiO,
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catalyst demonstrated that Pd is not a good methanol catalyst. Molecular adsorption of
CO and the availability of activated hydrogen are not sufficient for the formation of
methanol. Basic metal oxides are needed to make a Pd catalyst which has a high activity
for methanol formation from CO and H,. CO hydrogenation on supported Pd catalyst was
investigated using steady-state isotopic kinetic analysis (SSITKA) in order to explore the
differences in catalytic behavior which have been previously reported by others!?#l. The
dispersion of the Pd particles on the prepared catalysts, as evaluated by CO chemisorption,
was not affected by either the Pd precursor or the support used. In addition, for a given
support the catalysts exhibited almost the same selectivity during CO hydrogenation
toward methane, methanol (MeOH), and dimethyl ether (DME). However, catalysts
prepared using PdCl, showed higher overall activities than those prepared using
PA(NOs), for a given support.
2.4. Rhodium based catalysts

100

80

60

40

CO conversion/ %

20

0 I 1 !
453 473 493 513 533 553

Temperature / K

Fig.2 Activity of CO hydrogenation on RhVO4/SiO,, V,05-Rh/SiO,
and Rh/SiO, catalysts after H, reduction at 500 K
A: RhVO4/SiO; B: V,05-Rh/SiO, C: Rh/SIO,

Vanadium-promoted Rh catalysts have been reported to have high activity and
selectivity for syngas conversion to produce C, oxygenates such as ethanol and acetic
acid®®!. The hydrogenation of CO over a rhodium vanadate (RhVOQy,) supported on SiO,
(RhVO4/Si0;) catalyst has been investigated after H, reduction at 500°C. Fig.2 shows
that the RhVO,/Si0O; catalyst exhibited higher activity and selectivity to C, oxygenates
than the unpromoted Rh/SiO, catalyst after H, pretreatment. The CO conversion of the
RhVO4/8i0; catalyst was much higher than that of the V,05-Rh/SiO, catalyst, and the
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yield of C, oxygenates increased!?’!. The CO hydrogenation over Rh/SiO, catalysts
promoted with oxides of VB transition metals was also studied*®!. Promotion of RW/SiO,
with VB transition metal oxides leads to an increase in the overall CO hydrogenation
activity. The promoting effect rises in the order of V<Nb<Ta.

2.5. Nickel based catalysts

Nickel has high catalytic activity for hydrogenation. Nickel-modified catalysts are
widely used in CO hydrogenation!?”!. Titania(Ti)-supported nickel catalysts were reported
to be more active in CO hydrogenation than silica- or alumina-supported catalysts?®. A
series of nickel catalysts supported on pumice were prepared by precipitation and

impregnation techniques!?”). Changes of the ratio of C; vield to CHy yield versus nickel

dispersion are attributed to the presence of the alkali ions in the structure of support.

2.6. Fe-Cu catalysts

In recent years several catalysts consisting of Fe-Cu were investigated, e.g. Fe-Cu-K
and Fe-Cu-Mn!?’!. The Fe-Cu-K co-precipitated catalyst developed by Institute of
Chemistry, The Chinese Academy of Sciences, has been used in industrial productioni?!.
There 1s another different Cu-Fe catalysts got by mixing CuQ and a-Fe;03 mechanically

or impregnating CuO with Fe(NO5); solution!*l. From the results of XRD and CO-TPD,
one concluded that the sample obtained by mechanically mixing formed CuFe,04 solid

solution after 850°C calcination. But the sample by impregnation stayed unchanged.
There is a interreaction between Cu and Fe species, which resulted in the CO adsorption
center homogeneous. Fe-Cu-Mn catalysts were also investigated. This catalyst was
obtained by combination of a classical FT catalyst with an HZSM-5 aluminosilicate. As a
result of the selection studies. a Mn and Cu-promoted iron oxide was used as the FT
component and micromixed with the HZSM-5 zeolite!?’].

2.7. Bimetallic catalysts

Alloy catalysts exhibit different activity and selectivity from monometallic catalysts.
This is because allcying changes the electronic properties and the surface state, and so
changes the activity sites of the catalysts!!”]. As mentioned above iron is of high catalytic
activity for FT synthesis. To enhance selectivity and CO-conversion of the iron catalyst,
many kinds of promoters are introduced to the iron catalyst. A highly active fused iron
catalyst for higher alcohol synthesis has been prepared by a simple fusion method in an
electric furnace at about 1800 KI*%1. When preparing the catalyst, the purified Fe;04, CuO

Co304, KNO; and other promoters were thoroughly mixed and fused in an electric
furnace at about 1800 K, and then cooled, crushed and screened. The activity and

selectivity of the catalyst have been measured at 503 K ~ 673 K, 6.0 MPa, 10,000 h™! and
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V(H,)/V(C0O)=2.3. The space-time yield of alcohol can be up to 1.28 g/(mL-h) and the
selectivity to  C3 oxygenates is about 60%.

An original synthesis of cobalt-iron alloy and cobalt doped magnetite catalysts (spinel
structure) has been developed, in which metallic state cobalt and iron are obtained
without any reducing treatment. The synthesis of these catalysts is believed to base upon
several steps as follows!!®l:

— the coprecipitation of hydroxides of cobalt and iron in a boiling concentrated basic
medium (from the corresponding chlorides):

.KOH
xCoCly-6H,0 + yFeCly4H,0 v "~ o Co,Fe,(OH)yes,y+2(cH)Cl

—- the dehydration of the hydroxide to an oxide in an alkaline medium:

OH™

Co,Fey (OH)y(x15) Co,Fe Oy + (x+)H0

But the catalyst activity was low and further studies are required.

Another bimetal Fe-Ir is used in CO hydrogenation. van Gruijthuijsen L.M.P. et al.
conducted the study over the Felr/SiO, catalysts of higher iron content (Fe/lr < 1). And it
1s reported that the methanol selectivity is as high as 80%~85%. However, the favorable
steady state activity and selectivity are reached only after an activation period of 24 h to
48 h. A group of related bimetallic catalysts, consisting of a noble metal (Ru, Rh, Pd, Pt,
Ir) and a less noble metal (Fe, Co, Ni) ina 1:1 atomic ratio show the same behavior®!l.

Bimetallic catalyst Pt-Mo has shown catalytic activity higher than monometallic
catalyst of Mo or Pt in CO hydrogenation. Strong interaction between Mo atoms and the
support was also identified with EXAFS and XANS for monometallic Mo catalysts and
bimetallic catalysts. Regarding the activities of CO hydrogenation, it was concluded that
the reduced Mo sites were responsible for the high activity and that Pt made Mo sites

more reduced?].

3. Other methods

3.1. Supercritical FT synthesis

A frontier research area is supercritical FT synthesis. Institute of Coal Chemistry, The
Chinese Academy of Sciences, has conducted some work to throw light on this area. Part
of their work is FT synthesis over a Co/SiO, catalyst in a fixed-bed reactor system in the

presence of supercritical fluid®#. They investigated the phase effect on the CO
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conversion (Table 2) and hydrocarbon yield (Fig.3).

Table 2  Effect of reaction phase on CO conversion and hydrocarbons distribution

Reaction cO C~C,4 yield / mol.g'L.h™! (based on C) o
phase conv. /% Ci & Cs Cs sele./%

Gas phase 70 291 0.218 0.551 0.607 13.4*

SC phase 84 1.87 0.259 0.164 0.041 39.6

C3o selectivity is the fraction of C,¢~Cgp in the total of C;~Cq.
* Fraction of C,,~Cj in the total of C,-C,, over Co/SiO, catalyst (20 wi%Co) [34]

The conclusion is that the supercritical fluid can move the reaction heat and heavy
products from the bed in time and ameliorate heat transfer and mass transfer efficiency in
the course of reaction. As a result, the conversion of CO and selectivity to hydrocarbons

increase a lot?43],
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Fig.3 Phase effect on hydrocarbon yield
WI/F=15, 483 K, without olefin addition

3.2. Ultrafine particle FT synthesis

Ultrafine particle catalysts are attractive because of their large surface area, high
activity, high selectivity and long life?®*!. A preparation method of Fe;C ultrafine particle
(UFP) catalyst, from highly dispersed amorphous Fe powder and free carbon by laser
pyrolysis technique, was investigated. The catalytic reactive species, a-Fe, and iron
carbonide catalyst for FT synthesis were obtained directly. The catalytic performance of
the iron-carbonide UFP catalyst for FT synthesis has been evaluated using a continuous
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flow fixed-bed microreactor®®. The results showed that both activity and selectivity

became stable after 20 h reaction, and that the average CO conversion was 96.1% and the

content of propylene in the gas product was 67.3% by mole. These were the average
results within 20 h ~ 48 h of reaction under 1.5 MPa, 320°C and WHSV of 600 h!
without gas circulation.

References
1. Mulpuri Janardanarao. Ind.Eng.Chem.Res., 1990, 29: 1735
2 MaWP Zhao YL, Li Y W, XuYY, Zhou J L. Tianranqi Huagong (Nature Gas of
Chemistry Industry), 1998, 23(3): 1
3. Lee GV, Ponce V. Catal.Rev.Sci.Fng., 1987, 29(2&3): 183
4. Xul,Bai CM, DuB S, XinQ, Li C. Gongye Cuihua (Industrial Catalysis), 1988, 4
5. Jiang T, Niu'Y Q. Zhong B. Ranliao Huaxue Xuebao (J. Fuel Chem. & Tech.), 1999, 27(2):
6. Yang Y Q, Che C Z, Yang S G, Fang Q H, Lin G D, Zhang H B. Advances in Catalysis
Research, Proceedings of 8th Chinese National Conference on Catalysis, Oct. 16~20,
1996, Xiamen
7. Chen X P, Sun Y H, Zhong B, Wang X Z, Ren J. Proceedings of 9th Chinese National
Conference on Catalysis, 1998, Beijing
8 SuCL HeDH, LinlJY, Li JL, Zhu Q M. Proceedings of 9th Chinese National
Conference on Catalysis, 1998, Beijing
9. Guan N. Katalysatorentwicklung Fer die FT-Synthese und die direkte Herstenung von
Aromaten aus Synthesegas, VDI-verlage Duesseldorf, 1992
10. Fan L, Kiyotaka Yoshii, Yan S R, Zhou J L, Kaoru Fujimoto. Catal. Today, 1997, 36: 295
11. Kumar N, Lindfors L E. Catal Lett., 1996, 38: 239
12, Varma R L, Jothimurugesan K, Bakhshi N N. The Canadian Journal of Chemical
Engineering, 1986, 64:
13. SuCL,ZouY F, Pan W X, He D H, Zhu Q M. Ranliao Huaxue Xuebao (J. Fuel Chem. &
Tech.), 1998, 26(4): 297
14. M.Luisa Cubeiro et al. Appl.Catal. A:General, 1998, 167: 183
15. Dragomir B B et al. Ind. Eng.Chem.Res., 1989, 28: 1130
16. Cabet C, Roger A C, Kiennemann A, Lakamp S, Pourroy G. J. Catal., 1998, 173: 64
17. CaiQR, Peng S Y et al. Tanyi Huaxue Zhong de Cuihua Zuoyong
18. Xiong G X, Shao C Y, Cui W, Miao Q, Lu M C. Shiyou Huagong (Petrochemical
Technology), 1994, 23(1): 1
19. Emst B, Bensaddik A, Hilaire L, Charmette P, Kiennemann A. Catal. Today, 1998, 39:
20. Martin J, Keyser Footnotel et al. Appl. Catal. A:General, 1998, 171:1: 99
21. Belambe A R, Oukaci R, Goodwin J G Jr. J. Catal., 1997, 166: 8-15, 329-341
22. Martin Rothaemael, Ketil Firing Hanssen, Edd A Blekkan, Dag Schanke, Anders Holmen.

Catal. Today, 1997, 38: 79



260 Journal of Natural Gas Chemistry Vol.9 No.3 2000

23. Gotti A, Prins R. J. Catal., 1998, 175: 302

24. Ali SH, Goodwin J G Jr. J.Catal., 1998, 176: 3

25. Shin-ichi Ito, Shintaro Ishiguro, Mmio Kunimori. Catal. Today, 1998, 44: 145

26. Beutel T, Alekseev O S, Ryndin Yu A, Likholobov V A, Knézinger H. J.Catal., 1997, 169:
132

27. Venezia A M, Parmaliana A, Mezzapica A, Deganello G. J.Catal., 1997, 172; 463

28. HoSW,ChuCY, Chen S G..J.Catal., 1998, 178: 34

29. Viorica Spanu, Filoti G, Toana Ilic, Elena Zamfirescu. Hyperfine Interactions, 1990, 57;
2109

30. SuYL, GuoY Q, Wang W X, Zhang Y Z. Cuihua Xuebao (Chinese Journal of Catalysis)
1996, 17(5):

31. van Gruijthuijsen L M P, Howsmon G J, Delgass W N, Koningsberger D C, van Santen R
A, Nimantsverdriet ] W. J. Catal., 1997. 170: 331

32. Sun Hee Choi, Jae Sung Lee. J.Catal., 1997, 167: 364

33. Wei W, Sun Y H, Zhong B. Proceedings of 9th Chinese National Conference on Catalysis,
1998, Beijing 5~12

34, Yan SR, FanL, Zhang L X, ZhouJ L, Teng Y X Ranliao Huaxue Xuebao (J. Fuel Chem.
& Tech.), 1998. 26(6): 510

35. Zhang J C, Zhao H. Chen Q B, Gao X Y, Guo G S, Wang W J, Yang F M. Gaodeng
Xuexiao Huaxue Xuebao (Cheni. J. Chinese Universities), 1992, 13(9):1265

36. Zhang J C, Cao W L, Lu J Y. Shivou Huagong (Petrochemical Technology), 1996, 25(5):
331

Journal of Natural Gas Chemistry RIS E &

2 KA R F Mo, o b B A B AARA AL R R BT A6 3 L K E
Journal of Natural Gas Chemistry (KA AZALF 4:.E&) (1992480 7], B AIbAF LT, B
M %—F]5: CN51-1381/Q, EFRAFAF|F: ISSN 1003-9953)4F F2001 £ E X £ 4 4
Natural Gas and Hydrocarbon (KA 5¥2), RETCEARRAFAR(EIELEZAALHN
Ci. BAoz )L ite b i Tid 230, Ak, T ERIMAMAA . KM
PPRILE AL T KA I H BAS (Fib 5 %R X, ARk, SR ER),
HRIPERF AR BRI, LA A Aatn X208 3iTIH.

XA REBHTARBBEELS

PEMFRMEBNMNARRN (XARUERE) (FEDHRES
B %: 610041
B 3&: (028)5229789;  Fax: (028)5223978



262 Journal of Natural Gas Chemistry i€ XX R H§E Vol.9 No.3 2000

L EMELSTHESURE (Oxidation of Isobutene Catalyzed by Heteropoly Compounds) / #Ti5%, %
Ik, AR (BEAELESR A M 510632)// J Nat.Gas Chem., 2000, 9: 217

# F HWsIRMNE. XRD. IRFHIDTA%E 7 EN UG WHERMEH URES T HH 58P R L
1T HHET THFR, RIATEPMopAse oCuo O, P i E BMKIVE RN RS EWER TH — L EHNRER
RIS BoR g RIEFMAE MRS, BT AR ALK AR IR RN &, FRABRUPENGEL
W iE6T % . VKA B EHABHER(PMoy) i858 T iR et FIE LA (LRI AR 1R 1 T 200°C.
Xgkia RETEY B BTHE BENER HEREE

INMERNERATET EELENATHE BRI R (Oxidation of n-Butane to Maleic Anhydride over an
Inorga.nicMembrane Reactor)/ & ik, f4rfk, F408, TRk (CEBIRELITER & N 510641)
/! J.Nat.Gas Chem., 2000, 9: 223

B OB #dBREEPILy-ALOME L & H V-P-Co-Ce-OZ H 3 & RMAALWEILIR, B2 A FIERA
A RN BRI ITERET REMT HE B RS, 8T RNER. TEMKAS
WEIT AR R, MR R B M IR T TR A MINR. SERAIEYW, SEEKREL, BERNEE
AEBENRNFEAGEMEEE.

KR V-P-Co-Ce-OZ AN EMANYMBILE FETHE T4 B

FRIBIEAEFBaMgO L T BN B RE LB R AN F M (Effects of Preparation Methods on the
Cataltic Properties vl Ba/MgQ Catalvsts in Oxidative Coupling of Methane) / & 3# 5C (?F%E{{:/A\ﬂﬁ}f%_]% Wi
O 255400y AMIL (B A ¥R TEE JLX 102200) // J Nat.Gas Chem., 2000, 9: 231

# T RMBET. XRD. SEMHIXPS% 5 £ 3 Ba/MgOE L FH 1T T 4, B3 R BRI PR B
PRV PR HEST T AR, S AN, 41 & H A BaMgOBA AN EIL TR KM . XRARKEEN%
BIBaMgOE L R BB G E N LR MR NERED A A, Fubx B 8ot REFMELETE. XA
HUHUR S REFRSH R &N EATNB TR URRA LSRR ILEERE,

EiE BaMeO % T7iE MR

h IR A BIMCMA1 89S L 5 R 4E T (Synthesis and Characterization of Mesoporous Aluminostlicate
MCM-41)/ RA&E. BF% IRF(EEAYEREmIERELALRE WK KE 257062) Lu Max (The
University of Queensiand, Austraha) // J Nat.Gas Chem., 2000, 9: 237

# OE U RREZHERAEAEERA, ERPVER, BRMEIR, EKAKETRINBE RS
TMCM-ALPFLEERG S MRl RXRD. {RIBN MR 5 AR F B XT & I MCMALEE R 9T 7 R1E.
Bt AL SR A, &REALE32 nm, LLERE04 mYpFFLEEEL1.46 nmPIMCM-A1 5 F 1. ELE R
R R R T SRR SRR A ik B .

%iial ATFHE AR EE MCM4

RGP (LR (A Study on the Oxidative Carbonylation of Aniline) / E 30!, %2, et (g
MAFHER BR BN 350002, *BITA¥MEE @E BI1 361005)// J.Nat.Gas Chem., 2000, 9: 243
& T LIPA/CHENS, UUNaDRBAMER, LK ZEENER, 7T REEMBRARE . R T HREK
FALRBAR S T XL, B8 TRUMES RN P ATEMIMERER. ®£170°C, RNADIE, PJCE
AT EEMOTA9%) N ERIEIEB526%). BifG, BE T KEEA BRI RNGTE.

KpEiR XKk EETFRE REAL NE

HBHTFDARREER MM RHE New Developments in Research Based on FT Synthesis) / L4224, £7
7 (AARFNFEZFFRUMEHEE X2 300071) / J Nat.Gas Chem., 2000, 9: 249

B OE EEANSENBT UMFTE RS HAMH X RN T R AR . RIVE i S AL I A R R N
%, AERSERSRMMMENENICTERNE. K2, SFRNGES%. 47/F, WA-MCM-41%1
ZSM-S/BHE D FIRGEFTREEXRN P HEERRBEENAC, BaTEBENRNESEP L, FLl
SRMENFMEFe, Co. Pd, RhHINI, X4 /BMFe-IrFIPEMofR 2 ANBIFRMNES. B, —BHB RN
FHERFEA R B R A, W R A R BRI

XKeiEa SHFTEMR ERMERT oFF



