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[57] ABSTRACT

Selective production of Cs-Cag hydrocarbons contain-
ing Cs~-Czo hydrocarbons having a high paraffins con-
tent, i.e., for producing gasoline and diesel fuel and
useful as a chemical feedstock, is achieved by contact-
ing Hy/CO mixtures with supported ruthenium cata-
lysts under conditions including elevated temperature
and ratios of gas hourly space velocity/pressure below
about 24,000 v/v/hr/MPaA to effect percent CO con-
versions at least about 20%. The ruthenium catalyst
support contains a titanium oxide, niobium oxide, vana-
dium oxide or tantalum oxide and Cs—-Cyp hydrocarbons
can be selectively obtained in about 60-90 weight per-
cent of total hydrocarbon products.

15 Claims, No Drawings
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LIQUID HYDROCARBON SYNTHESIS USING
SUPPORTED RUTHENIUM CATALYSTS

This is a continuation of application Ser. No. 363,951
filed Feb. 31, 1982 which is a Rule 60 continuation of
Ser. No. 264,426 filed May 18, 1981, both now aban-
doned.

BACKGROUND OF THE INVENTION

This invention relates to a process for producing
Cs-C40 hydrocarbons having a high paraffins content
wherein mixtures of Ha/CO are contacted with sup-
ported ruthenium catalysts under process conditions to
effect at least about a 209% CO conversion to hydrocar-
bon products.

The Fischer-Tropsch (F-T) synthesis reaction is well-
known for producing a variety of hydrocarbon and
oxygenated products by contacting H/CO mixtures
with a heterogeneous catalyst, usually iron-based, under
conditions of elevated temperature and pressure. The
range of gaseous, liquid and solid hydrocarbon products
that can be obtained include methane, C;-Cy paraffins,
gasoline motor fuel, diesel motor fuel and reforming
fractions, heavy hydrocarbon waxes, and olefins. Hy-
drocarbon fractions which are enormously important,
in light of the current world energy crisis, are the diesel
motor fuel and motor gasoline cut, i.e., C5-Cjo hydro-
carbons, and the C3)—-Cs4o cut, which can be steam-
cracked to yield light olefin feedstocks.

A commercial F-T operation conducted by SASOL
is currently in operation in South Africa in combination
with a coal gasification process. Gasoline and diesel
motor fuel are produced by contacting Hy/CO mixtures
between 150°~300° C. and 20-25 atmospheres with iron-
based catalysts.

There is a constant search for new and improved
catalysts and/or processes in F-T technology which
will selectively yield the Cs-Cag hydrocarbon fraction,
in higher yield, purity and conversion, and especially
under process conditions which produce only small
amounts of methane, i.e., a low methane-make.

Ruthenium catalysts are known to be active catalysts
in F-T synthesis. It was discovered by Pichler (see H.
Pichler, Brennstoff-Chem. 19, 226 (1938) and H. Pichler
and H. Bufflet, Brennstoff-Chem. 21, 247, 273, 285
(1940) that Ru catalyst can produce from H2/CO mix-
tures at low temperature and high pressures, very high
molecular weight waxes of about MW 1000 and above,
i.e,, polymethylenes, having melting points of 100° C.
and above.

The reference, I&EC Product Res. & Devel. 4, 265
(1965) by F. S. Karn et al, describes the reactivity of
ruthenium on alumina catalysts in producing hydrocar-
bons ranging from C;~Csp+. Illustrated are runs made
at 21.4 atmospheres pressure, 300/hr. space velocity,
temperature of 220°~-240° C. and H>/CO molar ratios of
1 to 4 resulting in % CO conversions of 46-82%.

U.K. patent application No. 2,024,246A describes a
hydrocarbon synthesis process for hydrocarbons in the
Cs-Cjy range, in which mixtures of H/CO are con-
tacted with a supported ruthenium catalyst, preferably
on alumina at elevated temperature. A criticality of the
process is described wherein the outlet CO partial pres-
sure must be not less than 0.8 atmospheres at a process
temperature of about 500°~525° K. and not less than 3.0
atmospheres in the temperature range of 525°-550° K.
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In addition, there is described in the article, J. of
Catalpsis 57, pp. 183-186 (1979) selective Cs~Czo hy-
drocarbon production in Fischer-Tropsch processes
utilizing ruthenium on alumina catalyst.

SUMMARY OF THE INVENTION

It has now been found that paraffins are selectively
produced by a process comprising:

(a) first contacting a mixture of Hz and CO for at least
10 hours with a reduced and supported ruthenium cata-
lyst under Fischer-Tropsch (F-T) conditions; and
. (b) continuing said contacting as in step (a) at a
H3/CO molar ratio from about 0.1 to 4 and thereafter
recovering a hydrocarbon mixture comprising Cs—Cag
hydrocarbons containing Cs-Cyp paraffins and olefins in
a paraffins to olefins weight ratio of at least about 1.5.

Also, by providing the conditions of the F-T process
within specific ranges of temperature, pressure, Hy/CO
molar ratio, gas hourly space velocity and keeping
within certain space velocity/pressure relationships, at
least about a 20% CO conversion can be achieved re-
sulting in desired Cs—Cap hydrocarbons. In this process,
% CO conversions can normally be obtained in about
50% and higher resulting in high yields and selectivities
of Cs—Cyo hydrocarbons.

Supported ruthenium catalysts which are operable in
the process of the invention include those containing
titania, vanadia, niobia, tantala, mixtures thereof, and
various combinations with other co-supports. The cata-
lysts contain 0.1 to 15 percent by weight of ruthenium,
and preferably 0.1 to 5 weight percent ruthenium. Pre-
ferred catalysts in the process are Ru/TiO3, Ru/Nb3Os,
Ru/V203 and Ru/Ta30s5 and particularly Ru/TiO3 and
Ru/Nb0s.

The process is conducted under a specific range of
Fischer-Tropsch process conditions, ie., temperature
ranging from 100°-400° C., H2/CO molar ratio of 0.1 to
4, gas hourly space velocity, (GHSV) of 100 to 50,000
v/v/hr. and a pressure of about 0.2 to 10 MPaA. The
variables are chosen within these ranges such that the
GHSV /pressure ratio is below 24,000 v/v/hr/MPaA
and that at least about a 20% CO conversion is effected
in which a 60-90 weight percent of Cs-~Cgg hydrocar-
bons can be obtained of total hydrocarbons produced.
At least 50 weight percent, and generally about 60
weight percent and higher of said Cs-Cyp fractions, are
paraffins. Methane is produced up to about 15 weight
percent and preferably up to 10 weight percent of the
total hydrocarbons. A significant quantity of Cz;-Cao
hydrocarbons is also produced which is applicable in
reforming operations to yield gasoline and diesel motor
fuel, and in steam cracking to yield light olefins.

Accordingly Cs-C4 hydrocarbons, containing
Cs-Cyo paraffins and olefins in a paraffins/olefins
weight ratio of at least about 1.5, are produced by the
process comprising (a) first contacting a mixture of Hj
and CO for at least 10 hours with a reduced and sup-
ported ruthenium catalyst comprising ruthenium on a
support selected from the group consisting of TiOs,
ZrTiOy, TiOz-carbon, TiO2-Al,03, Ti0;-Si03, alkaline
earth titanates, alkali titanates, rare earth titanates,
V203, Nb2Os, TaxOs, Alx03-V203, AlhO3-NbyOs, Al-
203-Ta0s5, Si07-V203, Si03-Nbz0s,  Si03-Taz0s,
V203-carbon, NbyOs-carbon, TaxOs-carbon, alkaline
earth-Group VB oxides, alkali-Group VB oxides, rare
earth-Group VB oxides, Group IVB-Group VB oxides,
and mixtures thereof, at a temperature in the range of
about 100°-400° C., a pressure in the range of about 0.2
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to 10 MPaA and a gas hourly space velocity, GHSV, of
about 100 to 50,000 v/v/hr., wherein the ratio of
GHSV/pressure is below about 24,000 v/v/hr/MPaA
and the % CO conversion is at least about 20%; and (b)
continuing said contacting as in step (a) at a H2/CO
molar ratio from about 0.1 to 4 and thereafter recover-
ing a hydrocarbon mixture comprising Cs-Cao hydro-
carbons containing Cs-Czo paraffins and olefins in a
paraffins to olefins weight ratio of at least about 1.5.

DESCRIPTION OF THE INVENTION AND
PREFERRED EMBODIMENTS

This invention is based on the discovery that Cs-Cao
which typically contain Cs-Czo hydrocarbons having a
high paraffins content, can be selectively produced in
an F-T process under a specific range of conditions
including low methane make, using particular reduced
and supported ruthenium catalysts that have been con-
tacted with Hy and CO under specific Fischer-Tropsch
conditions for at least 10 hours. It has been found that
by use of a combination of pressure, temperature,
H»/CO ratio, and gas hourly space velocity within
specific ranges to achieve at least about a 20% CO
conversion, Cs—Cao hydrocarbons can be selectively
obtained in high yield.

Further, it has been found that the supported ruthe-
nium catalysts described herein are more active in F-T
processes than Ru/AlOj catalysts described herein-
above since, in general, they are able to produce similar
% CO conversions at comparably lower pressures.

By the term “% CO conversion”, as used herein, is
meant % CO conversion per pass of total CO in the
feedstream contacting the catalyst, as contrasted to total
conversion including subsequent recycle of unreacted
starting materials. The term, % CO conversion, per pass
applies equally to a batch process as well as to a contin-
uous one. In the process, a 50% CO conversion is pref-
erably obtained for producing high yields of desired
C;5~Cy0 hydrocarbons.

The subject process variables include a Hy/CO molar
ratio of about 0.1 to 4 and preferably about 1 to 3.
Higher molar ratios tend to produce undesirably large
amounts of methane and lighter products, and lower
molar ratios tend to decrease the % CO conversion
under otherwise similar conditions. exhibit unexpected
suppressed hydrogen and carbon monoxide chemisorp-
tion properties at room temperature. Operable catalysts
in the process are preferably of the SMSI type and
comprised of a support selected from the group consist-
ing of TiOy, ZrTiO3, TiOz-carbon, TiO2-Al203, TiO2-
SiO», alkaline earth titanates, alkali titanates, rare earth
titanates, V203, NbyOs Ta;0s, ALO3-V203, AlLOs-
Nb;0s, Alz03-Ta:0s, Si02-V203, Si0-NbyOs, SiOz-
Tay0s, V20i3-carbon, NbzOs-carbon, TazOs-carbon,
alkaline earth-Group VB oxides, alkali-Group VB ox-
ides, rare earth-Group VB oxides, Group IVB-Group
VB oxides, and mixtures thereof. Preferred catalysts in
the process are Ru/TiOz, Ru/NbyOs, Ru/V203 and
Ru/T2,0s, and particularly, Ru/TiO2 and Ru/NbOs.
By the term “TiO;-Al,03, TiO2-SiO;”, and the like, is
meant to include physical and chemical admixtures of
two or more compounds, including solid solutions of
two or more components forming a new compound,
which may exhibit different properties from the admix-
ture. By the term “alkali titanate, alkali earth titanate
and rare earth titanate” is meant a mixture or new com-
position formed from TiO; and an alkali metal oxide,
alkaline earth oxide or rare earth oxide, respectively.
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Preferably, the catalyst is not air calcined at high tem-
perature since it was observed in one instance that cal-
cining unexplainedly tended to reduce the catalytic
activity and % CO conversion in the subject process, of
a catalyst that had been on stream for several hours.

As described hereinabove, methods of synthesizing
the supported ruthenium catalyst, plus pretreatment/re-
duction procedures, temperature and the like, and cata-
lytic activity are described and disclosed in U.S. Pat.
Nos. 4,149,998, 3,922,235, 4,042,614 and 4,171,320 in-
corporated herein by reference for these purposes. Pref-
erably, the catalyst in the subject process is subjected, as
a final step before use, to a hydrogen-containing atmo-
sphere at a temperature of at least about 200° C., and
preferably about 400° C. and higher, thereby resulting
in said catalyst exhibiting suppressed hydrogen chemi-
sorption at room temperature.

The concentration of ruthenium metal in the catalyst
is about 0.01 to 15% by weight of the total weight and
preferably about 0.1 to 5.0 weight percent, and particu-
larly preferred, of about 0.5 to 5 weight percent.

The products of the process include a substantial
amount of Cs-Csg chain length inclusive hydrocarbons
being paraffins and olefins, being linear or branched, or
mixtures thereof, and alpha or internal olefins, or mix-
tures thereof, and preferably linear in the product slate.
In general, the Cs-Cag hydrocarbon fraction is the larg-
est carbon number fraction obtained in the total hydro-
carbon product being at least about 60 and up to 90
weight percent of the total hydrocarbons produced, as
measured on a CO3-free basis.

Within the Cs-Cqp fraction, the Cs-Cypcut represents
the largest and most important hydrocarbon fraction
being the gasoline and diesel motor fuel cut. Preferably,
the total hydrocarbon products of the process contain at
least 50 weight percent or greater of Cs~Cag hydrocar-
bons, in which the Cs-Cy paraffins/olefins weight ratio
is at least 1.5 and preferably 1.8 and higher. By the term
“Cs—Cpp paraffins and olefins,” as used herein, is meant
paraffins and olefins within the Cs-Czo carbon number
range and does not require each carbon number in the
range to necessarily be present. The types of paraffins
and olefins are described hereinabove. Again, the above
weight percentages are measured on a COx-free weight
basis.

In addition, the amount of methane produced in the
subject process is up to about 15 weight percent of total
hydrocarbons produced and preferably up to 10 weight
percent of the total hydrocarbons produced.

The process, in general, is conducted by contacting a
mixture of Hy and CO with a supported ruthenium
catalyst under the conditions described herein to effect
at least about a 20% CO conversion to yield desired
Cs-Cyo hydrocarbons and to avoid a high methane
make. The combination of process variables: pressure,
temperature, H2/CO molar ratio and GHSV and
GHSV/pressure ratio needed to produce Cs-Cao, hy-
drocarbons with high selectivity cannot be defined with
exactitude for a broad range of operating conditions
since there will be variations in the type and scale of
apparatus used, specific catalysts employed, and con-
straints imposed upon the process in one situation which
may not be identically present in another situation. It is
believed, however, that within the narrow ranges of
process variables given above, and the further limitation
of requiring a 20% or higher CO conversion, the selec-
tive synthesis of Cs~Cag hydrocarbons with attendant
low methane make, can be obtained. Further, it will be
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obvious to one skilled in the art as to how to obtain
substantial yields of Cs—Csp hydrocarbons in the subject
process from a reading of this disclosure without an
undue amount of experimentation.

Within the process variable ranges described above,
several guidelines are present: generally, one initially
chooses a desired Ha/CO molar ratio to work with,
within a 0.1 to 4 ratio, and then suitable temperature,
pressure and a convenient space velocity values, which
can readily be accommodated by the specific apparatus
employed, and keeping within the GHSV/pressure
limitation described herein. If the resulting % CO con-
version of the run is below 20%, then the space velocity
can be decreased, as a first step, and the pressure and/or
temperature increased, as a second step, to increase the
% CO conversion.

If the process, under the chosen variables, is generat-
ing too much methane or lower molecular weight hy-
drocarbons, then an increase in the pressure, and/or a
decrease in the temperature, will serve to increase the
molecular weight of the hydrocarbons into the Cs-Cap
range. In addition, the amount of methane make can be
further reduced by decreasing the Ha/CO ratio.

Conversely, if the process is producing an extensive
amount of heavy hydrocarbons or heavy waxes, then a
decrease in the pressure, alone, and/or increase in the
temperature, will serve to decrease the molecular
weight distribution down into the desired Cs-Cqp hy-
drocarbon range by controlling the process variables to
achieve at least about a 209% CO conversion or higher.

In general, higher space velocity in the subject pro-
cess is desirable since it optimizes the catalyst perfor-
mance by maximizing feed throughput/time. However,
generally, increasing the space velocity while holding
the other variables constant tends to increase the olefin
content of the Cs—-Cqp hydrocarbon fraction and partic-
ularly in the lower carbon numbers of the fraction.

The product hydrocarbons can be collected out of
the product stream by conventional methods including,
for example, condensing heavy hydrocarbons first, then
liquid condensates, then gaseous hydrocarbons. Each
fraction can be analyzed by chromatography, qualita-
tively and quantitatively, versus known standards. The
liquid condensates can be further purified by distillation
to yield a Cs~Cyg hydrocarbon rich cut for direct use as
a gasoline-base stock or diesel motor fuel base-stock.

Apparatus for carrying out the subject process are
conventional in the art and include down-flow, up-flow,
fixed bed, moving bed, slurry catalyst configurations
and the like.

It is to be understood that obvious modifications and
obvious improvements over the process described are
not specifically included herein, are considered also to
be within the scope of the instant invention.

Further, it is to be understood that the following
Examples illustrate and set forth the best mode of carry-
ing out the subject invention as contemplated by the
inventor and should not be considered to be limitations
on the scope and spirit of the instant invention.

General Description of the Process and Apparatus

The reactor used was a stainless steel vertical down-
flow reactor of 0.77 cm. 1.D. and 122 cm. length heated
by an Alonized copper furnace.

Mixtures of CO and Hj were blended with the aid of
flow control valves and fed into the reactor heated at
the desired temperature as controlled by Euro-
therm T™ solid state controllers. Thermocouples in the
copper furnace and embedded in the catalyst bed moni-
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6
tored the temperature. The pressure was regulated by
back-pressure regulators and the flowrate of the gase-
ous reactant mixture was measure by soap bubble flow-
meter.

Catalyst in the form of a fixed bed containing approx-
imately 20 to 50 cm3 of catalyst was used in the runs.
The different catalysts were prepared from TiO; ob-
tained in pure powder form from Degussa Company. It
had a surface area of about 50 m2/g. The powder was
manually pelletized in a press and finally crushed and
meshed to give particles of 60-120 mesh size range.
Ruthenium was impregnated onto the meshed TiO; by
means of depositing a ruthenium salt, e.g., RuCl3; or
Ru(NO3);. The impregnation was carried out on the
TiO; particles by stirring them in excess acetone con-
taining dissolved Ru salt. Evaporation of acetone at
room temperature caused deposition of the Ru salt on
the TiO; solid which was allowed to dry at room tem-
perature. The impregnated solid was reduced at
400°-450° C. for 2-4 hours under flowing Hj atmo-
sphere and was then ready for use before each run.

TABLE A
Ru/TiQ; Catalysts Used in the Examples
Salt
Catalyst w/o Ru®@ Used Volume®  Weight, g(©
A 0.76 RuCl3 50 43.7
B 0.93 RuCl3 30 29.9
C 1.10 Ru(NO3)3 30 24.1

(@wWeight percent ruthenium, as the metal, in the catalyst.
Bvolume of catalyst used in the reactor.
(OWeight of catalyst used.

Hydrogen in the feedstream was passed through a
Deoxo unit to remove traces of oxygen and then
through a 4A molecular sieve trap to eliminate water
vapor. Carbon monoxide (Matheson, ultrahigh purity)
was also passed through a 4A molecular sieve trap prior
to mixing with hydrogen in the feedstream.

The product stream exiting from the reactor con-
tained light gases, liquid condensate and waxes and
heavy hydrocarbons. The light gases were collected in
a saturator and analyzed by a Carle Model AGC 311 gas
chromatograph. Waxes and heavy hydrocarbons were
collected in a container kept at about 90° C. and lighter
condensate was collected in trapping vessels in a refrig-
erated water bath. The condensed products were ana-
lyzed chromatographically on a Perkin Elmer 900 or
Sigma 2 gas chromatograph using generally either a 3
m. supported 20% SP 2100 column or a 2% SP 2100
column.

For each run, analysis of the reactor effluent gas
stream was performed after the experiment had prog-
ressed for at least 10 hours. Condensed products were
drained from the two trapping vessels only at the end of
each experiment. After completing an experiment at a
certain set of conditions and before another experiment
was started, Hz was passed over the catalyst overnight
usually at the conditions of the completed experiment
or at atmospheric pressure. The same catalyst sample
could thus be used for a number of experiments.

EXAMPLE 1

Utilizing the general procedure and apparatus de-
scribed hereinabove, three runs (Runs 1-3) using Cata-
lyst A at an H2/CO volume ratio of 220.1 and one run
(Run 4) using Catalyst B and an H/CO molar ratio of
1.39, were made to determine the effect of temperature
and pressure as reaction variables on the % CO conver-
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sion and the product slate. The reaction conditions and
obtained results are listed below in Table I together
with explanatory comments as footnotes.

TABLE 1

Process Variables and Run Number
Product Distribution 1 2 3 4
Pressure, (atm)(@ 4.5 46 30 74
Temp., °C. 209 196 206 246
GHSV, (v/v/hr.) 215 210 198 172
Run time, (hours)® 39 (17 165 145 40 (24)
H; Conv., % 94 86 84 90%
CO Conv., % 99 86 84 71%
Product, wt. %)

CH4 7.03 1.74  4.80 10.74
C3-Cs 6.97 544 9.15 19.40
Cs5-Co@ 73.11 69.47 76.49 56.98
Cy1-C 10.20 17.69 8.28 9.53
Cyq1tee 1.53 448 015 0.12
Oxygenates(/) i.16 i.18 1.13 3.23

@pressure values throughout the examples are in atmospheres absolute.
@BRun time for each run indicates the total length of the run at a particular set of
conditions. In most, but not all, cases it also indicates added time period for collec-
tion of indicated products. If the latter is different, it is given in parentheses next to
the run time.
(YThe product wt. % data are presented on a COy-free basis, as a weight percentage
of total hydrocarbons and oxygenates produced.
@The included Cs-Cy wt. % values may be slightly low due to minor losses during
liquid collection.
(OYChromatographic analysis problems were found to exist for analyzing heavy Cq; +
product; thus the given C4;F data may be low in the range of about 10 to 40% of
the value.

xygenates, obtained in the water layer, were generally C;-Cs alcohols with
methanol and ethano! being the major products.

As is seen in the above data, a substantial portion of
the product slate in each run was comprised of the
Cs-Czp and Cp1~Cyo hydrocarbon fractions. The higher
temperature in Run 1 resulted in 99% CO conversion as
compared to the lower temperature of Run 2. However,
Run 2 exhibited a lower methane make and also a
slightly heavier hydrocarbon make.

A decrease in the pressure in Run 3 as contrasted to
Run 1 resulted in a lower % CO conversion and lower
methane make. This points to a general rule in the pro-
cess that lower temperatures and pressures tend to
lower % CO conversions and methane makes, while
lower temperatures tend to lead slightly heavier hydro-
carbon make.

EXAMPLE 2

Utilizing the same general procedure and apparatus
described in Example 1, the following runs were made
utilizing Catalyst A and an H/CO ratio of about 2 to
further demonstrate the influence of temperature and
pressure on % CO conversion and product slate. The
results and conditions of each run are tabulated below in
Table II. The explanatory comments for Table I in
Example 1 are also applicable and incorporated herein.

TABLE II
Process Variables and Run Number
Product Distribution 5 6 7
Pressure, (atm) 3.0 5.0 5.0
Temp., °C. 224 203 218
GHSV, (v/v/hr.) 301 298 494
Run Time, (hours) 17.5 17.0 18.5
Hj; Conv., % 84 87 89
CO Conv., % 84 85 89
Product, wt. %
CHa 6.14 2.51 5.38
Cr-Cy4 11.59 5.42 7.91
Cs-Cyo 74.45 65.62 72.69
C21-Cap 6.24 20.02 11.29
Cyt 0.13 5.48 1.49
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TABLE II-continued

Process Variables and Run Number
Product Distribution 5 6 7
1.45 0.95 1.24

Oxygenates

As is seen from the data, in order to obtain a % CO
conversion in Run 5 equivalent to that in Run 3 (Exam-
ple 1) at lower space velocity but at the same pressure,
the temperature had to be increased from 206° to 224°
C.

Increasing the GHSV to 494 v/v/hr. in Run 7, but
keeping the pressure at 5 atm. as in Run 6, in addition to
raising the temperature to 218° C., resulted in CO con-
version of 89%.

EXAMPLE 3

Utilizing the general procedure and apparatus de-
scribed in Example 1, the following runs were made
utilizing Catalyst B and an Hy/CO volume ratio of
about 2, to illustrate reproducibility of the process, and
to examine the effect of different pressures and tempera-
tures. Results and conditions of the runs are given
below in Table III. The explanatory comments of Ex-
ample 1 are also applicable.

TABLE III

Process Vari-
ables and

Product Distri- Run Number(@

bution 8 9 10 11 12
Pressure, (atm) 2.5 535 278 62 278
Temp., °C. 225 203 224 193 225
GHSV, (v/v/ 299 298 304 298 322
hr.)

Run time, 18.5 (6.5) 145 19 (D 14 40 (1.5
(hours)

Hjz Conv., % 86 83 86 81 85
CO Conv., % 85 82 84 81 82
Product, wt. %

CHy4 9.21 426 879 3.10 10.21
C3-Cy 19.48 11.54 18.13 9.20 18.87
Cs-Cao 61.37 68.66 63.98 70.30 61.79
C71-Ca0 7.46 11.15 6.76 11.86 6.77
Cqt 0 1.58 0 2.20 0
Oxygenates 2.48 2.81 2.34 334 236

@Catalyst B was used in these runs (0.93 w/0 Ru/TiO).

As is seen from the data, the high pressures used in
Runs 9 and 11 yielded slightly higher Cs-Cjq fractions.
Reproducibility of the process was good as indicated by
the % CO and % H; conversions, and product make for
Runs 8, 10 and 12.

EXAMPLE 4

Utilizing the general procedure and apparatus de-
scribed in Example 1, the following runs were made to
see the effect of different space velocities on the pro-
cess. The results are tabulated below in Table IV which
also includes the comments of Example 1.

TABLE IV
Run Number(®

Process Variables and

Product Distribution 13 14 150 16
Pressure, (atm) 4.2 4.3 5 5.1
Temp., °C. 213 213 205 204
GHSV, (v/v/hr) 301 1240 305 1506
Run time, (hours) 40 (28) 36 (24) 195 24
H; Conv., % 87 26 94 23
CO conv., % 85 30 99 20
Product, wt. %

CHa 6.38 6.88 5.39 5.21
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TABLE IV-continued
Process Variables and Run Number(®
Product Distribution 13 14 150 16®
Cy-C4 13.09 17.84 10.30 20.70
Cs-Cao 66.89 64.08 75.18  65.97
C21-Cag 10.02 8.35 675 5.62
Cqt 0.49 0.18 033 015
Oxygenates 3.13 2.67 205 235

(@Catalyst B was used (0.93 w/o Ru/TiOy).
(OCatalyst containing 0.92 w/o Ru/TiO; made similarly to Catalyst C was used.

As seen from the data, an increase in the space veloc-
ity, as in Runs 14 and 16, had a significant reduction on
the % CO conversion.

10
creasing the space velocity tends to increase the alpha-
olefins content and the olefin percentage tends to de-
crease rapidly with increasing carbon number.

EXAMPLE 5

Utilizing the apparatus and general procedure de-
scribed in Example 1, the following runs were con-
ducted to determine if the catalyst could be run at high
space velocities with 80% CO conversion. Results are

10 tabulated below in Table VI. The comments of Exam-
ple 1 are incorporated herein.

TABLE VI
Run Number(®

Process Variables and

The product streams from Example 4 was also ana- 15 Product Distribution 17 18 19 200
lyzed for the presence of alpha-olefins and internal ole- Pressure, (atm) 120 198 210 230
fins. The data are tabulated below in Tables V and Va. Temp., °C. 209 207 207 211
The explanatory comments of Example 1 are applica- gﬂlst‘i’l;lé"/(;éz;)) 17382 12;3 12‘:‘; 202_0
ble. The weight percentage of olefins noted herein, H; Conv., % 84 94 35 53
were estimated from chromatographic data and may be 9 CO Conv., % 7 87 79 53
in error of about 15-20% due to small uncertainties in Products, wt. %
extrapolation. CH,4 451 519 509 55

C-Cs 1017 641 849 88
TABLE V Cs-Cz0 57.79 5163 5407 616
: C21-Cap 1726 2624 2342 113
Process Vz%nal:ales'and Run Number 25 Cart .70 9.44 775 47
Product Distribution 13 14 15 16 Oxygenates 1.57 1.09 118 21
GHSV, (v/v/hr.) 301 1240 305 1506 (Catalyst C (1.1 w/o Ru/TiOy).
w/0 CoHy in Ca cut(® 5 40 1 45 ) C5-Cyp olefins content was 26 weight percent, remainder being paraffins. A
w/0 C3Hgin C3 cut@ 67 84 21 80 different batch of Catalyst C was used, containing 1.05 w/o Ru/TiOs.
w/o 1-CAZI§3/2-C4H8 37/27 66/16 6/32  54/24
in C4 cut'®, 30 i i 143
Total olefin in Cr-Cyz cut®@ ss 3 _ _ As is seen from t}}e da}a, higher space velocities
Total olefin in Cs5-Cao cut@ 2 31 1 36 should be coupled with higher pressures in order to
maintain high % CO conversions.
X
TABLE VA EXAMPLE 6
Run Number 35  Utilizing the general procedure and apparatus de-
Olefin 13 4 scribed in Example 1, the followng runs were made to
breakdown, %@ alpha internal alpha internal determine the effect of Ru/NbyOs, Ru/Ta205 and Ru/-
P " Py = o Si0; catalysts on the process as versus Ru/TiO3. The
C; 5 25 3 10 results are tabulated below in Table VII. The comments
Cy 4 22 35 11 40 of Example 1 are incorporated herein.
TABLE VII
Effect of Supports on Product Selectivity

Process

Variables Catalyst

and Product 0.76% 0.56% 0.67% 1.57%

- Distribution Ru/TiO; Ru/NbOs® Ru/Ta0s¢)  Ru/Si0¢)

Pressure, 5 5 52 21 3

(atm.)@

Temp., °C. 203 196 200 251 245

GHSV, (v/v/hr.) 298 300 303 200 199

H; + CO Conv., % 86 88.3 79 88.7 89.8

Selectivity —

Hydrocarbon, wt. %

CH4 29 2.0 5.5 7.5 5.6

Cy-Cs 6.2 2.5 18.5 174 1.6

Cs-Cao 65.5 62.1 66.5 713 749

Cyt 25.4 334 9.5 3.8 7.9

@H,CO ratio was about 2.
)Catalyst was prepared in same manner as described herein for corresponding TiO; support, except

Nb;Os was employed.

(Catalyst was prepared in same manner as described herein for TiO; support, except Ta;Os was
employed.

(DCatalyst was prepared in same manner as described herein for TiOz support, except SiO; was
employed.

Cio 35 17 25 9
Cn 37 12 18 8

Ci2 3.7

9 13 7

In order to compare the relative activities and prod-

(@Rest of product mostly n-paraffins.

- As is seen from the data, the products produced from
Ru/TiO; are mainly n-paraffins and some olefins. In-

65 uct selectivities of the catalysts, the process conditions
had to be adjusted to approximately equal % CO con-
version. As is seen, the run for Ru/SiO; had to be ad-
justed to higher pressure, higher temperature and lower
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space velocity to achieve the same % CO conversion,
indicating a higher catalyst activity for Ru/TiO3, Ru/-
Taz0s and Ru/Nb;0s as compared to Ru/SiO;.

EXAMPLE 7

Utilizing the general procedure and apparatus de-
scribed in Example 1, the following runs were made to
further compare the activity of Ru/NbOs versus Ru/-
SiO; as catalysts in the process.

TABLE VIII
Comparison of the Activity of Ru/NbOs and Ru/Si0;
Hy/CO =2
Catalyst

Process Variables and 0.56% 1.57%
Product Distribution Ru/Nb0s Ru/SiOy
Pressure, (atm.) 7 21
Temp., °C. 229 251
Space vel.,, (v/v/hr.) 1225 990
H; + CO Conv., % 81 15

As is seen from the data, increasing the space velocity
of both runs, as compared to Example 7 with slight
adjustments for pressure and temperature, resulted in a
dramatic decrease in % CO conversion for the Ru/-
SiQ; catalyst as compared to Ru/Nb20Os.

EXAMPLE 8

Utilizing the general process and apparatus described
in Example 1, the following runs were made to further
compare the activity of Ru/TiO; versus Ru/SiO; as
catalysts in the process. Results are tabulated below in
Table IX.

TABLE IX

TiO3 vs. §i0z as Catalyst Support
P = 4.6 atm., Hy/CO = 2, GHSV 300 v/v/hr.

Process Variables and Catalyst

Product Distribution 1.1% Ru/TiOz 1.6% Ru/5i0;
Temp., *C. 209 209 323
H;+ CO Conv., % 82 5 71
Nco* x 103,571 10.6 1.1 13.9
Selectivity —

% CO Conv. to:

CO, 1.6 4.3 11.7
CH4 4.3 10.6 60.1
Cy 1.1 5.3 9.8
C3-Cy4 11.4 28.7 8.6
Cs+ 81.6 51.1 9.8

Nco® = Tumover frequency with respect to total Ru.

As is seen from the data, under similar conditions,
Ru/TiO; gave 82% conversion, as compared to only
5% for Ru/SiO;. Increasing the temperature in the case
of the Ru/SiO; run, increased the % CO conversion to
71%, but with attendant high methane make.

EXAMPLE 9

Utilizing the general procedure and apparatus de-
scribed in Example 11, the following runs were made to
determine the effect of pressure on the activity of Ru/-
TiOz and Ru/SiO; catalysts. The results are tabulated
below in Table X.

TABLE X

Effect of Pressure on Activity
Ha/CO =2, T = 209° C.
Catalyst

Process Variables 1.1% Ru/TiOz 1.6% Ru/SiOy

Pressure, (atm.) 4.6 21 4.6 21
GHSV, (v/v/hr) 300 1240 300 274
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TABLE X-continued

Effect of Pressure on Activity
Hy/CO =2, T = 209° C.
Catalyst
Process Variables 1.1% Ru/TiO3 1.6% Ru/SiO;

Hy+ CO conv., % 82 83 5 5

As seen from the data, the activity of Ru/TiO; cata-
lyst is greater even at higher space velocities than the
corrresponding Ru/SiO; catalyst.

EXAMPLE 10

Utilizing the general procedure and apparatus de-
scribed in Example 9, the following runs were made as
a comparison between similar ruthenium loadings on
TiO; and gamma AlyO3. Results are tabulated below in
Table XI. As is seen, Ru/TiO> is more active and makes
less CH4 and C3-C4 hydrocarbons, and more Cs+ hy-
drocarbons than Ru/Al;0s.

TABLE X1
1.1 w/o 1.1 w/o

Process Variables(@ Ru/TiO; Ru/AL03
H; + CO Conv. % 87 32
Nco* X 103, 5~1 9.5 37
Products, w/o
CHy 6.7 16.6
Cy-Cy 12.8 19.5
Cs-Cao 68.8 59.2
Cyt+ 9.2 2.9
Oxygenates 2.5 1.8

(@pressure = 2.1 atm., Temp. = 214° C., GHSV = 303 v/v/hr.,, Hy/CO = 2.

What is claimed is:

1. A process for selectively producing paraffins com-
prising:

(a) first contacting a mixture of Hz and CO for at least
10 hours with a reduced and supported ruthenium
catalyst, said ruthenium catalyst comprising ruthe-
nium on a support selected from the group consist-
ing of TiOz, ZrTiO4, TiOz-carbon, TiO3-Al03,
Ti0;-Si0», alkaline earth titanates, alkali titanates,
rare earth titanates, V203, NbzOs, Ta0s, A2O3-
V203, ALO3-NbyOs, Al;03-Taz0s5, Si02-V;03,
Si02-Nb20s5, Si02-Taz0s, V0s3-carbon, NbyOs-
carbon, TazOs-carbon, alkaline earth Group VB
oxides, alkali-Group VB oxides, rare earth-Group
VB oxides, Group IVB-Group VB oxides, and
mixtures thereof, at Fischer-Tropsch conditions
such that the temperature ranges from about 100°
to 400° C., the pressure ranges from about 0.2 to 10
MPaA, the gas hourly space velocity, GHSV,
ranges from about 100 to 50,000 v/v/hr., and
wherein the ratio of GHSV/pressure is below
about 24,000 v/v/hr./MPaA, and at least about a
20% CO conversion is effected; and

(b) continuing said contacting as in step (a) at a
H7/CO molar ratio from about 0.1 to 4 and thereaf-
ter recovering a hydrocarbon mixture comprising
Cs-Cap hydrocarbons, containing Cs~Cpo paraffins
and olefins in a paraffins to olefins weight ratio of
at least about 1.5.

2. The process of claim 1 wherein the ruthenium
concentration in said catalyst is from 0.01 to 15 percent
by weight.

3. The process of claim 1 wherein said ruthenium
concentration is from 0.1 to 5 percent by weight.
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4. The process of claim 1 wherein said catalyst is
selected from Ru/TiO;, Ru/Nb20s, Ru/V203, Ru/-
TayOs, or mixtures thereof.

5. The process of claim 4 wherein said catalyst is
Ru/TiOx.

6. The process of claim 1 wherein said percent CO
conversion is 50 percent and higher.

7. The process of claim 1 wherein said Cs-C4p hydro-
carbon products comprise about 60 weight percent of
total hydrocarbons produced.

8. The process of claim 1 wherein said Cs—Cyp hydro-
carbon products comprise Cs-Cyg paraffins and olefins
in a paraffins to olefins weight ratio of 1.8 and higher.

9. The process of claim 1 wherein total hydrocarbon
products further comprise up to about 15 weight per-
cent methane. .

10. The process of claim 9 wherein said total hydro-
carbon products further comprise up to about 10 weight
percent methane.

11. The process of claim 1 wherein said temperature
is in the range of 150° to 300° C.
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12. The process of claim 1 wherein said pressure is in
the range of 0.2 to 5.0 MPaA.

13. The process of claim 1 wherein said GHSV is in
the range of 100 to 5000 v/v/hr.

14. The process of claim 1 wherein said Ha/CO molar
ratio is from 1 to 3.

15. A process for selectively producing paraffins
comprising (a) first contacting a mixture of H; and CO
for at least 10 hours with a reduced and supported Ru/-
TiO; catalyst, wherein the concentration of ruthenium
in the catalyst is 0.1 to 5 weight percent, at Fischer-
Tropsch conditions such that the temperature ranges
from 150° to 300° C., the pressure ranges from 0.2 to 5
MPaA, the gas hourly space velocity, GHSV, ranges
from 100 to 5000 v/v/hr., GHSV /pressure is below
about 24,000 v/v/hr./MPaA, the Hj to CO molar ratio
ranges from 1 to 3 and the percent CO conversion is
about 50 percent and higher; and (b) continuing said
contacting as in step (2) and thereafter recovering a
hydrocarbon mixture comprising Cs-Cap hydrocarbons
containing Cs-Cyg paraffins and olefins in a paraffins to

olefins weight ratio of about 1.8 and higher.
* k% * *



