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Some ZSM-5 supported ruthenium catalysts, prepared from Ruz(C0)12
and the acid form of ZSM-5 have been evaluated for their ability to
cetalyse synthesis gas conversion. The effect of weight percentage
ruthenium loading and temperature of evaluation have been studied.
Liguid hydrocarbons with varying percentages of aromatics, olefins and

saturates are produced.
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A éeries of ZSM-5 supported ruthenjum (Ru/ZSM-5) catalysts, pre-
pared from Ru3(C0)12 and the aéid (H+) form of ZSM-5 have been evaluat-

ed for thewr ab111ty fo_catalyse ='wth**"ﬂgds=éth€r§§BH"'(Afprevious

report has described the characterization of these catalysts). The

weight percentage‘ruthenium Toading varies from ~1% to ~8%.Ru.

1. Pre]iminér;'éQ@luatiﬁn

The initial step in the catalytic eQaluation involves reduction of
metal species present on the support to metallic ruthenium.. Ruthenium
is known to be active for the Fischer-Tropsch and water gas shift reac-
tions. Reduction:conditions were determined after referring to previous
studies on different ruthenium catalytic systems. Kellner and Bell em-
ployed 400°C for § h in order to reduce their Ru/A1,0, catalysts (1.2).
Ru/Y zeolite catalysts investigated by Jacobs and coworkers were reduced
at 300°C, and theée vorkers determined that 100% reduction of the metal
species was accomplished between 300°C to 500°C (3,4).

The first catalyst to be studied wes an 8.13% Ru/ZISM-5 sample
which waé‘evaluated over the tfemperature range of 200°C to 320°C at
zZ° increments.  The catalytic evaluation data were obtained at each
zemperature Tor one 48 h period. During ithis evaluation, a minor
arctiem deve1oped on two occesions causing the pressure in the system
1% increase gbove the desired 300 psig. It is believed that the high

wizcutar weight products solidified before the wax irap causing a

biockzge in the line. To alleviate this problem, the heating tape

'J

¢ insulztion between the reactor tube and wax trap were increased

to rzise the tewpersiure o7 that section of tubing.
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The data from the first evaluation period at 200°C was not reli-
ab1e’due to the blockage; therefore, the reactor was maintained at
200°C for a second 48 h period which was used for the comparison with
other evaluation periods. Data from the evaluation of this catalyst
are preseﬁted in Table 1. The percentages of €O and Hz conversions
increased with increasing temperature up to 280°C where thelconQer-
sions began to level out. Figure 1 contains the plois of ihe weight
percentages of CH4, C5+(0i1) and wax in the hydrocarbon effluent as
a function of temperature. The CH4 increased from 4% to 77% between
200°C and 320°C; however, the opposite trend was found to be true
Tor the wax which decreased‘from 84% to 0%. A different trend was

bserved for the 011 yield, one that increased until &pproximately

(&)

80°C, pezked between 260°C and 280°C, but decreased above 280°C.

N\

The percentages of sromatics (&R), olefins (OL) 2nd saturates (SAT)
were obteined from the FIA analysis of the 0il fraction for each
evaluztion period except Tor the period at 200°C, due to the lack

of available sample, and are depicted in Figure 2. The trends in
aromatic and olefin vields appesared to behave in an opposite menner,
Beginning at & high percentage, the olefins rapidly declined after
280°C. Ini{ial1y, the aromatics are produced in very small yields;
however, tﬁe aromatic content increased drastically after 280°C. The
saturate coentent varies slightly in comparison.to the aromatics and

olefins with iis peak production at 300°C.
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Figure 1. The percentage CHg, 0l and wax in_the hydrocarbon (HC)
product of the 8.13% Ru/ZSM-5 Catalyst.
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Figure 2. The-peréentage aromatics, ofefins and saturates contained _
in the oil fractions of the 8.13% Ru/ZSM-5 catalyst.
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Frqm thie preliminary study, the ehosen_temperature range far
eva]uat?ng other Ru/ZSM-5 catalysts was determeed to be 260°C to
320°C.  The reasons tor choosinglthjs temperature range are because /
ithe highest yield ot 01l occurred around 260°C to 280°C, and the
highest percentages of aromatics were eroduced at 300fc and 320°C.
These temperatures, also, produced high couversidn percentages of
H2 and CO. Thus,.during the remainder of this study catalysts were

eva]uated over the temperature range. from 260°C to 320°C with two

48 h eva]uat1on pertods at each temperature.

2. frurther Evaluations

Three catalysts were evaluated; 0.98% Ru/ZSM-5, 2.88% Ru/ZSM 5
and 7.37% Ru/ZSM-5. Initially, the H2 and CO convers1ons were
reported, and the plots are represented in Figure 3. The percent-:
ages are plotted in reference to the number of days the catalyst was
under evalugtion conditions with the solid lines joining the two
evaluation periods at the same temperature and the dotted lines
indjcating a change in tﬁe temperature; From Figure 3, increases
in the conversions.are observed as the weight percent loading of
ruthenium is increased However, if the conversions are normalized

G 1% Ru when reported, as in Figure .4, t i@ trends are different.
From Figure 4, the plots indicate that the 0.98% Ru/ZSM-5 catalyst
has the greatest percent conversion when the percentagerof Ru 1is
considered., and there is a decrease in the conversions as the amount
of ‘Ru increases. These trends indicate that the 0.98% Ru/ZSM-5

catalyst is more efficient for the conversion of the synthesis gas.
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‘Figure 4. The H» and CO conversions normalized to 1% Ru for the
Ru/ZSM-5 catalysts.



Dup to the expense and 11n1ted ava11ub1.1ty of Ru3(C0)12, the aspect
that the Tower percentage of Ru is. produc1ng the h]ghest conversion
per ruthenium is important “from an economic’v1ewpo1nt.

The productlon of de51rab1e producis is another 1mportant aspect_';
of the catalytic evaluation, For The itotal- eff]uent the we1ght
percenpages of hydrocarbons (HC), CO2 and H,0’are shown graph1cally
in Fugure 5 The product1on of the hydrocarbons remaine 1r1y
constant; the r1se in -the temperzture did nét produce a drast1c
change. The yield of hydrocarbons increased w1nh Ru load1ng, since .-
the overall conversions are higher. The CO2 product1on is repres-
enied in Figure 5. At 260°C and 2B0°C there was a low yield .of CO2
which increased with metal loading. The trend of increasing CO2 with
increzsed Ru loading still exists at 300°C and 320°C; however, the -
production of CO2 increased for the 2.88% and 7.32% Ru/ZSM-5 catalysts.
The next product to be considered is H20 which increased with increas-
ing metal loading but decreased with the increase.jn temperature.

The productipn ot the'CO2 and H20 follow opposite trends, reflecting
g ghift in the water gas shitt réaction above 300°C. Low yields of
C02 and H20, undesirable p;oducts, were produced by the 0.98% Ru/
Z5M-5 catalyst increasing its desirabi?ity as a catalyst for synthesis
gas conversion. |

The hydrocarbon products were Turther analyzed, and Figure 6
shows the weight percentages of CH4, 071 and wax in the total hydro-
carbon product. From the top two plots, the trends for the percent-
zges of CH4 and oil appear to be opposite to one another. The CH4

genarally increased with the raise in temperature and with decfeasing
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Ru percentage. However, the oil fraction decreased with the increase )
in temperature, but increased with increasing Ru loading. In this’ |
study, CH, is considered to be an undesirable product while °il is

z desirable product. Also, the 7.32% and.2.88% Ru/ZSM-5 samples are

quite similar in their CH, and ol production with higher yields of

0il and lower yields of CH, in comparison to the 0.98% Ru/ZISM-5

cetelysi. Wax is the other hydrocarbon product to be considered,

and from the plot, it is observed that the wax production is essen-

“t
m

11y zero for the 2.88% Ru &nd C.98% Ru catalysts. However, for

he 7.3%7% Ru catalyst wax was produced at 260°C but not at the

Pl

hicher tamperatiures. Above 260°C, the acid sites in the ZSM-5
become effrctive for the cracking of the high molecular weight
hvdracarbons produced by the 7.32% Ru/ZSM-5 catalyét.

The results from the FIA &nalysis of the 0i7- fractions are
piotted in Figure 7. The 0.88% Ru/ZSM-5 cata]y;t.produced signi-
ficently more aromatics than the other iwo cataiysts. The 7.32%
Ru/1S%-5 and 2,.88% Ru/Z5%-5 szmples produced very low yields of
eromatics at 260°C and 282°C; however; ihe production increased at

7300°C and 320°C. With the oliefin production the trend was the
opposite; &t 280°C and 280°C, the 7.32% Ru and 2.88% Ru samples
produced hich yields of oiletTins which decreased significant1y;at )
300°C and 320°C. FEowever, the overall yield 72f olefins for the 0.98%
Ru/7ZS8M~5 cztalyst was fairly lew. Initially, Zhe production of sat--
uyrates Tor all three samples was approximztely the same. However, at
300°C the percéntages of saturates increased for the 7.32% and 2.88%

Ru/ISM-5 catalysts but began to decrease Yor the 0.98% Ru/ISM-5 cata-
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lyst. Very h{dh percentages of saturates were never obtained for
these samples probably due to the cracking of high moiecular weight
hydrocarbons by the acid sites in the ZSM-5. These acid sites are
21so known to aromatize the olefins produced. When the temperature
was increased from 280°C to 300°C the}e was a decrease in the produc-
tion of gasecus and liquid olefins whi]e the aromatics in the liquid
product incressed. At or above 300°C, the acid sites aromatize the
Cz to Cl1 oletfins producing the high yield of aromatics in the liquid
product. The research octane number is known to increase when the
aromatics and/or branched olefins in the gasoline semple increzses;
therefore, the 0.98% Ru/ZSH-5 catalyst would be the samplis to study
further i & high research octane number is desired.

When adequate 011 samples were available, simuletad distille-~
tion dzta was ziso obtained for the catalysts; These results are
Tisied in Table 2, and lower percentages were obtained for the 260°C
semples in comgarison to the percentages Tor the other 0il samples.
The increase in arcmatics and decrease in high molecular weight hydro-
carbons are probably due to the activity of the acid sites in the
ZSK-5 causing a higher percentage o7 the oil obtained above 2§0°C to
boﬁ] below 204°C. Since gasoline hydro&arbons are desired, thé 0il

obtained above 280°C would be preferred.



Simulated Distiilation Results for

Table 2:
the Ru/ZSM-5 Catalysts
‘ TEMPERATURE EVALUATION  BOILING BELOW
% Ru/2SM-5 ~(°¢) NUMBER 204°C (%)

0.98 280 '3 83
280 4 83
300 5 84
360 6 83

2.88 260 1 76
260 2 74
280 3 83
280 4 80
300 5 85
300 6 86
320 7 85
320 8 86

7.32 260 1 69
260 2 68
280 3 82
280 4 81
300 5 85
300 6 84
320 7 84
320 8 83

15
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3. Conclusions

Tne bifunctional catalysts of Ru/ZSM-5 were studied in order to
investigate the catalytic activity of the ruthenium and the product
selectivity of the ZSM-5. Three ruthenium loadings were studied to

indicate the effect of percent metal iozding on the activity of the

0

atalyst. The ISS characterization cdata reported for the three Ru/
ZSM-5 catalysts showed that the hiéhest loading of ruthenium still
maintainaed & Ru to Si-Al ratio of ov.r one even after 65 min of
sputtering time. HoweQer, the ratios for the 0.98% and 2.88% Ru
loadings were significantly lower after sputtering, These results
indicate that the catalyst of the highest Ru loading contains layer-
ing of the ﬁeta] species over tﬁe surface of the support: This lay-
ering does not increase the evaziiabie metal sites Tor synthesis gas
conversion in the 7.32% Ru/ZSM-5 semple in comparison to the 2.88%
Ru/IS¥-5 sample which expleins the simiiafity of the catalytic
gctivity of these two samples. Therefore, an increase in the Ru
loading zhove 3% does not cause an increase in catalytic activity.

The ZSM-5 plays an important role in this bifunctional catalyst
system of Ru/ZSM-5. This zeolite is known to contain acid sites
capable of gromatizing olefins and cracking high molecular weight
hydrocarbons along with prdduct se1eqtivity due to the size gnd ar-
rangement of the chamnel structure. It has been reported that at tempera-
tures balow 300°C the inner surface of the H-ZSM-5 channels is not '
used effectively because higher temperatures are nacessary t0 enable
the reactants and products to flow within the channels of the ZSM-5.

Therefore, the increase in aromatics and decline in olefins for the
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2.88% Ru/ZSM-5 and 7.32% Ru/ZSM-5 samples at 300°C occurred due to the
ability of the acid sites with in the ZSH-5 structure above 300°C to
aromatize gaseous and liquid olefins produced by the catalysts. The
surface acid sites are believed to cause the cracking of the heavier
molecular weight'products to lighter products since the diffusion of the
heavier prodﬁcts into the ZSM-5 structure is severely hindered. For the
7.32% Ru/ZSM-5 catalyst wax was produced at 260°C; however, the acid
sites becamé active in the cracking of high molecular weight hydro-
carbons above 260°C. This high loading of Ru probably caused the
blockage of some of the surface ecid sites &t 260°C leading to the
wex production.

This study on the three Ru/ZSM-5 catalyst indicated that the
desired produci can be obtained in relatively high yields when the
Ru loading and temperature are selected. The product distribution
For the 7.32% and 2.88% Ru/ZSM-5 catalysts are similar; however, the
products obtained from the 0.98% catalyst were difterent from the
other two catalysts. The aromatic content for the 0.98% catalyst
was consistgﬁtly higher than the 2.88% and 7.32% samples. Therefore,
if a gasoline high in aromatics is desired the 0.98% Ru/Z5M-5 cata-
lyst would warrant further study. The temperature affected the yield
of the oil. The peak 0il1 production occurred around 260°C to 280°C.
Thus, iT the yield of the cil is the main concern the catalysts

- should be investicated at these two temperatures.
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