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Abstract

In this paper, results concerning the development of sulfur tolerant catalysts for Fischer—Tropsch synthesis (FAI&hal synthesis,
methanol and/or DME synthesis are presented. In the FTS reaction on Fe ysiia ldyngas such as the biomass-derived syngas, the
composition of catalyst pretreatment gas and the addition of MnO on Fe had strong impacts on its sulfur resistance as well as activity.
Especially the Fe/MnO catalyst pretreated with CO showed a much lower deactivation rate and a higher FTS activity than an Fe/Cu/K catalyst
in the presence of }8. For G, alcohol synthesis a novel preparation method was developed for a highly activellde&d catalyst that is
well known as the sulfur tolerant catalyst. Besides some metal sulfides were found to show higher CO hydrogenation activities than MoS
particular, both Rh and Pd sulfides were active and selective for the methanol synthesis. Modified Pd sulfide catalyst, i.e. sulfide¢ Ca/Pd/SiO
showed an activity that was about 60% of that of a Cu/ZngDAlcatalyst in the absence o%H. This catalyst preserved 35% of the initial
activity even in the presence ofH. The sulfided Ca/Pd/Si@nixed with-y-Al O3 was also available for in situ DME synthesis in the presence
of H,S.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction conventional plants are equipped with a huge desulfurizer
unit that removes the sulfur compounds almost completely
It has been generally assumed that catalysts for CO hy-from the feed (usually below 1 ppm).
drogenation such as Fischer—Tropsch synthesis (FTS) and Considering these situations, the development of sulfur
methanol synthesis are poisoned by a small amount of sulfurtolerant catalysts is expected to contribute for increasing a
compounds in the fedd,2]. For example, a Cu/ZnO/AD3 versatility of the syn-fuel process. For example, the use of
catalyst loses its methanol synthesis activity even in the pres-the sulfur tolerant catalyst can simplify the conventional,
ence of BS 1.6 ppm in concentraticf2]. Sulfur content in huge and complex process by omitting the desulfurizer
the syngas is, however, seriously high especially when theunit, which is quite advantageous for developing a novel
syngas is produced from a coal and heavy oil. The syngason-site process that produces transportation fuels in the
produced from biomass and waste materials that are thoughtvicinity of small-scale and dispersed carbon resources. Be-
to be promising carbon resources in future contaipS kb sides, various carbon resources such as remote gas fields,
some extent also. Berg et §B], for example, reported that biomass and waste materials as well as various process
H>S content is in a range from 20 to 200 ppm when the syn- conditions for their reforming process, e.g. steam reform-
gas is produced from a non-catalytic gasification of biomass ing, non-catalytic partial oxidation or gasification, become
while the syngas from waste plastics containStnd COS  available.
300 ppm in concentratiofd]. To avoid the sulfur poisoning, So far, several attempts were made to improve the sulfur
tolerance of the CO hydrogenation catalysts. Attentions were
mspondmg author. Tel+81-22-217-7214; mainly focused on the _reaction using the coal-derived syngas
fax: +81-22-217-7293. that have low F/CO ratios and contain large amounts ofS3H
E-mail addressyamada@erec.che.tohoku.ac.jp (M. Yamada). (10° to 10* ppm). For the FTS reaction using the CO-rich
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syngas Fe-based catalysts are more suitable than Co-baseithe Fe catalyst. Then, a novel preparation method has been
catalysts because of their water—gas shift activity. Moreover, developed for a highly active MeShased catalyst for £
Davis and his coworker®] have recently reported that the alcohol synthesis whereas Mp®as been reported to be
FTS activity of Fe catalysts is comparable or higher than prepared by the thermal decomposition or the reduction of
that of Co catalysts when they are compared at tempera-(NH4)2MoS; (ATTM) in the previous studies on the mixed
tures that produce low levels of GHind at relatively high  alcohols synthesis. Besides, the CO hydrogenation activities
space velocities. In 1960s, Anderson and coworké+9] and selectivities of various transition metal sulfides have
investigated the sulfur poisoning of the Fe-based catalystsbeen investigated to find novel catalysts that show higher
and effects of the activation method and the additive on the activities for this reaction.
deactivation rate of the catalysts using the CO-rich syngas.
They found that nitrided and CO-pretreated catalysts show
lower deactivation rates in the presence of the gaseg@s H 2. Improvements in the activity and the sulfur
than H-pretreated catalygB]. Later the addition of large  resistance of the Fe FTS catalyst
amounts of Mn oxide (MnQ) is found to improve the sulfur
resistance much more effectively in both the FTS reactions 2.1. Effect of the activation method
using the CO-rich and the g#ich syngaq10]. The deac-
tivation rate of this catalyst is about one hundredth of that  Syngas is usually produced by a steam reforming or par-
of an Fe/Cu/K catalyst in the presence of3H300 ppm in tial oxidation of carbon resources such as coal, natural gas
concentration. It should be noted that the addition of large and biomass. The syngas derived from the coal is rich in CO
amounts of MnO strongly affects the selectivity of the Fe and has the WICO molar ratio from 0.5 to 1.0 whereas the
catalyst as well. The precipitated Fe/MnO shows a higher syngas derived from biomass is rich i, KH>/CO molar
selectivity for G—C4 olefins (or G—C3 hydrocarbon) than  ratio: 2—3). Because Fe catalysts have water—gas shift activ-
the precipitated Fe cataly§t1,12] suggesting that MnO ities they are more suitable for the FTS reaction using the
modifies the nature of the active site over the precipitated CO-rich syngas than Co and Ru catalysts. Before the reac-
Fe catalyst. tion the Fe catalysts are usually pretreated for the activation
In contrast to these conventional metallic catalysts, an al- in a stream of H, CO or the syngas. Many studies showed
kaline metal-promoted Mo sulfide catalyst preserves its ini- that the FTS activity of the catalysts depend on the com-
tial activity for the synthesis of mixed alcohols for a long position of the pretreatment gas. A CO-pretreated catalyst
period even in the presence ob®l 50 ppm in concentra-  shows a higher activity than astbr syngas-pretreated one.
tion[13,14] In other words Mo sulfide-based catalysts have It is considered that Fe carbide (f&) is an active species
an excellent sulfur tolerance. The performance of the Mo [15,16], and that the CO pretreatment is effective for the for-
sulfide-based catalysts is, however, not adequate since thignation of FgC [17-20] Besides the CO-pretreated catalyst
catalyst requires higher reaction pressures (usually aboveshows a superior sulfur resistance than thepktreated
10 MPa) to attain activities and selectivities fog,Calcohol one [9], although the reason why the CO pretreatment
synthesis comparable with those of Cu-based catalysts. Itisis effective for improving the sulfur resistance is not
also worthy to note here that CO hydrogenation activities of clear.
transition metal sulfides except for Mo and W sulfides have  Recently, attentions have been paid to the utilization of
not been investigated yet. the biomass-derived syngas from the “carbon neutral” point
In this paper, recent attempts to develop the sulfur toler- of view. Since Fe is low-cost compared with Co and/or
ant catalysts for the synthesis of the transportation fuels areRu, the Fe catalyst is more suitable for the conversion of
presented. Attentions have been paid to develop the sulfurthe biomass-derived syngas. Moreover, Davis and cowork-
tolerant catalysts that show higher activities for the synthe- ers[5] have recently reported that the FTS activity of Fe
sis of Go—Cyo hydrocarbon, g, alcohol, dimethyl ether  catalysts is comparable or higher than that of Co catalysts
(DME) and/or methanol because botho€Cyo hydrocar- when they are compared at temperatures that produce low
bon and DME are most promising substituted diesel fuels. levels of CH; and at relatively high space velocities. As
Besides, @ alcohol is useful for the gasoline additive and concerns the composition of the feed gas, it has been al-
methanol (and/or DME) is the fuel for the fuel cell. Consid- ready reported that the Fe catalyst pretreated with CO shows
ering the previous results mentioned above, effects of thea higher CO conversion whereas the chain growth proba-
catalyst activation method and the MnO addition on both bility of the formed hydrocarbon is lower when using the
the FTS activity and the sulfur resistance of the Fe catalyst Hp-rich syngas as the feed instead of the CO-rich syngas
have been investigated when the-Hch syngas is used as  [21]. However, effects of the composition of the pretreat-
the feed. This is important because the syngas producedment gas on the activity and the sulfur resistance of the Fe
from the non-catalytic gasification of biomass is rich in catalysts in the FTS reaction using the-Hch syngas have
H>. The authors have also tried to make clear the reason innever been investigated yet. Thus these issues have been in-
relation with the surface fine structure of the catalyst why vestigated, especially in relation with the formation of the Fe
the MnO addition greatly improves the sulfur resistance of carbide.



N. Koizumi et al./Catalysis Today 89 (2004) 465-478 467

100 100
| I
< 80 + < 80
~ ... ~ [
-§ 60 L -l ll........ é 60 | DUH-I.“
5 "SEngg, 6 | ¥ TOopommemsmmas,
> > 000 -
Sa40f ™ £ 40 HPRCoooaees
o) 0““’0m o o 000
©) 20 L EDDDDDDD Kl Q‘\EQWEDDEEQM @) 20 Ooooooooooo o<><><><><><><><>o<><><>
| @ L ©
0 Egooo?oooo?oooogoooo?oooo? 0
0 10 20 30 0 10 20 30
Time on stream /h Time on stream /h

Fig. 1. Effects of the catalyst pretreatment procedures on the CO con- Fig. 2. Catalytic properties of the Fe catalysts pretreated with various
version over the Fe catalystl) CO-pretreated sample (feed gas: gases from the Hrich syngas:[(J) CO-pretreated samplell) CO then
H,/CO = 2.0), () Hp-pretreated sample (feed gasz/B0O = 2.0), (®) H,S-treated sample<X) Hy-pretreated sample®) H, then HS treated
CO-pretreated sample (feed gas/€0 = 0.67), () Ha-pretreated sam- sample. Reaction conditions: 503K, 1.6 MPa.

ple (feed gas: HCO = 0.7). Reaction conditions: 503K, 1.6 MPa.

carbide (FgC) is also active species for the FTS reaction

2.1.1. FTS activity using the H-rich syngas. The lower CO conversion of the

A precipitated Fe catalyst was pretreated in a stream of Hz-pretreated catalyst can be responsible for the quite lower
H, or CO and then subjected to the FTS reaction at 503 K BET surface area of the catalyst.
and 1.6 MPa using a Hrich syngas (H/CO molar ratio:
2). Fig. 1 shows CO conversions as a function of the time 2.1.2. Sulfur resistance
on-stream. This figure also shows a conversion when the Then the effect of the carbide formation upon the sulfur
FTS reactions are performed using a CO-rich syngagi8 resistance of the Fe catalyst has been investigated. For this
molar ratio: 0.67) for comparison. As already reported by purpose the blor CO-pretreated catalyst was further treated
Davis and coworker§22], the Fe catalyst pretreated with ~Wwith 1000 ppm HS/He at 373K in situ. KS treated cata-
CO shows a higher CO conversion than the catalyst pre-lysts were then subjected to the FTS reaction in the absence
treated with H for the reaction using the CO-rich syngas. of H2S. In Fig. 2 CO conversions over variously treated
In consistent with the previous result, the CO-pretreated Fe catalysts are shown as a function of the time on-stream.
catalyst shows a higher CO conversion for the reaction using The catalyst treated with CO then,8 shows a CO con-
the Hp-rich syngas. It is also revealed in the present study version comparable with that over the CO-pretreated one.
that the chain growth probability of the hydrocarbon over The chain growth probability of the hydrocarbon over the
the CO-pretreated catalyst is slightly lower than that over catalyst treated with CO then28 was slightly lower than
the Hp-pretreated catalyst while the CO-pretreated catalyst that over the CO-pretreated catalyst (0.75 versus 0.78). On
is less selective for the GQormation than the bHpretreated  the other hand the catalyst treated with tHen HS shows
one when the btrich syngas is used as the feed. no activity at all. Thus the CO pretreated catalyst shows a

To make clear the structure-activity relationship for the superior sulfur resistance than the-prretreated one.
Fe FTS catalyst, powder XRD and BET surface area mea- The H,S treatment subsequent to the éf CO pretreat-
surements were performed. Powder XRD measurements ofment had little influence on the BET surface area and the
the catalysts before the FTS reaction indicated the forma-powder XRD pattern of the catalyst. On the other hand XPS
tion of a-Fe andx-Fexs C over the H-pretreated cata- Mmeasurements showed that only the peak assigned to FeS
lyst and the CO-pretreated catalyst, respectively. BET sur- appears in the spectrum of the catalyst treated witlthen
face area of the ptpretreated catalyst was much smaller H2S whereas the peaks assigned to FeS an€ feppear
than that of the CO-pretreated one. After the FTS reac- in the spectrum of the catalyst treated with CO thesSH
tion using the H-rich syngas, the Fe carbideg-Fes C These results suggest that the reason why the CO-pretreated
ande’-Fey ,C) were formed over the Hpretreated catalyst ~ catalyst shows the superior sulfur resistance is that the Fe
whereas Fg03 was detected as well asFey 5 C over the carbide is more difficult to be sulfided during the subsequent
CO-pretreated one. Considering the results reported in theH2S treatment than-Fe.
literature[23], we suggest that the decline in CO conversion
on the CO-pretreated catalyst is caused by the transforma-2.2. Effect of the MnO addition
tion of the carbide phase to §®,. It was also found that
the heating rate during the CO pretreatment has a strong im- The addition of MnO on Fe has a strong impact on its
pact upon the formation of-Fe; 5 C, and that the catalysts FTS activity and selectivity. The Fe/MnO catalyst shows
show higher FTS activities when the formationxefFe, 5 C a higher selectivity for -C4 olefin than the Fe catalyst
is promoted. From these results it is suggested that the Feg[11,12] Since G-C4 olefin is useful for the chemical
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feedstock, effects of the Fe/Mn ratibl,12], the activation
method and the reaction conditiof#}] were investigated.
Apart from these studies Chaffee et |IO] found that the
Fe/MnO catalyst shows a superior sulfur resistance than
the Fe/Cu/K catalyst in both the FTS reactions using the
H>-rich and/or the CO-rich syngas. Most of previous works
dealing with this type of catalyst, however, focused on its
activity for the light alkene synthesis. Thus the effects of
the Fe/Mn ratio and the activation method on thg-Cyg
hydrocarbon synthesis activity and the sulfur resistance of
the Fe/MnO catalyst are not yet so clear. Besides the effect
of the MnO addition on the surface fine structure (not bulk COH, CO H, COH, CO
structure) and the adsorption propert_y of the surface species le—— Fe/Mn >l Fe/Cu/K
over the Fe catalyst has never been investigated. To develop
the FTS catalyst that shows a superior sulfur resistance, theFig. 3. Promoting effects of CO-pretreatment on the FT synthesis activities
effects of the Fe/Mn ratio and the activation method on the ©f the Fe/MnO (1/6). Reaction conditions: 33% CO/62%/3% A,

. - . 523K, 1.6MPa.
C10—Co0 hydrocarbon synthesis activity and the sulfur resis-
tance of the Fe/MnO catalyst have been investigated at first.
Then the surface fine structure and the adsorption propertyreactor, the rate of CO conversions over the Fe/MnO (1/6)
of the surface species over the Fe/MnO catalyst have beercatalysts decrease gradually and are 80% of the initial value
examined by means of diffuse reflectance IR Fourier trans- at the time on-stream of 10 h irrespective of the composition
form (DRIFT) spectroscopy using CO as a surface probe of the pretreatment gas (CO or syngas). On the other hand,
molecule to make clear the reason why the MnO addition the rates of CO conversion over the Fe/Cu/K catalysts de-
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improves the sulfur resistance of the Fe catalyst. creases quickly and drops to almost 0 at the time on-stream
of 10 h. Thus the CO pretreatment is effective for increasing

2.2.1. Hydrocarbon synthesis activity and sulfur the hydrocarbon synthesis activity of the Fe/MnO catalyst

resistanceg25] while the CO pretreatment has little influence on its superior

Fe/MnO catalysts with various Fe/Mn atomic ratios were sulfur resistance.
prepared by the precipitation method and then were pre-
treated in the stream of a syngas (33% CO/625/@GPb Ar). 2.2.2. Surface fine structufg6]

The FTS reaction was carried out at 523K and 1.6 MPa us- To make clear the role of MnO, adsorption properties
ing the same syngas as a feed. The formation rate of hy-of surface Fe species have been investigated by DRIFT
drocarbon over the Fe/MnO catalyst normalized to the total spectroscopy using CO as the surface probe molecule. The
Fe atoms increased with increasing the Fe/Mn atomic ratio precipitated Fe and/or Fe/MnO catalyst was pretreated in
whereas the chain growth probability of the formed hydro- a syngas stream at 573K and 1.2 MPa for 6 h and then the
carbon decreased. The formation rate and the chain growthcatalyst was immediately cooled to room temperature. The
probability of the hydrocarbon formed over the catalyst with syngas adsorption was performed using the high-pressure
the Fe/Mn ratio of 0.17 (Fe/MnO (1/6)) were lower than syngas stream at room temperature. DRIFT spectra of
those over an Fe/Cu/K catalyst.

Fig. 3 shows formation rates of the hydrocarbon over the
Fe/MnO (1/6) catalyst pretreated with HCO or CO/H
normalized to the total Fe atoms. This figure also shows
chain growth probabilities of the formed hydrocarbon. From
this figure the Fe/MnO (1/6) catalyst pretreated with CO
shows the highest formation rate of the hydrocarbon. The
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Fe/Mn pretreated
with CO/H,

CO conversion rate /mol mol-Fe™! h!

chain growth probability of the hydrocarbon formed over this . FeCuX pretreated
catalyst is also highest. Both these values are comparable i 2
with those over the Fe/Cu/K catalyst.

Then the effect of the composition of the pretreatment 3r
gas on a sulfur resistance of the Fe/MnO (1/6) catalyst was pretreated with CO
further investigated. After the FTS activity of the catalyst 00 1'0 20 30
reached its steady state under the sulfur-free conditions, the Time on stream /h

syngas mixed with 0.1% $8/H, was fed to the reactor. ) ) . )
Fig. 4shows rates of CO conversion as a function of the time Fig. 4. Deleterious effect of $#6 (100 ppm in concentration) on the rates
g. of CO conversion over the Fe/MnO (1/6) and Fe/Cu/K catalysts pretreated

on-stream of the syngas containing$1(100 ppm in con-  with CO or CO/H. Reaction conditions: 33% CO/62%k3% Ar, 523K,
centration). After the syngas containing$iwas fed intothe 1.6 MPa.
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Fig. 5. Infrared spectra recorded as a function of time on-stream from the syngas adsorption on the Fe (A) and Fe/MnO (B) samples pretreated with the
syngas at 573K and 1.2 MPa for 6 h.

adsorbed CO were measured at different adsorption times.may be one of reasons for the superior sulfur resistance of

Fig. 5(A) shows the DRIFT spectra of CO adsorbed on the the Fe/MnO catalyst.

precipitated Fe catalyst from the syngas adsorption. Dur-

ing the adsorption, weak bands can be observed at 2025

and 1896 cm'. With increasing the adsorption time, their 3. Utilization of high surface area MoS, for the

intensities increase slightly. Different from the Fe cata- preparation of highly active C,, alcohol synthesis

lyst, a large number of distinct bands of adsorbed speciescatalyst

are observed at 2010, 1913, 1856 and 1780twhen

the Fe/MnO (1/6) catalyst was subjected to the DRIFT  Synthesis of mixed alcohols from syngas over the MoS

measurementH{g. 5B)). Several weak bands can be also and/or W$-based catalysts has been studied because of

observed at 1978, 1945, 1938 and 1896¢m their advantages of the sulfur tolerance. Patent literature
The bands with the frequencies of 2130—2000 ¢rhave [13] claimed that a K-promoted MeS(K/MoS,) yields

been assigned to the linearly adsorbed CO on tops &f Fe C,, alcohol of 43¢ kg‘alt h~! at 538K and 10.5MPa in

sites and the bands of 2000-1880¢nto the two-fold the presence of $6 50 ppm in concentration. Although

bridge-bonded CO and those of 1880—-1650 &t the mul- the higher STY of G; alcohol (13ng§611t h=1) is ob-

tiply bridge-bonded CO on deep hollow sif@§—-31] From tained with Cs/Mo$ at 568 K and 8.2 MPa in the absence

the results mentioned above, mainly three kinds of adsorbedof H,S [34], this yield is still lower than that with the

CO are identified on the Fe catalyst, i.e. two linear (2043 Cu-based catalyst (160 ggbh‘l) [35]. The characteris-

and 2025 cm?) and one bridged (1896 cth). These bands  tic of the alcohol obtained with the MaSased catalysts

are almost consistent with those of C-O vibrations in an is that the formed alcohol is linear and primary alcohol

iron carbonyl, F&(CO);2 (2043, 2020, 2008-1997, 1865 and whose carbon-number distribution is well matched with

1834 cn1t) [32]. Furthermore, no bands of CO adsorbed on that predicted by Schultz—Flory kinetics. The chain growth

the deep hollow sites are observed. It may reveal that the probability of the alcohol lies in the range from 0.2 to 0.25

formed F@& particles are composed of very smalCRaus- [13,14,34] indicating that the alcohol is mainly composed

ters. In contrast, the specific feature for the Fe/MnO (1/6) of methanol.

catalyst is the large number of well-resolved bands occur-  Several studies showed that only hydrocarbon is formed

ring upon CO adsorption. The appearance of the bands aris-over Mo$ without the alkaline metal promotef34,36]. In

ing from the multiply bridge-bonded CO on the deep hol- other words, the alkaline metal promoter is indispensable

low site of the F& (1778, 1720 and 1662 cm) indicates for the alcohol formation. Mechanistic study on the alcohol

the size of the Feparticles is relatively larger. A similar  formation over Cs/Mogssuggested that the chain growth of

phenomenon was also observed in a Co—MnO sy$&ah alcohol occurs through a CO insertion into adsorbed methyl

Since it is reasonable to assume that the increase in the sizéntermediate to form acyl precurs{4]. It was also sug-

of the F€ particles decreases its reactivity towarg3 this gested that Cs species is responsible for the CO insertion
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whereas Mogyields dissociated hydrogen atoms. Later Lee
et al [36] found that a uniform spreading of K species over
Mo$S, results in increasing the selectivity fornC alcohol.
From these results, it is expected that the chain growth of
alcohol will be facilitated by a uniform spreading of the al-
kaline metal species over a high surface area MoS

In the previous studies on the mixed alcohols synthe-
sis over the Mo sulfide-based catalysts, Ma#s reported
to be prepared by a thermal decomposition or reduction
of (NH4)2Mo0Ss (ATTM). BET surface area of MoSthus
prepared is no more than 6Fgr ! [14,34] On the other
hand Yoneyama and Soifig7] recently reported that MaS
having BET surface area of 35! can be prepared
by the reduction of ATTM in the presence of water. How-

ever, this preparation technigue has not been applied to the

MoS;-based mixed alcohols synthesis catalyst. To improve
the G, alcohol yield, a novel preparation technique was
developed for the MogSbased catalyst by modifying the

method reported by Yoneyama and Song. The activity of the

prepared catalysts was compared with that of the conven-

tional MoS-based catalyst.

The high surface area Mg@SMoS, (HSA)) was pre-
pared by the reduction of ATTM dissolved into the water
under a high pressure sHatmosphere in the presence of
tridecane. BET surface area of Mp81SA) thus prepared
was 220 g~L. An alkaline metal (M: K, Rb and Cs) pro-
moted Mo$ (HSA) was prepared using the aqueous alka-
line metal carbonate solution instead of water. Over M/MoS
(HSA), alcohols composed of methanol, ethanol, propanol
and butanol were formeéig. 6shows STYs of g, alcohol
and the chain growth probabilities of alcohol with M/MoS
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Fig. 7. Promoting effects of the alkaline metal addition on the alcohol
synthesis activity of the MoSprepared by the thermal decomposition of
ATTM (BET surface area: 10 Aig~1). Reaction conditions: 33% CO/62%
H2/5% Ar, 573K, 5.1 MPa, 20 A(STP) kgs h™2.

(HSA) having various M/Mo atomic ratios. TheCalcohol
STY over M/IMoS (HSA) strongly depends on the M/Mo
ratio and shows a maximum at the M/Mo ratio of around
0.2 irrespective of the alkaline metal promoter. Among these
catalysts Rb/Mog(HSA) having Rb/Mo ratio of 0.25 shows
the highest @, alcohol STY. The chain growth probability
of the alcohol with this catalyst is the highest as well.

For comparison a low surface area Mo®10S, (LSA))
was also prepared by the thermal decomposition of ATTM
(BET surface area: 10t 1). The alkaline metal promoter
was added by mixing MoS(LSA) with the alkali metal car-
bonate using a mortar and pestle. Results of catalytic activity
tests with M/Mo$S (LSA) are shown inFig. 7. The high-
est STY and chain growth probability are obtained with the
Cs promoted catalyst in the case of MAd&SA)-based cat-
alyst, which is consistent with the previous literat(d].
These values are, however, obviously lower than those with
the Rb/Mo$ (HSA). From the results shown here, it is sug-
gested that the uniform spreading of the Rb promoter facil-
itates the chain growth of alcohol, which will result in the
increase of the & alcohol yield. It should be also noted
that the G, alcohol STY over the Rb/MoS(HSA) having
Rb/Mo atomic ratio of 0.25 is also higher than that with the
Cu-based cataly$85].

4. CO hydrogenation activity and selectivity of
transition metal sulfides

As was already shown by the previous studi#3,14]
both Mo and W sulfide-based catalysts show the excellent



N. Koizumi et al./Catalysis Today 89 (2004) 465-478

471
= Rh-S 500
— 5.0 (Rh|7s|5) - Rh-S
s =
E @ Alcohol 3 400
24.0 2
g™ M Hydrocarbon o .
el 300 16%7
= 3.0 )
% g Pt-S
3 ‘a‘é 200 o
a2 <2 -
% w 2 AY“AX Cu-S
° > 100 XS IR
g G TR
S
g 0
g
=

Parentheses indicate the crystalline structures of the metal sulfides before

the reaction determined with the powder XRD method. Reaction condi-
tions, 33% CO/62% b5% Ar, 613K, 5.1 MPa.

Fig. 9. STY of methanol obtained with various metal sulfide samples.
Fig. 8. Formation rates of products over various metal sulfide samples. Reaction conditions: 33% CO/62%,F5% Ar, 613K, 5.1 MPa.
the Rh sulfide shows the higher methanol synthesis activity
than the Mo$-based alcohol synthesis catalyst.
sulfur tolerances in the mixed alcohols synthesis. These re-

To determine the crystalline structure of the Rh and Pd
sults imply that the application of transition metal sulfides Sulfides, powder X-ray diffraction (XRD) patterns of the sul-

is a most promising way to develop the sulfur tolerant cata- fides before and after the reaction were measured. For Rh—S
lyst for the CO hydrogenation. However, CO hydrogenation SYStem, RiSis [41], RheSq [42] and Ri2Sg [43] have been
activities and selectivities of the transition metal sulfides Synthesized from the metallic Rh powder and S vapor at tem-
other than Mo and W sulfides have never been investi- Pe€ratures above 1000 K and their structural parameters have
gated yet. To find novel metal sulfides that are active and been dete_zrmi_ned b_y_ XRD methpd. By using these parame-
selective for the CO hydrogenation, various bulk sulfides t€rs, relative intensities of the diffraction peaks ofifRs, -
were prepared and their activities and selectivities were ReSs and RiSg were calculated and were compared with
investigated. that of the Rh_sulfld.e. It was revealed that the relative inten-
Metal sulfides were prepared by a modified manner re- sities of the dl'ffl’aCtIOI’\ peaks qf the Rh sulfides before and

ported by Pecoraro and ChiandBi8]. Sulfiding treatments after the reaction match well with that of Ri%;5. Thus, the
were performed in a stream of 5%8/H, instead of pure

crystalline structure of the Rh sulfide before the reaction is
H.S used in the literature. Before the CO hydrogenation re- RMi7S1s and the RiizS;s structure is maintained during the

action the metal sulfide was sulfided in situ in a stream of éaction at 613K and 5.1 MPa. The crystalline structures of

0.1% HS/H, at 673K again and then subjected to the re- the Pd sulfides before and after the reaction were also de-
action at 613K and 5.1 MP&ig. 8 shows formation rates

termined to be P@S:7 and PdS, respectively, in the same
of products obtained with the various metal sulfides. MoS Mmanner. In other words, XRD measurements indicated that
and WS without the alkaline metal promoters yield-@C3

the structural change occurs during the reaction in the case
alkane as hydrogenated products, which is consistent with of the Pd sulfide. The structural change of the Pd sulfide was

the previous studief84,36] In addition to these metal sul- @S0 confirmed by means of in situ EXAFS measurements

fides, Rh, Pd, Re and Os sulfides show CO hydrogenationand the thermodynamic equilibrium considerations.
activities as well. Especially, the Rh sulfide and the Os sul-

fide show the higher CO hydrogenation activities (sum of
the formation rate of the products except for @an Mo 5. Improvement of the methanol synthesis activities of
and W sulfides. As shown in the figure, the Os sulfide mainly the Rh and Pd sulfides

yields G—-C,4 alkane whereas the main product obtained with
the Rh, Pd and Pt sulfides was methdi381,40] Especially

Methanol is currently synthesized from the syngas de-
both the Pd sulfide and the Pt sulfide yield methanol selec- rived from natural gas using a Cu/ZnO-type catalyst. Before

tively. The methanol selectivities of these sulfides are above 1960 a ZnO/CyO3 catalyst that shows the superior sulfur
90 C-mol%. InFig. 9 STYs of methanol obtained with the

resistance than the Cu/ZnO cataly2} was used because
metal sulfides are shown. The STY of methanol with the the syngas derived from coal was used as the feed. In the
Rh sulfide is much higher (4ZOgggh—1) than those with last section, several bulk sulfides were found to show the
the other metal sulfides. Since the alkaline metal promoted CO hydrogenation activities. In particular, both the Rh
MoS; (HSA) yielded less than 300 g ggh~! of methanoal,

and Pd sulfides are active and selective for the methanol



472 N. Koizumi et al./Catalysis Today 89 (2004) 465-478

synthesis. To improve their methanol synthesis activities,
effects of supports and additives were further investigated.
The activities of these sulfides were then compared with
those of the ZnO/GO3 and the Cu/ZnO/AIOs catalysts

in the absence and presence of3H
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5.1. Rh sulfide

5.1.1. Effect of the support

Rh catalysts reduced bystare well known to show a cat-
alytic activity for the conversion of the syngas. Ichikg#4]
reported that methanol is formed selectively when an alka-
line earth metal oxide or ZnO is used as a support whereas a
reduced Rh/SiQyields hydrocarbons exclusively. The addi-
tion of Ti [45], Mn [46], Fe[47] and/or Zr[45] oxide to the
reduced Rh/Si@improves the formation rate of methanol
as well as ethanol. In situ XPS measurements showed that
Rh species supported on Si@fter the H reduction is in
a metallic state while those on ZnO support is in a cationic
statg[48]. Ponec and coworke[49] found that the methanol
selectivity of the supported catalysts increases with increas-
ing the extractable amount of the cationic Rh species, which
leads them to the hypothesis that the cationic Rh species are
active for the methanol formatiod9,50] The importance
of cationic Rh sites in the higher alcohol synthesis has been
also pointed out by Chuang and coworkers. They found that

o O
o O O

N b
o o

o

H 2] [o]
o o o

n
o

Yield of alcohol /g/kg-cat/h  Product selectivity /C-mol% Rate of CO conversion/molkg-cath
)]
o

o

both RI atoms and cationic Rh atoms over the reduced suffided  sulfided  sulfided  sulfided  sulfided
and oxidized Rh/Si@are active for the CO insertion in the Rh/SiO, RhWMgO  RhC.  RNTIO, RWALO,
ethylene hydroformylation that yields propionaldehyde by a :cH,, : C,, hydrocarbon, E : CH,0H,
in situ IR spectroscoppl]. They also found that some sup- : C,H,OH, : CO,

F)Ol’teq sulfid(_es such as squidgd Ni/€_>i©a_talyze the CO Fig. 10. Rate of CO conversion (A), product selectivity (B) and yield of

!nsert!on at hlg'h-pressure reaction cond|t|¢'ﬁ|2].. The CO alcohol (C) obtained with the supported Rh sulfide catalysts. Reaction

insertion is believed to be a key step for the higher alcohol congitions: 33% CO/62% #5% Ar, 573K (or 593, 613K), 5.1 MPa,

synthesis. From these previous works, it is suggested thation? (STP)kgih1.

the cationic Rh sites are stabilized by Rh—S bonds in Rh

sulfide (Rh7S:5) and are active for the methanol formation.

Therefore it is possible that there appear several differencesincreasing the reaction temperature (50 C-mol% at 613 K).

in the selectivity for the CO hydrogenation between the sup- In the case of both the sulfided Rh/MgO and the sulfided

ported reduced Rh catalysts and supported Rh sulfides. ItRh/C, the methanol selectivites are above 70 C-mol% irre-

is also expected that the supported Rh sulfides show higherspective of the reaction temperature. It should be noted that

activities than the bulk Rh sulfide since the supported Rh the reduced Rh/SiQis reported to yield the hydrocarbon

sulfides may be in highly dispersed states. For these reasonsxclusively[44] whereas the sulfided Rh/Si@nainly yields

activities and selectivities of Rh sulfide dispersed on various methanol. Such a difference will explain if the cationic Rh

supports for CO hydrogenation were investigated. sites are stabilized by Rh—S bonds under the reaction condi-
Rh oxide supported on various support materials (Rh con- tions, which supports our hypothesis mentioned above. Be-

tent: 5 mass%) was prepared by the incipient wetness methodsides the methanol STY over the sulfided Rh/S&D613 K

and then sulfided in a stream of 5% $IH, at 673K be- normalized to the total Rh atoms was 2.0 times higher than

fore the reactionFig. 10 shows the rate of CO conversion the bulk Rh sulfide although the STY of methanol with the

(A), the product selectivity (B) and the STY of alcohol (C) sulfided Rh/SiQ was lower.

obtained with the supported Rh sulfide. The rate of CO

conversion over a sulfided Rh/TiOs the highest whereas 5.1.2. Comparison with the reduced Fe-Rh/Sitalyst

the products are exclusively hydrocarbon and,C&milar Among the reduced Rh catalysts reported so far, the

product selectivity is obtained with a sulfided Rh/@k. On reduced Fe-Rh/Si©catalyst shows the highest methanol

the other hand, methanol is formed as a main product whensynthesis activity (167 g @ h~1 of methanol at 573K and

SiO,, MgO and/or active carbon are used as the support. 6.9 MPa) [47]. In this paragraph, the methanol synthesis

Methanol selectivity of a sulfided Rh/SjQlecreases with  activity of the bulk Rh sulfide is compared with that of the
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Fig. 11. Effect of reaction pressure on STHY and selectivity ©)
of methanol obtained with RhS;5. Reaction conditions: 33% CO/62%
H2/5% Ar, 613K, 30 8 (STP) kg4 h™2.

reduced Fe-Rh/Si© Before comparison, effects of reaction

pressure and temperature on methanol STY and selectivity

of Rhy7S;5 are investigatedHigs. 11 and 1R Rhy7S;5 was
pretreated with 0.1% $86/H, and subjected to the reaction.
At atmospheric pressure, no methanol is formeuy.(11).
Methanol is formed at the pressure of 1.1 MPa or above
and the methanol STY increases with increasing the rea
tion pressure up to 5.1 MPa (590 g;gm—l at 5.1 MPa).
The methanol STYs at 1.1 and 2.1 MPa are nearly equal to
the equilibrium values whereas the methanol STYs above
2.1 MPa are lower than the equilibrium values. Methanol
selectivity is above 80 C-mol% when the pressure lies in
a range from 2.1 to 5.1 MP&ig. 12 shows methanol
STY and selectivity at 5.1 MPa as a function of reaction
temperature. As shown in this figure, STY of methanol
increases with increasing the reaction temperature up to
593 K. The STY does not change when the reaction tem-
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Fig. 12. Effect of reaction temperature on ST and selectivity ©O)
of methanol obtained with RhS;5. Reaction conditions: 33% CO/62%
H2/5% Ar, 5.1 MPa, 30 A(STP)kgah L.
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Fig. 13. Comparison of the methanol synthesis activity of /B and
the reduced Fe-Rh/Si(ratalyst[47]. Reaction conditions: 33% CO/62%
H2/5% Ar, 573K, 5.1MPa, 30 i(STP) kg4 h~1 for Rhy7S;5 and 50%
CO/50% H, 573K, 5.1MPa, 39m(STP)kgih! for the reduced
Fe-Rh/SiQ catalyst.

perature increases from 593 to 613 K. Methanol selectivity
decreases with increasing the reaction temperature because
of the thermodynamic equilibrium. Among Ri$:s5 pre-
treated with HS/H, having various HS concentrations,
Rh17S15 pretreated with 0.5% $8/H, showed the high-
est STY, which was 1.5 times higher than that obtained
with Rhy7S5 shown inFig. 12 Fig. 13 shows STYs with
Rh17S:5 and the reduced Fe-Rh/SIORh 7S5 pretreated
with 0.5% HS/H, yields 600gkgih—1 of methanol at
573K and 5.1 MPa. In other words the higher methanol
STY can be obtained with RhS;5 even at the lower re-
action pressure. To compare the intrinsic activities of these
catalysts, a CO uptake of R¥8:5 was measured and then
the methanol yield normalized to the surface Rh atoms
was calculated. The result is also shownFig. 13 The
methanol yield over RfyS;s normalized to the surface
Rh atoms are obviously higher than that reported for the
reduced Fe-Rh/Si®[47], indicating that the cationic Rh
sites stabilized by the Rh—S bonds are much more effective
for the methanol formation than those of the reduced Rh
catalysts.

5.2. Pd sulfide

5.2.1. Effect of the suppof40,53]

Before our study, breduced Pd catalysts supported on
some metal oxides are known to yield methanol selectively
[54]. Especially LaO3 [55] CeO [56] and NgO3 [55] are
effective supports for the selective methanol synthesis. Thus
methanol synthesis activities of Pd sulfides supported on
various metal oxides have been investigated.

Pd oxide supported on ND, (M: Mg, Al, Si, Ca, Zr,

La, Ce and Nd, Pd content: 5 mass%) was prepared by the
incipient wetness method and then sulfided in a stream of
5% H,S/H, at 673K before the reactiorkig. 14 summa-
rizes STYs of methanol obtained with sulfided PqM4

and the bulk Pd sulfide (RgS;) at 613K and 5.1 MPa.
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Pd. S Fig. 15. Effects of various additives (M: Li, K, Cs, Mg, Ca, Sr, Ba, Sc,
1677 Y, La, Ce, Nd, Mn, Zn, Al, M/Pd atomic ratio: 0.5) on the methanol
Fig. 14. Effects of oxide supports ({@,, M: Mg, Al, Si, Ca, Zr, La, Ce synthesis activity of sulfided Pd/SjOReaction conditions: 33% CO/62%

slp-1
Nd) on the methanol synthesis activity of Pd sulfide. Reaction conditions: H2/5% Ar, 613K, 5.1 MPa, 20 A(STP) kg h~?.
33% CO/62% H/5% Ar, 613K, 5.1 MPa, 20 (STP) kgih 1.

methanol STYs normalized to the total Pd atoms. The high-

This figure also shows methanol STYs normalized to the est methanol STY is obtained with the sulfided Ca/Pd$SiO
total Pd atoms. Pd sulfides supported on MgO, ;5iO and is about five times higher than that with;F8y. The
CaO, La03, CeQ and/or N@Og3 yielded mainly methanol ~ methanol STY over the sulfided Ca/Pd/Si@ormalized to
whereas Clj was a main product when ZpQand CeQ the total Pd atoms is about 100 times higher than that with
are utilized as the support. Over sulfided Pd@{d only the bulk sulfide. Thus the utilization of the SiGupport and
CH4 and CQ were formed. The STY of methanol with  the addition of Ca are quite effective for the improvement in
the supported Pd sulfides decreases as a following or-the methanol synthesis activity of the bulk sulfide. Effects
der: suffided Pd/Si® > sulfided Pd/NdOz > sulfided of reaction pressure and temperature on methanol STY and
Pd/MgO > sulfided Pd/CaO> sulfided Pd/LaO3; > selectivity of the sulfided Ca/Pd/SjQare also investigated
sulfided Pd/Zr@ > sulfided Pd/Ce@ (Figs. 16 and 1) Different from RRh7S;5, methanol is

The STY of methanol with sulfided Pd/SiOs 1.1 formed selectively (80 C-mol%) even at the atmospheric
times higher than that with RgS;. On the other hand, the  pressure Fig. 16. The methanol STY increases with in-
methanol STY over the sulfided Pd/SiGormalized to  creasing the reaction pressure up to 5.1 MPa. The methanol
the total Pd atoms is about 20 times higher than that over STYs at the atmospheric pressure and 2.1 MPa are nearly
PdisS;. This indicates that the Pd sulfide on Si€upport equal to the equilibrium values whereas the methanol STYs
is in a highly dispersed state and effectively involved in the above 1.1 MPa are lower than the equilibrium values. The
formation of methanol than the bulk sulfide.

5.2.2. Effect of the additive on the methanol synthesis 2500 100
activity of sulfided Pd/Si©[57] B Ly ' <
Then methanol synthesis activities of sulfided PdSiO = 2000 C A so f:
doped with various metal additives have been investigated s ’ O
because the methanol synthesis activity of a reduced Pg/SiO E” ) =
is greatly improved by the addition of some metal oxides en 1500 |- ! 160 &
[58,59] Effects of the preparation method for the oxide pre- S , F‘é
cursor were also examined. <1000 / d40 5
PdO/SiQ was doped with an aqueous metal (M: Li, K, g =
Cs, Mg, Ca, Sr, Ba, Sc, VY, La, Ce, Nd, Mn, Zn and Al) B Z
nitrate solution followed by drying and then sulfided before & 500 120 8
the reaction. Most of additives examined here increased the ? | A
STY of methanol with the sulfided Pd/SiOThe STY of 0 B= ‘ ‘ 0
methanol with the sulfided M/Pd/SiOsharply increased 0 1 2 3 4 5 6

with increasing the M/Pd atomic ratio up to 0.5 and showed Reaction pressure /MPa

pl'ateaus' atabove thiS. raﬂéi@!- 15shows STYs Of_meth_aHOI Fig. 16. Effect of reaction pressure on STHY and selectivity O) of
with sulfided M/Pd/Si@ having the M/Pd atomic ratio of = methanol obtained with sulfided Ca/Pd/SiQReaction conditions: 33%
0.5 as well as the bulk Pd sulfide. This figure also shows CO/62% H/5% Ar, 593K, 30 (STP) kg h~t.
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Fig. 17. Effect of reaction temperature on STMY and selectiv- Fig. 18. DRIFT spectra of sulfided Ca/Pd/Si®aving Ca/Pd atomic ratio

ity (O) of methanol obtained with sulfided Ca/Pd/SiCFor compar- of 0.5 under the high-pressure methanol synthesis conditions as a function
ison purpose, STY of methanol obtained with the reduced Pgjceo ©f time-on stream (from top to bottom= 0, 30, 90, 150 min).

(A) is also shown. Reaction conditions: 33% CO/62%/3% A,

5.1MPa, 30m(STP)kgiht for sulfided Ca/Pd/SiQ 33% CO/67%

Ha, 2.0MPa, 3.6 A(STP) kgt h~* for the reduced Pd/CeQ[56]. In addition to the bands assigned to the gas-phase

methanol and methane (sédg. 18, several bands are
clearly observed in the spectra. To facilitate the assignment
methanol selectivity is above 9C mol% when the reaction  of these bands, the reaction temperature was reached down
pressure isin a range from 1.1 to 5.1 MPa. As concerns to 298K and then the chamber was flushed with a helium
the effect of the reaction temperaturgiq. 17), STY of flow. Although the bands of the gas-phase products com-
methanol and selectivity of the sulfided Ca/Pd/S&hibit pletely disappeared, the bands at 1600 and 127G aaere
trends similar to those of RkS;s, respectively. still visible. Several authors have reported that IR bands of
Among the reduced Pd catalysts reported so far, a reducectdsorbed formate species are observed when reduced Pd
Pd/CeQ catalyst shows the highest methanol synthesis ac- catalysts are exposed to the stream of the syngas at elevated
tivity especially at the lower reaction temperatufgs]. So  temperaturef59,61] The formate species yields IR bands at
the methanol synthesis activity of the sulfided Ca/PdSiO 1600-1550, 1400-1380, 1380-1340 and 1090-106Gcm
is compared with that of the reduced PdiGeeatalyst  [62]. The band at 1600 cnt shown inFig. 18 therefore,
(Fig. 17. According to the literaturg56], the reduced  can be assigned to the formate species. It should be noted
Pd/CeQ catalyst yields 3109@%—1 of methanol at that the spectra show no IR bands at around 1700)cm
473K and 2.0 MPa whereas the STY of methanol with the although the band assigned to the formyl species appears at
sulfided Ca/Pd/Si@is 60 gkgih! at the same reaction ~ 1748cm ™ when the reduced Ca/Pd/Si@® exposed to the
temperature. The STY of methanol with the supported sul- methanol vapor at room temperatUs]. The appearance
fide is no more than 20% of that with the reduced catalyst. of the band at 1450 cnt also suggests the formation of
However, since Pd content of the reduced Pd/Ce@alyst ~ methoxy or methyl species.
is 3.7 times higher than that of the sulfided Ca/PdiSiO ~ As mentioned in the last paragraph, the methanol syn-
the methanol STY over the supported sulfide normalized thesis activity of the sulfided Ca/Pd/Sithcreases with in-
to the total Pd atoms reaches 75% of that with the reducedcreasing Ca/Pd atomic ratio up to 0.5. So, the dependency
catalyst. of the intensity of the formate band on the Ca/Pd atomic ra-
tio was examinedrig. 19shows DRIFT spectra of sulfided
5.2.3. Role of the Ca additive Ca/Pd/SiQ with various Ca/Pd atomic ratios. The intensity
In the methanol synthesis over the reduced Pd catalyst pro-0f the formate band (at around 1600ch increases with
moted with the Ca and/or Mg additive it is suggested that the increasing the Ca/Pd ratio. Thus it is suggested that the for-
metal additive stabilizes the reaction intermediate such as amate species is the reaction intermediate for the methanol
formyl [60] or a formatd58,59]species. To examine the role  formation over the sulfided Ca/Pd/Si@nd the Ca additive
of the Ca additive in the methanol synthesis over the sulfided stabilizes the formate species.
Ca/Pd/SiQ, DRIFT spectra of the adsorbed species over the
sulfided catalyst under the high-pressure methanol synthesiss.3. Comparison with the ZnO/@D3 and
conditions were investigated. DRIFT spectra were recorded Cu/ZnO/A}O3 catalysts
as a function of time when the sulfided Ca/Pd/Siwas
exposed to the stream of the syngas at 613K and 5.1 MPa In this paragraph, the methanol synthesis activities of
(Fig. 18. Rh17S15 and the sulfided Ca/Pd/SiCare compared with
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Fig. 19. DRIFT spectra of sulfided Ca/Pd/gi®aving various Ca/Pd
atomic ratios under the high-pressure methanol synthesis conditions (from
top to bottom, Ca/Pd atomic ratie 0, 0.1, 0.5, 1.0).

those of the ZnO/GIO3 and the Cu/ZnO/AlO3 catalysts.
Fig. 20shows STYs of methanol obtained with RB;5 and

the sulfided Ca/Pd/SiDas a function of the reaction tem-
perature. Dashed lines indicate equilibrium methanol STYs
at each reaction temperature with a gas hourly space veloc
ity of 30mP (STP)kg4h~1 (---) and 6 n# (STP) kgsh1
(----). At30 e (STP) kg h1, the STYs of methanol with
both Rh 7S;5 and the sulfided Ca/Pd/S@how a maximum

at 593 K. The STYs of methanol with R}B:5 and the sul-
fided Ca/Pd/Si@ at this reaction temperature are 820 and
7309 kg*alt h~1, respectively. Being normalized by the total
amount of Pd or Rh atoms, the formation rate of methanol
over the sulfided Ca/Pd/Sjds ca. 18 times higher than that
over Rh 7S:s. Thus the sulfided Ca/Pd/Si@ more suitable
than the Rh7S;5 from economic points of view.

STY of methanol /g kg-cat”

500 550 600 650

Reaction temperature /K

0
450

Fig. 20. STY of methanol obtained with sulfide catalysts, Zn@@Gr
catalyst and the commercial Cu/ZnO#8l3 catalyst as a function of
the reaction temperature. Reaction conditions, 33% CO/62%5%l Ar,

5.1MPa, 30 (STP) k@alt h=! for Rh7S;5 (@), sulfided Ca/Pd/Si©

(A) and ZnO/CsO3 catalyst @), 30% CO/60% H/5% CQO/5% Ar,

5.1MPa, 6.0 A(STP) kg2 h~1 (OJ) or 30 ? (STP) kg2 h~1 (M) for the

Cu/ZnO/ALO3 catalyst.
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Fig. 20 also shows the results obtained with the
ZnO/Cr0O3 catalyst and the commercial Cu/ZnO4a8k3
catalyst (supplied by ICI Corp.). At 593K and 3G(STP)
kgc‘alt h—1 the STY of methanol with the ZnO/@DP5 cata-
lyst is much lower than that with the sulfide sample. For
the commercial Cu/ZnO/AD3 catalyst, the feed contain-
ing both the syngas and GQvas used here because it is
well known that small amounts of GQOn the feed greatly
improves its methanol synthesis activifg4]. At 593K
and 30 (STP) kg h~1, the STY of methanol with the
Cu/ZnO/ALO3 catalyst is much higher than that with the
sulfide sample and reaches the equilibrium value. At 523K
and 6nf(STP)kgih~1 where the Cu/ZnO/AlO3 cata-
lyst is usually used, the methanol STY is 1200 gkb 1,
which is still higher than that with the sulfide sample.

Then, effects of HS were examined. After the methanol
synthesis activities of each catalyst reached steady states
under the sulfur-free conditions, the syngas mixed with
0.1% H,S/Hy, was fed to the reactor. Methanol STYs as a
function of the total amount of $& fed during the reac-
tions are shown iffrig. 21 The total amount of biS shown
in the figure is normalized to the total metal content of
the catalyst. Soon after the syngas containings HHS
concentration: 120 ppm) was fed into the reactor, the STY
over the sulfided Ca/Pd/Sy@lecreases to 35% of the initial
value. Thereafter, this catalyst preserves a constant STY,
i.e. 250gkgah~! even when the total amount of 8
reaches 6.0 mol 8 mol Pd1. On the other hand, RES;5
preserves the initial activity irrespective of the total amount
of H»S fed during the reaction. In marked contrast to the
sulfide samples, the STYs of methanol with the ZnQ@r
catalyst and the commercial Cu/ZnO$Ql; catalyst de-
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Fig. 21. Effect of BS on STY of methanol obtained with sulfide
catalysts, ZnO/GiO3 catalyst and the commercial Cu/ZnOgAl3 cat-
alyst. Reaction conditions: 33% CO/62%,/B% Ar, 613K, 5.1 MPa,
30nB(STP)kgih1 for Rh7Si5 (@); 33% CO/62% HI5% A,
593K, 5.1 MPa, 30 h(STP) kg h~! for sulfided Ca/Pd/Sie (A) and
ZnO/Cr0s catalyst ); 30% CO/60% H/5% CQ/5% Ar, 523K,
5.1MPa, 6.0 A(STP) kg h~t for the Cu/ZnO/ApO; catalyst (J).
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crease with increasing the total amounts gSHed during 1500

the reaction. Especially, the STY over the Cu/ZnQf3d - °o H,S (100 ppm)
catalyst decreases much more rapidly compared with f 1200}
the ZnO/CpOs catalyst and eventually drops into 0 at §
about 0.3mol S mol~1(Cu + Zn). In other words both 2
Rh17S15 and the sulfided Ca/Pd/SiChave much superior g 900 ]
sulfur tolerances than the ZnOAO; and Cu/ZnO/A}O3 =
catalysts. 2 600} °©
g EEEgQ g
50 o)
. . . ~ 300} o "Momm ™
6. In situ DME synthesis over the sulfided & e}
Ca/Pd/SiO, mixed with a solid acid from the syngas o
containing H,S 0 I R R S—
Amount of H,S fed during the reaction
As shown inFig. 17, the STY of methanol obtained with /mol-HpS mol-metal (Cu+Zn or Pd)-1

the sulfided Ca—Pd/Sigshows the maximum at 593 K. The ) . )

. . Fig. 22. Effect of S (100 ppm) on the activity for the synthesis of DME
methanol_ STY slightly decreases when the reaction tem- obtained with sulfided Ca/Pd/Siamixed with y-Al,05 (M), and com-
perature increases from 593 to 613K because of the ther-mercial cu/znoias0; catalyst mixed withy-Al,03 (O). Reaction condi-
modynamic equilibrium. Thus it is necessary for a further tions: 33% CO/62% K5% Ar, 613K, 5.1 MPa, 20 RSTP) kg; h~* for
increase of the methanol STY over the sulfided Ca/Pd/SiO sulfided Ca/Pd/Sig) 30% CO/60% HI5% CQ/5% Ar, 523K, 5.1 MPa,
to improve the methanol synthesis activity at the lower tem- 8:0M (STP)kgah™* for the Cu/ZnO/ARO; catalyst.
peratures or to avoid the thermodynamic equilibrium at the
higher temperature. In situ DME synthesis is one of most in concentration) was fed to the reactor. The DME STYs
promising way to avoid the thermodynamic equilibrium as a function of the total amount of,8 fed during the
for the methanol synthesis. Furthermore, DME is the high reactions are also shown Fig. 22 Soon after the syngas
quality transportation fuel for the diesel vehicles. Thus the containing BS was fed into the reactor, the DME STY over
authors have tried in situ DME synthesis over the sulfided the sulfided Ca/Pd/Siwith y-Al,03 decreases to 70% of
Ca/Pd/SiQ mixed with a solid acid. The possibility of in  the initial value. Thereafter, this catalyst preserves a con-
situ DME synthesis from the syngas containingSHhas stant STY, i.e. 350gmethanol equivgggrl even when
been also examined. the total amount of kS reaches 7.0 mol4$ mol Pd™L. In

Effects of several solid acids on the product selectiv- contrast to the sulfide sample withAl,O3 the DME STY
ity were investigated at first when the sulfided Ca/PdfSiO over the Cu/ZnO/AIOs catalyst withy-Al,O3 decreases
mixed with the solid acid was subjected to the syngas reac- quickly with increasing the total amount of;8 and even-
tion. y-Al 203, B-zeolite, mordenite, Y-zeolite and L-zeolite  tually drops into 0. Our results clearly indicate that the
were tested as the solid acids. The Ca/PdO#ixed with sulfided Ca/Pd/Si® mixed with y-Al,O3 show the stable
the solid acid was sulfided before the reaction in the stream activity for the in situ DME synthesis even in the presence
of 5% H,S/H; at 673 K and then subjected to the syngas re- of H,S whereas the conventional catalyst is completely
action at 613 K and 5.1 MPa in the absence eSHOur re- deactivated in the presence o$$i
sults showed that DME is formed in the presence-éf ,O3,
B-zeolite and/or Y-zeolite ang-Al,O3 was the most ef-
fective among them. The total STY of DME (equivalentto 7. conclusion
methanol) and a small amount of methanol with the sul-

fided Ca/Pd/Si@mixed with-y-Al,03 was 1.5 times higher This review introduced the recent attempts to develop the
than the equilibrium methanol STY. The STY of DME with  gyfur tolerant catalysts for the FTSpCalcohol, methanol
the sulfided Ca/Pd/SiOmixed with y-Al2Os is then com-  and/or DME synthesis. In particular, the discovery of the
pared with that with the Cu/ZnO/ADj3 catalyst mixed with  novel metal sulfide catalysts such as the Pd sulfide and the Rh
v-Al20s. In the absence of £6 the sulfided Ca/Pd/SiQvith sulfide have greatly enhanced possibilities of the methanol
¥-Al203 yields 500 g methanol equiv. ggh~" of DME at  or DME synthesis without the desulfurizer unit from the syn-
613K, 5.1 MPa and 20 A(STP)kg; h~* (Fig. 22. Onthe  gas produced by, for example, the non-catalytic partial oxi-
other hand the STY of DME with the Cu/ZnO/AD; cat- dation of biomass and waste plastics. Thus it is expected to
alyst with y-Al20z is 1400 g methanol equiv. kgh~* at contribute for developing the novel on-site process that pro-
523K, 5.1 MPa and 6 A(STP) k@alt h=1, which is about duces the transportation fuels in the vicinity of small-scale
three times higher than that with the sulfide sample with and dispersed carbon resources.
v-Al203. The discovery of the novel metal sulfide catalysts is also
After reaching each steady-state activity under the expected to have a strong impact of the fields of the catalytic
sulfur-free conditions, the syngas containingSH100 ppm chemistry and the material science since we found the novel
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catalysis of the transition metal sulfides. Further studies on [26] M. Jiang, N. Koizumi, M. Yamada, J. Phys. Chem. B 104 (2000)

the fine structure and the nature of the active site under the

reaction conditions will contribute to develop much more
active and selective catalysts.
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