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Figure I
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Figurell
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METHOD OF UPGRADING A FISCHER-TROPSCH
LIGHT OIL

BACKGROUND OF THE INVENTION

1. Field of the luvention

This invention is concerned with a process for con-
verting synthesis gas, ie. mixtures of gaseous carbon
oxides with hydrogen or hydrogen donors, to hydro-
carbon mixtures and oxygenates. More particularly, this
invention is concerned with upgrading a Cs+ fraction
having an end point of 340° up to 400" F. obtained in a
known Fischer-Tropsch synthesis process, so as to ob-
tain a high yield of Cs+ gasoline of enhanced octane
and a low-pour, high diesel index fuel oil,

2. Other Prior Art

Processes for the conversion of coal and other hydro-
carbons, such as natural gas to a gaseous mixture con-
sisting essentially of hydrogen and carbon monoxide, or
of hydrogen and carbon dioxide, or of hydrogen and
carbon monoxide and carbon dioxide, are well known.
Although various processes may be employed for the
gasification, those of major importance depend either
on the partial combustion of the fuel with an oxygen-
containing gas or on a combination of these two reac-
tions. An excellent summary of the art of gas manufac-
ture, including synthesis gas, from solid and liquid fuels,
is given in “Encyclopedia of Chemical Technology”,
edited by Kirk-Othmer, Second Edition, Volume 10,
pages 353-433 (1966), Interscience Publishers, New
York; the contents of which are herein incorporated by
reference. The techniques for gasification of coal or
" other solid, liquid or gaseous fuel are not considered to
.be per se inventive here.
- It is considered desirable to effectively and more
efficiently convert synthesis gas, and thereby coal and
natural gas, to highly valued hydrocarbons such as
motor gasoline with high octane number, petrochemi-
cal feedstocks, liquefiable petrolenm fuel gas, and aro-
matic hydrocarbons. Tt is well known that synthesis gas
will undergo conversion to form reduction products of
carbon monoxides, such as hydrocarbons at from about

300° F. to about 850* F. under from about one to one-

thousand atmospheres pressure, over a fairly wide vari-
ety of catalysts. The Fischer-Tropsch process, for ex-
ample, which has been most extensively studied, pro-
duces a range of products including liquid hydrocar-
bons, a portion of which have been used as low octane
gasoline. The types of catalysts that have been studied
for this and related processes include those based on
metels or oxides of iron, cobalt, nickel, ruthemum, tho-
rium, rhodium and csmium.

The wide range of catalysts and catalyats modlﬁ -
tions disclosed in the art and an equally wide range of
conversion conditions for the reduction of carbon mon-
oxide by hydrogen provide considerable flexibility
toward obtaining selected boiling-range products.
Nonetheless, in spite of this flexibility it has not proved
possible to make such selections so as to produce liquid
hydrocarbons in the gasoline boiling range which con-
tain highly branched paraffins and substantial quantities
of aromatic hydrocarbons, both of which are required
for high quality gasoline, or to selectively produce aro-
matic hydrocarbons particularly rich in the benzene to
xylene range. A review of the status of this art is given
in “Carbon Monoxide-Hydrogen Reactions”, Encpelo-
pedia of Chemical Technology, edited by Kirk-Othmer,
Second Edition, Volume 4, pp. 446-488, Interscience
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2
Publishers, New York, the text of which is incorporated
herein by reference.

Recently, a method for upgrading the Cs+ liquid
product of a Fischer-Tropsch synthesis having an end
point from about 340°400° F. has been discovered,
which method comprises pretreating the Cs+ liquid
product by hydrogenating it in the presence of a hydro-
genation component {such as platinom or pzlladium) at
conditions of temperature and pressure so as to selec-
tively hydrogenate the diolefins contained in the Cs+
liquid product and thereafter contacting the hydroge-
nated product, at a temperature within the range of
about 575° to 850° F. and at a pressure within the range
of about atmospheric to 700 psig, with a crystailine
aluminosilicate having certain well-defined characteris-

tics. This method is described in a copending United

States patent application, Ser. No. 684,511, filed May 7,
1976, now U.S. Pat. No. 4,052,477. It should be noted
that the elevated temperatures of the step following
pretreatment are such that most or substantially all of
the hydrogenated product from the pretreatment step
will be in the gaseous phase during the second, alumino-
silicate contacting step,

SUMMARY OF THE INVENTION

- This invention is concerned with improving the prod-
uct distribution and yield of products obtained by a
Fischer-Tropsch synthesis gas conversion process. In a
particular aspect, the present invention is concerned
with upgrading the Cs400" F. liquid fraction of a syn-
thesis gas conversion operation known in the industry
as the'Sasol Synthol process.

The Sasol process, located in South Africa, and built
to convert an abuidant supply of poor quality coal and
products thereof to particularly hydrocarbons, oxygen-
ates and chemical forming components was a pioneer-
ing venture. The procéss complex developed is enor-
mous, cxpensive to operate. and may be convemently
divided or separated into (1) a synthesis gas preparation
complex from coal, (2) a Fischer-Tropsch type of syn-
thesis gas conversion in both a fixed catalyst bed opera-
tion and a fluid catalyst bed operation, (3) a product
recovery operation and (4) auxillary plant and utility
operations required in sich a complex.

The extremely diverse nature of the products ob-
tained in the combination operation of the Sasol process
amplifies the complexity of the overall process com-
plex, its product recovery arrangement and its operat-
ing economics. The Sasol synthesis operation is known
to produce a wide spectrum of products including fuel
gas, light olefins, LPG, gasoline, light and heavy fuel
oils, waxy oils and oxygenates identified as alcohols,
acetone, ketones and acids, particularly acetic and pro-
pionic acid. The C; and lower boiling components may
be reformed to carbon monoxide and hydrogen or the
C; formed hydrocarbons and methane may be com-
bined and blended for use in a fuel gas pipeline system.

In the Sasol operation, the water-soluble chemicals
are recovered as by steam stripping distillation and
separated into individual components with the formed
organic acids remaining in the water phase separately
treated. Propylene and butylene formed in the process
are converted to gasoline boiling components as by
polymerization in the presence of a phosphoric acid
catalyst and by alkylation. Propane and butane on the
other hand are used for LPG.

The present invention is concerned with i improving a
Fischer-Tropsch synthesis gas convession operation
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and is particularly directed to improving the synthetic
gasoline product selectively and quality obtained by
processing Cs-400° F. material over a special class of
crystalline zeolite represented by HZSM-5 crystalline
zeolite and related catalysts. It has been found that
improved benefits can be obtained with regard to such
processing if the pressures and temperatures of the con-
tacting zone are such that most of the charge and prod-
uct components are in the liquid phase, thereby washing
off coke precursors and minimizing the rate of catalyst
aging. A particular and unexpscted benefit of the
*‘denss phase” processing as compared to the “gaseous
phase” processes is that it yields a by-product, high
quality fuel oil, and at the same time upgrades the C;-
400° F. material to a higher octane number. Moreover,
the gas make of the method of the present invention is
less than 1 percent, as compared to the 10-15 percent
gas formation encountered in the “gaseous phase™ pro-
cesses,

Although combined oxygen in the charge is only
partially removed by the present invention, complete
oxygen removal is possible by a subsequent hydrotreat-
ment of the gasoline product over a Co/Mo/Al catalyst
at 50-300 p.s.ig., 500°-600° F., 0.2-10 LHSV, and
200-700 SCF Hy/bbl, with little or no octane loss. Fi-
nally, it is not necessary to pretreat the Cy-400" F.
charge by hydrogenating the diolefins contained
therein.

BRIEF DESCRIFTIGN OF THE DRAWINGS

FIG. 1 is a condensed, schematic, block-flow ar-
rangement of a known Fischer-Tropsch syngas conver-
sion process directed to the conversion of coal to syn-
thesis gas comprising carbon monoxide and hydrogen
and the reduction of carbon monoxide by the Fischer-
Tropsch process to form a product mixture comprising
hydrocarbon and oxygenates and the recovery of these
products for further use,

FIG. 2 is a plot of yields of Cs-400" F. gasoline,
400°-650° F. fuel oil, and 650" F.+ product versus
liquid product gravity, which plot is derived from an
example of a process incorporating the present inven-
tion.

FIG. 3 is a yield-octane plot for Cs-400° F. gasoline
produced in an example of a process incorporating the
present invention.

DESCRIPTION OF THE INVENTION

Referring now to FIG. 1, there is shown in block
flow arrangement a substantially reduced process flow
arrangement of the Sasol syngas conversion process. A
coal gasifier section 2 is provided to which pulverized
coal is introduced by conduit 4, steam by conduit 6 and
oxygen by conduit 8. The products of gasifier section 2
are then passed by conduit 10 to a gas scrubber section
12, In scrubber section 12, carbon monoxide and hydro-
gen-producing gases are separated from hydrogen sul-
fide which is removed by conduit 14, carbon dioxide
removed by conduit 16, tars and phenols removed by
conduit 18 and ammonia removed by conduit 20. The
carbon monoxide-hydrogen producing gas is passed
from section 12 by conduit 22 to a partial combustion
zone 24 supplied with steam by conduit 26 and oxygen
by conduit 28. Recycle C; fuel gas product of the com-
bination process after separation of carbon dioxide
therefrom is recycled by conduit 30 to the partial com-
bustion section 24. In the partial combustion operation
24, a suitable carbon monozxide-hydrogen rich synthesis
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4.
gas of desired ratio is.formed for use in a downstream
Fischer-Tropsch synthesis gas conversion operation.
The Sasol process operates two versions of the Fisch-
er-Tropsch process; one being a fixed catalyst bed oper-
ation and the other being & fluid catalyst bed operation.

Each of these operations use iron catalyst prepared and |
presented to obtain desired catalyst composition and -
activity, The synthesis gas prepared as above briefly .

identified is passed by conduit 32 to the Fischer-

Tropsch reaction section 36 in admixture with recycle -

gas introduced at a temperature of about 160° C. and at

an elevated pressure of about 365 psig.. The temperature .

of the synthesis gas admixed with catalyst in the fluid

operation rapidly rises by the heat liberated 50 .that the .
Fischer-Tropsch and water gas shift reactions take.
place. The products of the Fischer-Tropsch synthesis .
reaction are conveyed by condnit 38 10 a primary cool- .
ing secticn 40 wherein the temperature of the mixture is |

reduced to within the range of 280" to about 400* F. In

a primary cooling section, a separation is made which :
permits the recovery of a slurry oil and catalyst stream -
by conduit 42, and a decant oil stream by conduit 44. In :
one typical operation, the decant il stream will have an -

ASTM 95% boiling point of about 900" F. A light oil |

stream boiling below about 560" F. and lower boiling
components including oxygenates is passed by conduit :

46 to a second or final cooling and scparating section 48.
In cooling section 48, a separation is made to recover a
water phase comprising water-soluble oxygenates and

chemicals withdrawn by conduit 50, a relatively light .

hydrocarbon phase boiling below. about 560° F. with-

drawn by conduit 52 and a normally vaporous phase.

withdrawn by conduit 54. A portion :of the vaporous

phase comprising unreacted carbon monoxide and hy- -
drogen is recycled by conduit 3 to conduit 32 charging

syngas to the Fischer-Tropsch synthesis operation. In a

typical operation, abont one. volume of frésh feed is

used with two volumes of recycle gas. The hydrocar-
bons do not completely condense and an absorber ays-

tem is used for their recovery. Methane and C; hydro- -

carbons are blended with other components it a pipe-
line system or they are passed to a gas reforming. section

for recycle as feed gas in the synthesis.operation. The -

light hydrocarbon phase in conduit 52 is: then passed
through a watcr wash section 36 provided with wash

water by conduit 5§. In wash section 56, water:soluble

materials comprising oxygenates are removed and with-

drawn therefrom-by conduit 60. The water phases'in .

conduits 50 and 60 are combined and passed to a com-
plicated and expensive-to-run chemicals recovery oper-
ation 62. The washed light hydrocarbon phasc is re-
moved by conduit 64 and passed to a clay tteaicr 66

along with hydrocarbon fraction boiling below about
650" F. recovered from the decanted oil phase.in con--

duit 44 and a heavy oil product fraction recovered. as
hereinafter described. The hydrocarbon phase thus
recovered and passed to this clay treating section is

preheated to an clevated temperature of above about:

600" F. or higher before contacting the catalyst or clay
in the treater. This clay treatment isomerizes hydrocar-
bons and particularly the alpha olefins in the product,

thereby imparting a higher octane rating to these mate- -

rials. The treatment also operates to convert harmful
acids and other oxygenates retained in the hydrocarbon
phase after the water wash. The clay treated hydrocar-
bon product is passed by conduit 68 to a hydrocarbon
separation reaction:70. A portion of the hydrocarbon
vapors in conduit 34 not directly recycled to the Fisch-
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er-Tropsch conversion operation by conduit 34 is also
passed to the hydrocarbon separation reaction 70. In the
hydrocarbon separation section 70, a separation is made
to recover a fuel gas stream comprising C; hydrocar-
bons withdrawn by conduit 72. A portion of this mate-
rial is passed through a CO; scrubber 74 before recycle
by conduit 30 to the partial combustion zone 24. A
portion of the fuel gas may be withdrawn by conduit 76!
In separation section 70, a Cy olefin rich stream is recov-
ered by conduit 78 for chemical processing as desired.
A C;to C4 hydrocarbon stream rich in olefins is with-
drawn by conduit 80 and passed to catalytic polymeri-
zation in section 82. Polymerized material suitable for
blending with gasoline product is withdrawn by con-
duit 84. A Cs4 gasoline product fraction having an end
point in the range of 340° to 360° up to 400° F. is recov-
ered by conduit 86 and a light fuel oil product such as
No. 2 fuel oil is withdrawn by conduit 90 for admixture
with the decant oil fraction in conduit 44 as mentioned
above. The blend of hydrocarbons product thus formed
will boil in the range of about 400" F. to about 1000* F.
This material blend is passed to a separator section 92
wherein a separation is made to recover a fraction boil-
ing in the range of from about 400" to 650° F, with-
drawn by conduit 44 from a heavier higher boiling
waxy oil withdrawn by conduit 96.

In this relatively complicated synthesis gas conver-
sion operation and product recovery, it is not unusual to
recover a product distribution comprising 2% ethylene,
8% LPG, 70% gasoline boiling material, 3% fuel oil,
3% waxy oil and about 14% of materials defined as
Oxygenates.

This Fischer-Tropsch syathesis operation above
briefly defined and known in the industry as the Sasol

Synthol process can be significantly improved follow-

ing the concepts of this invention. It is the purpose of
the invention to substantially upgrade the Cs-340° to
400° F. gasoline fraction (i.e. the product from conduit
86 prior to blending via conduit 84) by “dense phase”
processing over a specizal type of crystalline aluminosili-
cate zeolite catalyst.

The special zeolite catalysts referred to herein utilize
members of a special class of zeolite exhibiting some
unusual properties. These zeolites induce profound
transformations of aliphatic hydrocarbons to aromatic
hydrocarbons in commercially desirable yields and are
generally highly effective in alkylation, iscmerization,
disproportioration and other reactions involving aro-
matic hydrocarbons. Although they have unusually low
alumina contents, i.e. high silica to alumina ratios, they
are very active even with silica to alumina ratios ex-
ceeding 30. This activity is surprising since catalytic
activity of zeolites is generally attributed to framework
aluminum atoms and cations associated with these alu-
minum atoms. These zeclites retain their crystallinity
for long periods in spite of the presence of steam even at
high temperatures which induce irreversible collapse of
the crystal framework of other zeolites, e.g. of the X
and A type. Furthermore, carbonaceous deposits, when
formed, may be removed by burning at higher than
usual temperatures to restore activity. In many environ-
ments, the zeolites of this class exhibit very low coke
forming capability conducive to very long times on
stream between burning regenerations.

An important characteristic of the crystal structure of
this class of zeolites is that it provides constrained ac-
cess to and egress from the intra-crystalline free space
by virtue of having a pore dimension greater than about
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5 Angstroms and pore windows of about a size such as
would be provided by 10-membered rings of oxygen
atoms. It is to be understood, of course, that these rings
are those formed by the regular disposition of the tetra-
hedra making up the anionic framework of the crystal-
line aluminosilicate, the oxygen atoms themselves being
bonded to the silicon or aluminum atoms at the centers
of the tetrahedra. Briefly, the preferred zeolites useful
as catalysts in this invention possess, in combipation: a
silica to alumina ratio of at least about 12; and a struc-
ture providing constrained access to the crystalline free
space.

The silica to alumina ratio referred to may be deter-
mined by conventional analysis. This ratio is meant to
represent, as closely as possible, the ratio in the rigid
anionic framework of the zeolite crystal and to exclude
aluminum in the binder or in cationic or other form
within the channels. Although zeolites with a silica to
alumina ratio of at least 12 are useful, it is preferred to
use zeolites having higher ratios of at least about 30.
Such zeolites, after activation, acquire an intra-crystal-
line sorption capacity for normal hexane which is
greater than that for water, i.e. they exhibit “hydropho-

- bic” properties. It is believed that this hydrophobic
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character is advantageous in the present invention.

The zeolites useful as catalysts in this invention freely
sorb normal hexane and have a pore dimension greater
than about 5 Angstroms. In addition, their structure
must provide constrained access to some larger mole-
cules. It is sometimes possible to judge from a known
crystal structure whether such constrained access ex-
ists. For example, if the only pore windows in a crystal
are formed by 8-membered rings of oxygen atoms, then
access by molecules of larger cross-section than normal
hexane is substantially excluded and the zeolite is not of
the desired type. Zeolites with windows of 10-mem-
bered rings are preferred, although excessive puckering
or pore blockage may render these zeolites substantially
ineffective. Zeolites with windows of 12-membered
rings do not generally appear to offer sufficient con-
straint to produce the advantageous conversicns de-
sired in the instant invention, although structures can be
conceived, due to pore blockage or other cause, that
may be operative.

Rather than attempt to judge from crystal structure
whether or not a zeolite possesses the necessary con-
strained access, 2 simple determination of the “con-
straint index” may be made by continuously passing a
mixture of equal weight of normal hexane and 3-methyl-
pentane over a small sample, approximately | gram or
less, of zeolite at atmospheric pressure according to the
following procedure. A sample of the zeolite, in the
form of pellets or extrudate, is crushed to a particle size
about that of coarse sand and mounted in a glass tube.
Prior to testing, the zeolite is treated with a stream of air
at 1000" F. for at least 15 minutes. The zeoliie is then
flushed with helium and the temperature adjusted be-
tween 550° F. and 950° F. to give an overall conversion
between 10% and 60%. The mixture of hydrocarbons is
passed at 1 liquid hourly space velocity (i.e. 1 volume of
liquid hydrocarbon per volume of catalyst per hour)
over the zeolite with a helium dilution to give a helium
to total hydrocarbon mole ratio of 4:1. After 20 minutes
on stream, a sample of the effluent is taken and ana-
lyzed, most conveniently by gas chromatography, to
determine the fraction remaining unchanged for each of
the two hydrocarbons.

The constraint index is calculated as follows:
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Constraint Index =

loj fraction of n-hexape ainin
log g (fraction of 3-methylpentane remaining)

The constraint index approximates the ratio of the
cracking rate constants for the two hydrocarbons, Cata-
[ysts suitable for the present invention are those which
employ a zeolite having a constraint index from 1.0 to
12.0. Constraint Index (CI) values for some typical
zeolites, including some not within the scope of this
invention are:

CAS ClL
ZSM-5 8.3
Z8M-11 8.7
ZSM-35 4.5
TMA Cffretite 37
Z5M-12 2

ZSM-33 2

Beta 0.6
ZSM4 0.5
Acid Mordenite 0.5
REY 0.4
Amorphous Silica-atumina 0.6

Erionite

The above-described Constraint Index is an impor-
tant and even critical definition of those zeolites which
are useful to catalyze the instant process. The very
nature of this parameter and the recited technique by
which it is determined, however, admit of the possibil-
ity that a given zeolite can be tested under somewhat
different conditions and thereby have different con-
straint indexes, Constraint Index seems to vary some-
what with severity of operation (conversion). There-
fore, it will be appreciated that it may be possible to so
select test conditions to establish multiple constraint
indexes for a particular given zeolite which may be both
inside and outside the above-defined range of 1 to 12.

Thus, it should be understood that the “Constraint
Index” value as used herein is an inclusive rather than
an exclusive value. That is, a zeolite when tested by any
combination of conditions within the testing definition
set forth hereinabove to have a constraint index of 1 to
12 is mtended to be included in the instant catalyst defi-
nition regardless that the same identical zeolite tested
under other defined conditions may give a constraint
index value outside of 1 to I2.

The class of zeolites defined herein is exemplified by
ZSM-5, ZSM-11, ZSM-12, ZSM-21, ZSM-35, ZSM-38
and other similar material. Recently issued U.S. Pat.
No. 3,702,886 describing and claiming ZSM-5 is incor-
porated herein by reference.

ZSM-11 is more particularly described in U.S. Pat.
Na. 3,705,979, the entire contents of which are incorpo-
rated herein by reference.

ZSM-12 is more particularly described in U.S. Pat.
No. 832,449, the entire contents of which are incorpo-
rated herein by reference. .

U.S. application Ser. No. 358,192, filed May 7, 1973,
now U.S. Pat. No. 4,016,245 the entire content of which
are incorporated herein by reference, describes a zeolite
composition and a method of making such, designated
as Z8SM-21 which’is useful in this invention.

U.S. application Ser. No. 528,061, filed Nov. 29, 1974,
the entire contents of which are incorporated herein by
reference, describes a zeolite composition including a
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8
method of making it. This composition is designated
ZSM-35 and is useful in this invention.

U.S, application Ser. No, 528,060, filed Nov. 29, 1974
and now abandoned, the cntire contents of which are
incorporated herein by reference, describes a zeolite
composition including & method of making it. This com-
position is designated ZSM-38 and is useful in :this in-
vention.

The X-ray diffraction pattern of ZSM-21 appears to
be generic to that of ZSM-35 and ZSM-38. Either or zll
of these zeolites is considered to be within the scope of
this invention.

The specific zeolites described, when prepared in the
presence of organic cations, are substsntially catalyti-
cally inactive, possibly because the intracrystailine free
space is occupied by organic caticas from the formng .
solution. They may be activated by heating in an inert
atmosphere at 1000" F. for one hour, for example, fol-
lowed by base exchange with ammonjum salis followed
by calcination at 1000° F. in air. The presence of or-
ganic cations in the forming solution may. not be abso-
lutely essential to the formation of this special type
zeolite; however, the presence of these cations does
appear to favor the formation of this special type of
zeolite. More generally, it is desirable to activate this
type zeolite by base exchange with ammoninin salts
followed by calcination in air at shout 1000° F: for from
about 15 minutes to about 24 hours.

Natural zeolites may sometimes by converted to this
type zeolite by various activation procedures and other
treatments such as base exchange, steaming, alumina
extraction and calcination, alone or in combinations.
Natural minerals which may be so treated include ferri-
erite, brewsterite, stilbite, dachiardite, epistilbite, heu-
landite and clinoptilolite. The preferred crystalline alu-
minosilicates are ZSM-5, ZSM-11, ZSM-12 and ZSM-
21, with ZSM-5 particularly preferred.

The zeolites used as catalysts in this invention should
be essentially in the hydrogen form. They may be base
exchanged or impregnated to contain a Group VII
metal for enhanced stability. It is desirable to calcine the -
zeolite after base exchange. The meial cations that may.
be present include any of the cations of the metals of
Group VIII of the periodic table,

In a preferred aspect of this invention, the zeolites
uvseful as catalysts herein are selected as those having a
crystal framework density, in the dry hydrogen form, of
not substantially below about 1.6 grams per cubic centi-
meter. It has been found that zeolites- which satisfy all
three of these criteria are most desired. Therefore, the
preferred catalysts of this invention are those compris-
ing zeolites having a constraint index as defined above
of about 1 to 12, a silica to alumina ratio of at least about
12 and a dried crystal density of not substantially less
than about 1.6 grams per cubic centimeter: The dry
density for known structures may be calculated from
the number of silicon plus aluminum atoms per 1000
cubic Angstroms, as.given, e.g. on page 19 of the article
on Zeolite Structure by W. M. Meier. This paper, the
entire contents of which are incorporated herein by
reference, is included in “Proceedings of the .Confer-
ence on Molecular Sieves, London, April 1967 pub-
lished by the Society of Chemical Industry, London,
1968. When the crystal structure is unknown, the crys-
tal framework density may be determined by classical
pyknometer technigues. For example, it may be deter-
mined by immersing the dry hydrogen form of the zeo-
lite in an organic solvent which is not sorbed by the

—_—
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crystal. It is possible that the unusual sustained activity
and stability of this class of zeolites is nssociated with its
high crystal anionic framework density of not less than
about 1.6 grams per cubic centimeter, This high density,
of course, must be associated with a relatively smail
amount of free space within the crystal, which might be
expected to result in more stable structures, This free
space, however, seems to be important as the locus of
catalytic activity.

Crystal framework densities of some typical zeolites
including some which are not within the purview of this
invention are:

Zeolite Volume Density
Ferrierite 0.28 ccfce 1.76 glce
Mordenite 28 1.7
ZSM-5, -11 29 1.79
Dachiardite 32 1.72
L 32 161
Clinoptilalite M 1.7
Laumontite M L7
ZSM-4 (Omega) .38 163
Heulandite .39 1.69
P 41 1.57
Offretite A0 1.55
Levynite 40 1.54
Erionite 35 L5
Gmelinite 44 146
Chabazite A7 145
A 5 1.3

Y A48 1.27

As has herctofore been stated, the most preferred
form of the specific, previously defined zeolites in car-
rying out the novel process of this invention is the hy-
drogen form. As acid form is well known in the art, the
hydrogen form can be made by base exchanging the
particular zeolite with hydrogen ions or ions capable of
conversion to hydrogen ions, i.c. ammonium ions.

The crystalline zeolite compositions can also be ad-
mixed with a non-acidic inorganic binder, such as alu-
mina in order to impart the desired properties to the
zeolite, sucH as increased strength and attrition resis-
tance. Quite obviously, the proportion of binder em-
ployed is not narrowly critical, and it has been found
convenient 0 use compositions where the binder is
present from about 10 to 70% and preferably 30-40%
based on the total weight of the zeolite plus binder.

By the term “dense phase™ processing, as used herein,
is meant the maintenance of most of the charge and
product in contact with the catalyst of this invention is
the liquid phase. The quantity of charge and product
present in the liquid phase is preferably greater than 90
percent of the total quantity of charge and product in
contact with the catalyst. The operating conditions of
the dense phase technique are pressures of 200 to 1000
psig, no hydrogen, temperatures of the order of 400° to
700° F. and LHSV of 0.1 to 2. As was mentioned previ-
ously, the primary purpose of the technique is to mini-
mize catalyst aging by allowing the liquid phase charge
and product to “wash off* coke precursors from the
catalyst surface. Preferred operating conditions are
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presaures of 600 to 700 psig, no hydrogen, temperatures
of 450° to 560° F. and LHSV of 0.1 to 1.0,

Since a pure gas at temperature above its critical
temperature cannot be liquefied, regardless the degree
of compression, it is essential that the temperature of
process of this invention be well below the critical point
of the mix present in the catalyst contacting zone. The
critical point of the mix represents the condition at
which the specific properties of the liquid and gas pha-
ses become identical, causing the phases to be indistin-
guishable. To indicate the range of the critical proper-
ties of the substances contained in Cs400° F. charge
and the products of the process of this invention, the
following properties of various hydrocarbons have
been selected from F. P. Rossini et al., “Selected Values
of Physical and Thermodynamic Properties of Hydro-
carbons and Related Compounds”, Carnegie Press,
Pittsburgh, Pennsylvania, 1953;

Pentene-1 M F 586 psi
n-Pentans 386'F 490 psi
n-chne 4{;' g ;40 psi
n-Heptane 512° 97 pai
n-Octane 565" F 362 %
n-Nomane 611' F 32 psi
n-Diecane 654" FG 306 psi

Critical properties for olefins greater than Cs were not
included by Rossini but may be estimated by methods
such as the one described by Gambill in Chenrical Engi-
neering, June 15, 1959, pp. 182-83; and Chemical Engi-
neering, July 13, 1959, pp. 157-160; or by Nokay in
Chemical Engineering, Feb. 23, 1959, p. 146.

The following example illustrates the best mode now
contemplated for carrying out this invention.

EXAMPLE I

A Cy400" F. liquid fraction product of Fischer-
Tropsch synthesis was passed over HZSM-5 extrudate
at 700 psig, 0.6-1 LHSV, and temperatures of 450°-560°
F. for a period of 21 days. Properties of the Cs400° F.
charge are shown in Table I. The HZSM-5 extrudate
contained 35 percent alumina binder, was sized to 30-60
mesh, and was charged to a 9/32 inches i.d. 5.8. tubing
reactor where it was pretreated with hydrogen at 900
F. for one hour. After catalyst pretreatment, the reactor
was pressured to 700 psig with nitrogen against a
groove loader, and then the Cs-400° F, charge pumped
down-flow over the catalyst bed at reaction tempera-
ture. The run was started at 450° F., under which condi-
tion all components except the Cs's were liquid. At 560°
F. the Cy+ components remain in the liquid phass, but
at temperatures above 560° F. aging rates would be
expected t0 accelerate because of the loss of the “dense
phase” condition characteristic of this invention. Analy-
sis of the Cs components concentrated in the liquid
product was accomplished by the gas chromatographic
technique, and the liquid product was fractionated in
Vigereaux column with cut points at 400° and 650° F.
Results of the Example are summarized in Table I:

TABLE I

. Time on Stream, Days Charge 7 8 14 21
Process Conditions
LHSV - 0.60 0.62 0.62 0.58
Average Temp., ' F 306 453 506 505
Properties of Total Liquid Product '
Gravity, * AP] 8.9 43.8 54.3 52.1 55.1
Qxygen, wt. % 1.6 0.7 ot — —_
Yields, wt. % of Oil Charge
C-Cy 0.1 L5 0.6 02. 0.3
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TABLE I-continued
Time gn Stream, Days Charge 7 8 14 21
Cs, total 41 25 28 12 34
Cs, olefinic 3.5 0.9 1.0 14 2.8
Cet+ 95.8 96.0 96.6 97.6 963
Cg Olefin Distribution, wt. %
ofﬁTotaE Cs Olefinic Yield .
1-Pentene 75 <1 <! 2 6
2.Methyl-1l-butene 9 17 17 15 7
3-Methyl-1-butene 6 <l <1 1 1
trans-2-Pentene 4 10 i0 16 2
cis-2-Pentens 4 4 k] 7 19
2-Methyl-2-butene 2 69 58 59 25
Properties of Liguid
Product Fraciions
C3-400° F (fasofine
wt. % of charge 100 55.2 %1 710 827
Gravity, * APY 66.0 §5.9 83.3 Bd.? 813
Qctane No. (R+0) 66.0 35.9 83.3 84.7 2.3
Oxygen, wt. % 1.6 0.8 0.8 09 09
400-650° F Fuel Oil
wt % of Charge — 352 203 26.1 17.0
Gravity, * APL — 42.6 38.0 42 0 36.3
Pour Point, * F — <=7 <65 -0 <—70
Aniline No. " F — i47.8 1313 I420 1240
Diesel Index — 63,0 30.0 59.6 454
650 F + Prodect
wt. % of Charge —_ 8.1 — 27 —
TABLE II

Gravity of the total (i.c. unfractionated} liquid prod-
uct was used to monitor conversion of the Cs-400° F,
liquid fraction from the Fischer-Tropsch synthesis to
higher boiling products and also to monitor catalyst
aging. FIG. I is a plot of yields of Cs-400" F. gasoline,
400° F.—650° F. fuel oil, and 650" F. product versus total
liquid product gravity, “APL

Another indicator of catalyst activity in the process
of this invention is the Cs olefin composition. For ¢exam-
ple, an examination of the data included in Table I indi-
cates an increase in the I-Pentene content and a corre-
sponding decrease in the 2-Methyl-2-butene content of
the product Cs olefins after 21 days on stream. From
this information, some catalyst aging may be inferred.
However, a pump failure occurred early in the run
resulting in an approximately 25 hour soak at 550"
which would be expected to deposit coke on the cata-
lyst. Nevertheless, considering the fact that the catalyst
was functioning well at 500" F. after 14 days of opera-
tion despite the experimental shortcomings, it is both
reasonable and justifiable to expect that the dense phase
process of this invention will effect at least a 1-month
catalyst cycle at the 70%+ gasoline yield level.

The yield-octane plot for Cs-400° F. gasoline prod-’

uct, shown in FIG. IIIL, shows a 12 volume percent yicld
loss to 400°-650" F. fuel oil product for the first 15
octane number increase (i.e. from 66 to 81. R.O.N.).
Little further increase beyond 85 R.O.N. (R+0) is
expected regardless of further gasoline loss and this
expectation is supporied by FIG. III. This relationship
is predictable because of the existence of residual, low-
octane paraffins, which are not reacted. Rapid isomeri-
zation of the 1-clefins, along with polymerization to the
400°-650° F. fuel oil product accounts for the rapid
initial octane gain. However, further octane gain re-
quires disappearance of the slower-pelymerizing, inter-
nal and branched olefins plus further isomerization.
Finally, the following mass spectrographic P/O/N/A
analyses of the C4-400° F. gasoline products (sec Tabie
1I) show that aromatic content increases with octane
number, but this increase can be accounted for primar-
ily by the concentration of the original aromatics in the
feed — not the formation of additional aromatic com-
pounds.
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P/O/N/A Analyses of Guolin Products

By on Strean “(E:T-ue ) Chage 1 14 3
ays on Stream n :
Paraffins, Vol. % 16 15 11
QOlefins, Vol. % — 2 8 : .
Naphthenes, Vol. % -_ 1 2 3
Aromatics, Vol. % - 7 15 23
Octane No. (R +0) 66 333 M7 "y

The properties of the 400°-650" F..fuel oil. product
are shown below in Table I1I as a function of the sever-

ity of dense phase processing.

TABLE HI:
400-650" F Product Yield. 20 16 35
Days on Sn'nm {see Table I) [ 3 14 7
Gravity, * API kLY | 4320 42.4
Boiling Range, " F (M
Distillation, ASTM Method D-2887)
10% — 421 422
0% — 510 97
0% — 613 [+l
98% —_— 1 7
Pour Point, * F <—83 <M <M
Aniline No., * F 1315 - 1420 147.8
Diesel Index 30 [+ 83

The data in Table III, particularly the low. pour.
points coupled with the high aniline numbers, indicate .
that the 400°-650* F. product is -a_highly-branched,
non-aromatic fuel. Furthermore, when the total 400*
F.4 product after 7 days on stream was, collected, iit :
was found to have s pour point of .—75* F., an aniline
number of 152.5, a gravity of 40.5 "APL, and a diesel .
index of 62. Thus, the 650° F:4 product may be in-
cluded in the 400° F. product and the resulting 400°"
F.+ fraction used as a No. 2 fuel oil. However, the 650°
F.+ product by itself is probably of limited commerical |
importance becanse of its-low viscosity index. (the 650°
F. 4 fraction after 7 days on stream had a pour point of
—20" F.,.a kinetic. viscosity at 100*'F, of 26.64 cs,.a
kinetic viscosity at 210° F. of 4.50 cs., and a wviscosity
index of 82).

What is claimed is: -

1. In a method for upgradmg a product of Fischer-
Torpsch synthesis boiling within the range of Cyto 400°
F. to gasoline and fuel oil product by contacting a crys-
talline aluminosilicate catalyst characterized by a pore -
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dimension greater than 5 Angstroms, a silica to alumina
ratio of at least 12 and a constraint index within the
range of 1 to 12, the improvement which comprises,
(a) effecting contact of said Fischer-Tropsch synthe-
sis product boiling within the range of Cs to 400* F.
maintained at least 90 percent in liquid phase with
said crystalline aluminosilicate catalyst in the ab-
sence of hydrogen at a pressure within the range of
200 to 1000 psig, maintaining the temperature dur-
ing said contact within the range of 400" to 560° F.
and a liquid hourly space velocity within the range
of G.1to 2, and '
(b) recovering a C; plus gasoline product of improved
octane and a fuel oil product from said liquid phase

upgrading operation.
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‘2, The method of claim 1 wherein the temperature is
at least 450° F. and the space velocity is below 1.0.

3. The method of claim 1 wherein the crystalline
aluminosilicate is exchanged with one of hydrogen ions
Or ammonium ions.

4. The method of claim 1 wherein the crystalline
aluminosilicate is selected from the group consisting of
ZSM-5, Z8M-11, ZSM-12, ZSM-35 and ZSM-38.

8. The method of claim 1 wherein the gasoline prod-
uct is hydrotreated in the presence of a cobali-molyb-
denum-alumina catalyst to produce a deoxygenated
gasoline product.

6. The method of claim 1 wherein the zeolite is
ZSM-5 and is composited with an inorganic oxide
binder.
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