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HIGH PRESSURE‘HYDROGFNATION OF ,CARBON MONOXIDE TO . "
PREFERENTIALLY ISOPARAFFINIC HYDROCARBONS ("ISOSYNTHESIS")

PART I

<

Introductlon

a “wariety of demands are made of a high grade gasollne,
especially- an aviation fuel, 1ncludlng primarily & certain b0111ng
range, purity, storage stablllty and low temperature stability.

In order to achieve the highest possible performance, it is also
1mportant to have good® ‘compressibility, i.e., a high ectane

ratlﬂg, a good supercharglng\curve and a high lead sen51t1v1ty

of the fuel [1].

- The highest requlrements are met by 1soparaff1nlc hydrocarbons
which have a higher compre551on strength as thelr molecular
structure becomes more compressed ‘preferably in the presence
of tertlary carbons or, even better, guaternary carbons. High
octane ratings are also obtained with aromatlcs and, as with
isoparaffins, this is largely 1ndependent of the boiling point
of the individual hydrocarbons.

Of the two antiknock type of hydrocarbons, the isoparaffins
and aromatics, fhe latter are obtained as byproducts of the
coking process and also in high-pressure hydrogenatlon of coal.
So far, Germany has lacked the necessary raw ‘material basis '“5
for productlon of - suFf1c1ent amounts of -branched 1soparaff1ns
that are of prlmary value for the combustion engine {[2].

Important startlng materlals fo» the production of high
grade aviation gasollne lnclude 1sobt.,tene and isobutane. The
former can be produced ‘by polymerlzatlon [31 followed by
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hydrogenatlon,,whlle the latter is produced by alkylation, e.q.,
with n~butene [4] to yleld thF isooctane which is in esptc1ally
high demand as an av1at10n “fuel. With the methods presently

known for producing qudld fuels on the-baSis of carbons, 1so—P4
hydrocarbons are obtalned only as subordinate byproducts. In =
high-pressure hydrogenatlon of coal according to the Bergius-I. G. .
Farbenindustrie A.G. method [6] they constitute varying amounts

of the total reaction products, dependlng on the reaction con-
ditions, but in normal pzessure synthe51s* according to Fischer-
Tropsch method [6] and 1n medium pressure synthesis according

to the Fischer-Pichler méthod [7] (scaled up to anﬁindustrial

level by Ruhrchemie A.G. [8]), they amount to about 0.5 to 1%.

Of the methods of producing isohydrocarbons, apart from a
few-organic preparative methods and polymerization of olefins,
the main ones that should be mentioned are catalytic isomeriza-
tion or crackingﬂnormal paraffins in the presence of aluminum
halides [11]. 1In addition, iscbutene which is important for
producticn of valuable engine fuels can be obtained from isobutyl
alcohol which can in turn be syntﬁesized from carbon monoxide
and hydragen on alkalized zing?%atalysts. The main product of
this process is methanol, but isobutyl alcohol constitutes
about 20-30 wti of the liquid reaction products [12].

*A comprehensive 1ﬁvestlgat10n of the hydrocarbons [illegible]
-.obtained below 100°C in normal pressure synthesis on cobalt
catalysts was conducted by H. Koch,and F. Hilberath [9]. Of the
saturated hydrocarbons, 7.5% 1sobufane\was found in the Cj
fraction by fine distillation, the’ cs—c~ fraction yielded the
main paraffins n-pentane, n- hexzhe and n-heptane, and various
hydrocarbons with single branches such as methylbutane, 2-methyl-
pentane, 3-methylpentene, 2-methylhexane-and 3-methylhexane. (-
Paraffins with multiple branches, if obtained at all, were found -
_only in traCﬂs.“ Recent studies from the local institute concerning
“the conp051t10n cf~the synthesis products will soon be reported
in detail in this journal.. Excerpts of these findings have
already been published by H. Koch [10].
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In the past Lhere has not been a process based on coal.or its
gasification prdducts whereby suitable 1sopardff1ns are_ebtained
directly as maln\products. . The following studles have grown

out of the work by F. Fischer in 1940 as part -of his research
‘into the synthesis of aromatic hydrocar@ons. The outcome“n’

a new synthesis which was given the name “"jisosynthesis". The
starting materials are carbon mqﬁoxide and hydrogen, as in the
synthesis of normal paraffins: In contrast with the known ‘
hydrocarbon synthesis process using cobalt and iron catalysts,
however, different catalysts are Trequired here, namely certaln
oxides, primarily thorlum oxide and considerably higher
‘reactron temperatkfes and pressures are necessary. Aceordingly,
the reaction propess is fundamentally different. This

synthesis was described for the first time by Franz Fischer

(6] in a lecture in 1943 titled "Survey of the syntheses from
carbon monoxide and hydrogen". ' 4¢¢ A

Lz

Experimental part— ' .

Y4 tt

1. Experimental_setup T A

The setup for carrying out the experiments consisted"éf i
the system dragrammed in Plgure 1: » ' 1

1. A 1000 atm’bompressor from the company Andreas Hofer a

2. A high-pressure storage tank for pressures up to '
1000 atm. A higE;pressure_tube from the company Krupp with an
inside diameter of 275 mm and a length of 3.5 m was used for~
this purpose. It was sealed at both ends with screw-in plugs.
At the institute workshop, a brass lining was provided to
prevent the formation of carbonyls and this brass lining also

served the purpose of providing a seal with respect to the plugs.
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3. A battery of 6 steel cylinders which were used together
with the 1000 atm storage tank at pressures below 350 atm in

N

order to increase the pressure constancy. ég
‘4. The reaction apparatus, which was a pressurized tube
lined with copper and resting in a metal block, generally an
aluminum block. &
‘5. The pressurized receiving vessel for condensation of
most of the liqdid reaction product which was kept at a

“Aemperature slightly.higher, than 31°C_({critical temperature)

to prevent f{liquefaction of the carbon dioxide.

6. A vessel containing activated carbon to remove the
remainder of the liguid reaction product and gas oil from the
end gas at normal pressure.

. The small-scale experiments in che laboratory were generally
.carried out at a gas throughput of 10-20 L/hr (based on atmos-
pheric pressure). Large% scale experiments were carried out with
gas throughputs of up to about 3000 L/hr. The amount of incoming
gas was determined by measuring the expanded end gases and the
contfaction values resulting from the change in the nitrogen
content of the starting gas and the end gas. L

Of the rcaction products which were removed from the”end
gas by cooling and with activated carbon, the composition of the
gaseous hydrocarbons was always determined by low-temperature

"distillation and the composition of the liquid hydrocarbons

was determined by the fine distillation, usually of the hydro-
genated products (see analytical section). Of characteristic
tests, the index of refraction, &ensity, etc., were determined
on the individual fractions of liguid Eydrocarbons. In addition,
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after approprlate distillation and adjustment of the vapor
pressure, the gasolines thus produred were tested in an I.G.
test engine according to the motor method to determine’ their
knock rating in a crude state and also in a hydrogenated
state, ﬁ%th and without the addition of lead tetraethyl.

2

II. General 1nformat10n about_the catalysts_in 1sosynthe51s

e e R L L e e e e e e e e e e e e e e e e e e e e ——— =

If water gas is passed through an empty unalloyed steel
tube (ihside diameter 12 mm, heated length 300 mm, throughput
20 “/hr) at a pressure of 30 atm and a temperature of 450°C,
for example, carbon monoxide and hydrogen will be converted
yleldrng mainly carbon, carbon dioxide and lower hydrocarbons,
espec1ally methane.

Table I shows the composition of the startlng gas and

.end gas of such an experlment whlch was operated for 30 days.

‘'These results show that small amounts of heavy hydrocarbons

{

and homologs:of methane were formed {(as seen sfrom.the carbon
number of the saturated hydrocarbons). In a determination of

yield, 8.5 g C3 hydrocarbons, 7.4 g C4 hydrocarbons and 2 g

.gasoline were obtained per standard cubic meter of water gas.

There is a gradual drop in gas conversion during:prolonged
operation time idTeccordance with the buildub of carbon in
the tube. = Q‘

A low-temperature distillation of the C3—C4 fractlon
yielded the boiling poirnt curve I shown in Figure 2. (The
distillation runs were carried out with the help of low-

/ . , c, s )
temperature columns constructed at the Mulheim Institute I13]).
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There was no characteristic break at the boiling'bpint if
isobutane (-11.8°C). Of the fractions that distilled over at
-10°C to 0°C, there were small amounts of_isobutene _
(extracted from the fractlon distilled ové} atb—lO°C io pec
and 0°C to +10°C by using 64% sulfuric acid [14a] and identified
with silver nitrate solution [14b]) in addition to butane and
butene. . =

When using active cafglystsﬁof the iroﬁ group of the
‘periodic system which give good yields of unbranched paraffins
at 180 to 250°C, mainly carbon and methane are obtained at
higher temperatures. Such catalysts are unsuitable for the
present studies.

When carbon monoxide and hydrogen are reacted in the
presence of a éatalyst of methanol synthesis¢;3§a reaction tube
lined with copper, for example, then small amecunts of hydro-
carbons are obtained at 400 to - 450°C in addition to produéts
which contain oxygen. Curve II in Figure 1 shows the boilingi
point curve for a C3—C4 fraction abtainedaon a copper-zinc
oxide catalyst. No formation -of mentionable amounts of,
‘isobutane was observed. A determination of xgzbutene yielded
0.2 g/m (STP) synthesis gas. o '4

Curve III corresponds to the Q —C4/~rac§10n of a hydro-
carbon mixture obtained on an aluminum ‘oxide catalyst produced
by precipitation (water gas as the synthesis gas, 150 atm,
450°C). The portion of the curveiéorresponding to the fractions
that distill over at -15°C to -5°C indicates the presence of
isobutane here. The amount, based on the rcmalnlng reactlon

products, was small even with this catalyst, hOWuver.

b
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Essentially different results are obtained when using
thorium oxide as the catalyst. Curve IV in this figure shows
that isobutanerwéth a boiling point of -11.8°C represents a
main reaction product of this synthesis. The "isos}pthesis“
method has been based on this new,finding of the special
propertics of thorium oxide as a catalyst in the reaction of
carbon monoxide and hydrogeh. It also yields branched liquid
hydrocarbons in addition to isobutane, but it yields almost
no unbranched products (in contrast with the previous synthesis
methods based on carbon monoxide and hydrogen):

A requirement for a satisfactory synthesis process was
to eliminate wall reactions which lead to undesired byproduéts.
According to the results of the experiments in Table I, unllned
tubes of ordlnary iron could not be used at high pressures,
not only for reasons of strength but also because of the’ %

- undesired reactions of carbon monoxide and hydrogen which“wogld
pccur at the surface.  'V-2-A special steel was found to be

inert with respect to the synthesis gas at pressures of up to
300 atm. Exten51ve studies of .the suxtablllty of various’

metal materials for hydrogbnatlon of carbon monoxide at 1000 atm
have been carried out by~Ziesecke [15]. : ; s

Satisfactory results were obtained also when u51ng iron
tubes lined with copper, bui® aluminum was found to be an
unsuitable matcrlarhfor the lining at High pressures, especially
above 150 atm. Alumiﬁhm\1s~dgstroyed by some of the oxygen-
containing reaction producLs JLen the synthesis’ reactlon is-

carried out at hlgh pressures and temperatures. ‘

v
< .

W\
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A variety of methods have been tested for the production
of the thorium catalysts as well as the other catalysts -
investigated. Catalysts produced by precipitation from dilute
salt solutions have proven espec1ally su1tab1e By varying
the precipitation condltlons, ‘a wide rangé/éf variation in
the catalyst is possible. <“This isvalso evident externally,
e.g., in the apparent dénsity,'which in the case of thorxrium
oxide was between 0.7 ani 2.3, depending on the type of pre-
cipitation and pretreatiient. . -

The normal thorium'cata1ysts were precipitaté& from a
solution of nitrates w1th soda by rapldly pourlng the boiling
soda ‘solution into the b0111ng nitrate solution. Forﬂexample,
when using a concentration corresponding to 240 g thofium;
‘nitrate per 2 liters of water + 2 liters of soda solution
(sk¥iaht excess of sodium carbonate) this yields a hard granular
catalyst with an apparent densiﬁy of 1.3 after washing the
precipitate until free of alkali and drying at 110°C. When
concentrated solutions are used for precipitation, catalysts
with a lower aﬁEarent density are obtained, e.g., a three-fold
concentration yields a catalyst with an apparent density of
0.76 and an earthy to soft grain. If the precipitation is
carrieq/out very slowly, e.g., over a period of one hour,
when using the concentration given for the normal catalyst,
then especially dense catalystsbare obtained with a vitreous
break (apparent den51ty 2.3). When precipitation is carried
out with sodium hydroxide ‘solution or ammonia, similar catalysts
are obtalned even when thcy are pourcd rapidly into the nitrate

solution. The apparent den51ty of the catalysts can be increased
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by subsequent 51nter1ng, e. g., the catalyst designated as
Y
the normal catalyst can be incteased from a density of 1.3 to

0

2.0 by means of .an aftertreatment in an air stream at 300°C*.

The dull hard graln is maintained in this process. .
The catalyst dried at.llO°C shrinks during “the synthesis, ™ °

so it is expedient to pacf;the largest possible amount of

catalyst into a certain space and to sinter the cetalyst

before initial ‘use of it or before packing it into the SynthESlS.

apparatus. Shrinkage of thorlum oxide at temperatures up to
300°C is a result of the release of water and carbon dioxide.
At higher temperaturesv addltlonal water that is bound by the
oxide, is released butiwithout resulting in any further sintering
of the solid substance in view 6f the high melting 901nt of
thorium oxide {3050°C\ [16] Accordlngly, tbere was no
evidence that pretreatment at higher temperatures would cause
a loss of activity of .thorium oxide. On the contrary, a thorium
catalyst pretreated at 1000°C in aiz had an especially hlgh
act1v1ty for the rea tlon of carbon monoxide and hydrogen.
But since thls catalyst had a tendency to yield somewhat *
larger quantities of methane, the catalysts were generally
treated at 360°Cf :

In view of the great 1mportance attributed to the phy51cal
nature of the catalysts as well as thelr chemical CompOSltlon,
not only with regard to the conversion -but also in determining

* aAlkali carbonates are precipitated from aqueous thorium
solutions, releasing basic carbonate salts. ThO-CO3-2H20
at 240°C yields [illegible]. This salt is converted to
4'1'h0g+ 2l120 at 360°C and 2ThO3 at even hlgher temperatures,
esp301ally above 400°C.

bt . b

Q
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the type of reaction products, comparative studles must always
be performed with catdlysts that have the same history. Many
dlfferent types of prec1p1tat10n were tested with catalysts

~ of valylng chemical com9051t10n and ‘the sLudles were always
based on the/oest results.

The llfet:me of the thorium catalyst‘was extremely long
under the 1sosyntne51s conditions. Cetalysts which were
observed to undergo . an 1ncrease in 1nternal resistance after
lengthy operating times as a result of formation of carbon
were restored to.-the orlglnal state by means of an air treat~
ment at the synth051s temperature.’ In contrast with other
oxidés, thorium ox1de can readily be regenerated with air in
view of the fact that it retains its activity when heated to*
red heat. - . _ R

Ih contrast wituﬁcatalysts of the iron group of the
periodic system, tnorlum catalysts are insensitive to sulfur
conpounds Catalysts pretreated thh hydrogen sulfide or
carbon dlsulflde ylelded normal conversion results, just as
did those prec1prtated with ammonium su1f161,

The ratio in which the two syn hesls 25 components are
consumed is generally- about 1.2 CO to 1 H 1n ‘a llnear gas
passage {no c1rculatlon) If a synthesis gas whlch has a
com9051t -on that corresponds to the conversion is used, higher -
‘gas yields will be Sbtained than when using normal water gas
"at a high gas conversion. - However; a high carbon monoxide
content more readilf leads to carbon depesits, whereas when
using gases with a.high hydrogen content there is a greater
tendency to form gascous hydrocarbons. ' .

it
'A
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Table II gives a surveyugf th; axtent to whlch various
metal ualdes (51ng1e~component catalysts) can be used as "
catalysts in the synthesis of hydrocarbons. The experiments .
on which the table.is based were carried out with water gas at
pressurés of 20 atm, ,150 atm or 300, atm at 4§0°'c.. The amount
3 (bed length 30 cm) and the )

WA - =

throughput of\gas was 10 liters of end gas per hour.

of catalyst« u sed was 25 cm

The flrfgjcolumn in the table indicates the type of
catalyst used, while the second column shows the conversion
of sarbon monoxide and hydrogen achieved at pressure of 30,
150:-and 300 atm. The third column shows the hydrocarbon content ©
in the end gas, while the fourth column shows the average
:carbon number. In addltlon, there is a qualltatlve statemeht'_
regarding Epe yield of liquid hydrocérbons, ahd finally the
general properties of the catalyst in the synthesis reaction
" are described ‘briefly.

Thorium oxide (produced as dcscrlbed above) is at the top’
.of the llSt - As shown by the TcL&thEly high carbon numbers
(2.5~-2.8) lt yields h1gh~molecular—we1ght gaseous and liquid
’ hydrocarbons.. The gaseous hydrocarbons include- 1arge amounts
.of 1sobutane.‘ ’ :

In the experlments conducted at 30 and 150 atm w1th
alumlnum oxide catalysts, the catalysts were produced by\‘
prec1p1tat10n of tbe hydrox1de of sodium aluminate with
sulfuric acid and carbon dioxide. These catalysts were found
to have a very high activity. However, they vielded mainly
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= methane (and’ carbon) in addition to small amounts of gas oil

and 1iquid products (in accordance with the lower carbon
number of the hydfocarbons of 1.4-1.5). At. 30 atm the gas

0il contained only traces of iso-C, hydrocarbons and small

quantities were obtained at 150 até. The aluminum oxide
catalyst that was used for the 300 atm expériment was pre-
01pltated from dilute aluminum nitrate solution with soda

1n “accordance with the procedure used to produce the thorium
oxide catalysts and after washing was dried in a stream of
air at 300°C. This catalyst proved to have a lower acﬁi;ity.
Considerably less methane was formed than with the, catalysts
prcduced from alumlnate, but ‘there was also little productlon
of liquid hydrocarbons - and gas oil hydrocarbons (with a low
1sobutane content) . s

The tungsten catalyst was produced from ‘sodium tungstate
by precipitation with nitric acid. It had a great tendency
_to yield methane and carbon. There was some formation of
liguid hydrocarbons: ' '

'Chrqmium was precipitated from the nitrate with soda. It
had a low activity and yielded traces of oily products..

Tltanlum and berylllum proved to be 1nact1ve.

Zirconium oxide and cerium oxide were obtained from the
nitrateg by precipitation. They ylelded liguid hydrocarbons
ahd.isoQC4 hydrocqrbons. The activity of these catalysts
was lower than that of the thorium catalysts, however. The
sltuatlon was similar with uranlum, whlch ‘was precipitated from
uranyl nitrate with hydrogen peroxlde.
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The zinc catalysts were produced by prec#@itation from
dilute nitrate solution with soda, but speciﬁ&cally in the
case of the 300 atm expétiment the %iﬁéégﬁijlysts were produccd
by pouring the nitrate solutionfinﬁg the soda solution (reverse
precipitation). Hardly anj hydrocafbons were ‘produced at 30 atm,
but somewhat larger amounts wefe produced at’ 300 atm, altheugh
it consisted mainly of metﬁane in addition to a very small h
amount bf liguid hydrocarbons..

Manganese -and magnesium*catalysts which were also produced
b?'precipitation from the nitrates yielded a small amount of
gaseous products and traces f oily products. , -

Lanthanum catalysts did not yi€éld any hydrocarbons. .
Praseodymium and neodymium also yielded extremely low conver-
sions even at 300 atm. )

Table III provides quantitiative data on the single substance
catélysts:according to Table IX which were found to be most
suitable for synthesis of higher molecular weight hydrocarbons.
These experiments Wwere conducted at a preséure of 150 atm
and a temperatﬁre of:450°c. :

With thorium dxidé as the‘catalyst, 46 vols of the carbon
monoxide-hydrogen mixture was converted, yielding 16 g
isbbutane* per m3 (STP) of gas‘used. Of the entire C4 fraction,
83% consisted of~iso-—C4 hydrocarbons. 40 g liquid hydrocarboqs
were also formed. %irconium oxide was found to be somewhat
less active, but was st;il suitable for synthesis of isohydro-'
carbons. With zirconium oxide as a catalyst, 32% of the carbon

3
1.

% The amount of iso-C4 hydrocarbons formed can be determined

. quantitatively rather rapidly by low-temperature distillation
and provided a good indication here of the general suitability
of the catalyst for producing branched aliphatic hydrocarbons.
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monoxide—hydrééén mixture was. converted and 9 g'iso-Cd'hydro-
carbons were obtained per m3 (sTP)}. Here again, 82% of the

C4 fraction consisted ?f isohydrocarbons. The next in order
of activity is cerium oxide, although it yields a considerably
lower conversion. Alumian oxide produced from sodium
aluminate proved to be extremely active with regard to the

CC~H2 conversion, but only small amounts of iso—-C, hydrocarbons

4
and liquid products were obtained with aluminum oxide.

a) Influence of reaction temperatufe

Figure 3 shows a diagram of the type of reaction products
obtained in isosynthesis at an operating pressure of 150 atm
using thorium oxide as the catalyst and normal water gas'as
the synthesis gas. The operating temperatures are listed
along the axis and the average composition of the reaction
products. is given in percentage on the ordinate.

This figure shows that the formation of alcohols is
predominant in the range below actual isosynthesis, i.e., at
temperatures below 400°C, but especially below 375°C, whereas
at temperatures above 475°C, eépecially above 500°C, formation
of undesired gaseous hydrocarboﬁs such as methane, ethane and
propane becomes predominant in the reactions. Between these
two limits is the temperature range of isosynthesis where,
for example, at 450°C (a temperature at which oxygen compounds
are formed only to a very slight extené) there was a 16%

Y

—
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conversion to Cl and C hydrocarbons, prlmarlly methane, 13%
to C, and n-C4 hydrocarbons, especially propane, 25% to
, 1so-C hydrocarbons, mainly isobutane, and 46% to liquid
products, consisting primarily of branched aliphatic hydro-
carbons pius a small amount of naphthenes and aromatics.
Table IV presents the number corresponding to Figure 3
for the experiments at 400°C and 450°C. ' '
In general, a 1'emperature near "450°C was foundé=to by best
for conducting the synthesis. The temperature limits of °
isosynthesis are deterﬁined by the catalyst, the operating
pressuﬁé'and, to a certain extent, the residence time of the

gases in the reaction space.

b.- Experiments at different pressures

Table V shows the yields obtained‘at a temperatdre of

e 430°C. and-var4c"= pressures. ' The' gas-throughpﬁt“Wéé"I0511f€r§=“'
of end gas per 28 g thorium oxzde The yields are béseﬁ’én

1 m> (STP) of CO- ~H, '

The following results were obtained:

mixture.

1 atm: at atmospherlc pressure only a very low conversion
of syntheSLS gas was achieved. 1In general, it was less than 3%
. of the starting carbon monoxide and hydrogen. No liquid
:hydrocarbons were obtained. :
. 6 atm: About 10% of the carbon monoxide and 8% of the
hydrogen were converted. In addltlon to gaseouq hydrocarbons,

small amounts of ligquid products were also obtalned

7
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30 atm: Using a w?ter gas which coo;ained carbon monoxide
and hydrogen in .a 49: 4liratio, 22% of the carbon monoxide and
21% of the hydrogen weré converted Liquid products were .
obtained in the amount of 14.4 g/m (STP), including 5. 2°g
i'so—C4 hydrocarbon;,‘5 4\g C3 + C4 hydrocarbons and 4.0 g
C-lv-i-C2 hydrocarboos. No‘dlmethjl ether was found among the
reaction products.. 92% of the C4 fraction consisted of branched
hydrocarbons, 70% of which was isobutane and 30% was isobutene.
The total yleld of liguid plus gaseous hydrocarbons was 26.1 g.

. 75 atm: 31% of the carbon monox1de and 24% of the hydrogen

were converted; yleldlng 24,4 g liguid products per m3 (STP) .

150 atm: The carbon monoxide conversion was 463%, while
the hydrogen conversion was 39%, yielding 36.3 g liquid hydro-
carbons, 16.4 g, iso-—c4 hydrocarbons, 8.3 g C3 + n—C4§hydr0carbons
and 10. 2(g_E»_+ 'c hydrocarbons. 88% of the C4 f“actlon was R
“branched” and 24% of the 1so—C hydlocarbons ‘were unsaturated
The “total y;eld of llquld and gaseous hydrocarbons was
69.0 g/m3 (sTP). Of the alcobcls, 5.0 ¢ were in the ligquid
hydrocarbons and 3.0 'g were in the reaction water. The former
" consisted 1ar§ély of isoﬁuryﬁ alcohol and those from the
aqueous layer consisted primarily of methanol

300 atm: Three of the experimen? 'at 300 atm are listed

6 was precipitated

in Table V. The catalyst in expﬁfimeﬁ
under normal. oonditions, i.e., by pour;ng a‘ boiling soda
solution into a boiling thoriuzm: nltrate so‘utlon. The catalyst
in experiment 7 was precipitated in thé cold, while that in

experiment 8 was produced by pouring the boiling thorium

\q-!
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‘nitrate solution into the bo;llng soda solutlon (ererse pre--

cipitation). The results were 51m11ar in all three cases.’
The carbon monox1de conversion was 60-65%, and the hydrogen
conversion was 49-57%. 59.7 to 61.7 g. llquad products were
obtained, with 21.5 to 25.7 g iso-C, hydrocarbons, 13.2 to
17.0 g Cy and n~-C4 hydrocarbons, 10.5 to 13.1 g Cl and cé
hydrocarbons. 84 to 90% of the c4'fraction was branched and
only 4 to 7% of the isoﬁc4 hydroca:gggf‘were unsaturated (in
accordance with the elevated pressuref\' The total ylelds of.
ligquid and raseous hydrocarbons were 96.8 to 1Q2.4 g/m (STP) .

Of the ligquid products, generally 12 to 15 ¢ consisted of

‘alcohols, some of whlchﬁwere in. the o0il (isobutyl alcohol) an¢

i
some were in the reaction- water (methanol).
- The qmpuntﬂquélcohols;dbtaineﬁ was.ndt.always“the.sameul

with different catalysts. The amount of alcohols generally P

increased with a lower activity, a lqwér apﬁérent density 'K

and a greater age of the catalyst (also, as already pointed !
out, with an increase in pressure and with a reduction in

: s
temperature) . i

600 atm: 83% of the carbon monox1de and 70% of the '\\\w
' ) ]
hydrogen were converted, yielding 53. 0 g 11qu1d products per\/m3 v

(sTP), 45.0 g 1so-C hydrocarbons + 22. 7 g Cy t n-C, hydrocarbons
and 27.9 g Cl + C2 hydroparbons. In addltlon, 5.1 g dimethyl
ether were obtained and 90% of the C4 fraction was branched:ﬁ

The 1so—C hydrocarbons consisted of 98% 1sobutane. The EBthl
yields of llquld products and gas oil hydrocarbons amounted

to 120.7 g. The oil contained 5.3 g alcohols and the: reaction

water contained 3.1.g alcohols.:




- Page 18

1000 atm: These results differ significantly from the
experiments at lower pressures. About 50 g dimethyl ether
and.60—70 g Cl + C2 hydrocarbons were formed per m3 (STP) .
The amount of liquid products obtained was 39 g, isobutane
accounted for 33 g and the Cy + n—Cé hydrocarbons constituteq
12 g.

Figure 4 shows a graph for evaluation of the experiments

—conducted at thes various pressures. This figure shows that at

\pressures between 300 and 600 atm, optimum conditions prevail

§

with regard to the productlon of liguid products and gaseous
hydrocarbons. At lower pressures, the carbon monoxide-hydrogen
conversion is relatively'low, and at higher pressures'the
formation:of methane and dimethyl ether becomes predominant

in the  reactions. Pressures of 1000 atm or more are too high
when using a thoiium oxide single-component catalyst, eﬁén
under different éemperature conditions than in the experiments
illustrated in the figqure. At such pxécsurab, temperatures
lower than 450°C lead to progre951vely greater formation of
‘dimethyl ether (at 400°C and 1000 atm, 200 g are obtained per
m3 (STP) !), while temperatures above 450°C lead to greater
production” of methane. With an 1nprease in pressure, there

is an increase in the yield achieved per unit of volume of

synthesis gas in a one-step process, but the temperature limits

"within which the formation of oxygen-containing organic compounds

is no longer a problem and the formation of methane is not yet
a problem tend to converge.

Table VI shows the total yields at various pressures

%nd the percentage distribution of reaction products in the

“d

&

L.

~
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form of liguid products, iSO*Cq'hydrocarbons, C3 + n—C4

hydrocarbons, S Cé hydrocarbons and dimethyl ether. o
The total yield increases rather uniformly with an increase

in’ pressure ﬁroﬁ 30.1 g/m> (STP) at 30 atm to 200 g/m> at

1000 atm. The percentage distribution of reaction products

was- always similar within a relatively dide ﬁ%eésﬁre range, .

however. ) i o

S

c) Influenece of pressure and reactzon tzme

The fact that the_conversion of synthesis éas and thus
the hydrocarbon yields increase with an incréase in pressure
could be interpreted as meaning that the prolbnged residence
time of the gases 1n the catalyst space, Wthh is associated
with an elevated pressure, is mahnly rcsponblble for the increase
in conversion. Two. series of ”éxperlments were conducted to
determine whether 'this is ln/éact the case or whether a higher
pressura as such is necessary for a high conversion, In the
first serles of experiments, \the residence tlme of the gas was
varied in a ratio of 1:2:4 bylreduc1ng the throughput using
a thorium oxide SLnglemcomponent catalyst and.- thi’same pressure
of 150 atm. 1In the aecnnd series of experiments, the residence
time was increased.while maintaining the same gas throughput
by increasing the operating pressure from 150 étm to 300 or
60C atm. The results of these two. series of,e#periments are

lwsummarlzed in Table VII. f

? '“ Experiments 1, 2 and 3 refer to the first' series of experi-

‘ments and 4, 5 and 6 refer to the second series of experiments.
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By reducing the amount of end gas in the first series of
experiments from 10 L/hr to 5 L/hr and then to 2.5 L/hr, ’
there was, an increase ln contraction values from 25% to 28%
..and 30%. The initial amounts calculated on this basis were.
thus 13.4 L/hr, 6.95 L/hr and 3.57 L/hr. The residence times
obtained from the average amounts of starting gas and end gas
péssing through the catalysé space per hour yielded the ratio
1:1.96;: 3 85. The corresponding carbon monoxide conversions
were 46%, 53% and 58%. In the second series of experiments
in“which the pressure was raised to increase the residence
time, all three experiments were carried out with a throughput
of 10 liters of end gas per hour. Contraction here amounted
to 29%, 37% and 51% with the corresponding initial amounts
be}ng 14.1 L/bhr, 15.9 L/hr and 20.4 L/hr. The residence “times
yielded a ratio of 1:1.7:2.9. "The ‘carbon monoxide conversion
was 46%, 65% and B3%.

A A: comparison of these experiments shows that at a constant
pressure of 150 atm, the conversion could be increased within

a certain limit by lengthening the residence time, but at
higher pressures, e.g., at 600 atm, the carbon monoxide con-
version was considerably greater than At lower pressures,
despite the shorter residence time of the gases in the catalyst
space. See, for example, experiments 3 and 6. In terms of

weight, the conversion of carbon monoxide at 600 atm was 8
times greater than that at 150 atm. The increased gas conversion
observed by increasing the synthesis pressure is thus con-

siderably greater than can be achieved by lengthenlng the
residence time of the gases in the catalyst space.
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fﬂ.Although the type of reaction products is similar within
a wide pressure range (see Table VI), worklng at low prpssures
and acccrdingly longer residence times of the synthe51s gas
“in the catalystjspaceqls no substitute for the nepeSSLty of
working, at high-synthesis pressures in order to achieve higies>
Co-H, convers%on. N i

This also corresponds to the fact (presumably based on

the qupllbrlum conditions in, a prlmary reaction) that at
atmospheric pressure there is hardly any CO—H2 conversion
even when the gas throughput is extremely low (e,g.) when the

gas throughput is reduced to 1/30th of the usual amount).

d) Performing the synthesis in stages and with circulation

.First, 2 synthesis ovens were operated in a "single stage”,
working with a normal Tho2 ‘catalyst at a pressure of 150 atm
and a temperature of 450°C. The synthesis gas contained 43.1%
carbon monoxide and 48.6% hydrogen. The hourly throughput of
synthesis gas per 28 g ThO2 over a long period of oﬁeration
was 11.4 L/hr with oven I-and 13.7 liters per hour with oven II.
The two synthesis ovens did not function completely the same.
The contraction amounted to 28% and 27%, CO conversion was
55% and 50%, and the Co~ H2 consumptlon ratios were 1.29: 1 and
1.20:1. 'The ratio of the amount of carbon dioxide formed
(in addition to the hydrocarbons) to the reaction water ’

(in moles) was 3.42:1 and 3.77:1. A comparison of these two
experiments with experiment 1 in ‘able VII shows that the
catalysts used in the experiments in Table VIIIa had a somewhat

hlgher act1v1ty. But otherwise the conditions were the same.
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In the third.expefiment in Table VIIIa, synthesis ovens I
and II were connected in series. Since the amoun£ of gas entering
oven I was not increased, the synthesis gas throughput per
28 g ThO2 dropped to 1/2, namely to 6.0 L/hr. Between:ovens
I and II, the liguefied products were separated at a synthesis
pressure of 150 atm and a temperature of -25°C. The total
contraction achieved in ovens I and II now amounted to 45%
and theﬁgo conversion was 75%. When this "two-step experiment”
is comppféd with experiment 2 in Table VII, where fhe gas
throughput per_quan{ity of catalyst was approximately the same,
it may be noted that-conversion is considerably higher in the
two-step process {(with intermediate separation of reaction
products)Athan with the one-step experiment with the same
average gas-load of the catalyst. In accordance with the
fact that the gaseous CO and H, entering the second synthesis
step no longer has a ratio of 43.1:48.6, but instead now has
a ratio of 24.7:40.9, i.e., it has a higher hydrogen content,
thf CO/H2 consumption ratio of the total m;xtupg is shifted
toward the hydrogen side and the ratio of the formation of
carbon dioxide to water is shifted toward the water side.

Table VIIIb lists the hydrocarbon yields of the two one-
step experiments and Table VIIIa gives the results of the
two-step experiment. The total yields were 72.9, 67.9, and o
111.3 g, the liguid products constituted 45.2 wt%, 49.8 wt%
and 35.6 wt%, the iso-—C4 hydrocarbons constituted 25.8 wt®, =;
27.8 wt% and 32.4 wt%. In accordance with the increased
hydrogen consumption of the two-step process, the amount of

gaseous hydrocarbons obtained in this process was aiso
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somewhat greater than in the one-step process. When the

flndlngs presented in Table VIIIb are compared with those in
Table VI, it can be seen that approximately the same total |,

'yields are achieved in the two-step synthesis process at

150 atm as in the one-step process at 300 atm with approximatéelj

‘the same average residence time of the gases in the batalyst

space. However, the throughput of synthesis gas by weight was
about twice as high per unit of time and unit of catalyst at -
300 atm as at 150 atm. ) '

In another two~step experiment conducted at 150 atm, where
a CO—richér synthesis gas (48.6% CO and 41.7% HZ) was used
and the two steps were not carried out at the same temperature
(first step 430°C, second steb 470°C), so the conversions
could be evenly distributed between both ovens,
a total of 125.7 hydrocarbons were obtained (37.6% liquid
products, 26.8% iso-C, hydrocarbons). '

In addition to the'"stepped experiments" so-called
"circulation experiments" were also carried out, where the
synthesis gases were passed repeatedly over the same catalyst
in accordance with the diagram in Figure 5, each time removing
the liquid reaction products and some of the gas oil by
cooling the éircu;atiﬁg gas to ca. -25°C under pressure. A,

substream was removed as the end gas after the condensation -

. system and a corresponding amount of fresh synthesis gas was

fed into the circuit before the synthesis oven. The amount of
gas leaving the system amounted to about 10 L/hr per 28 g
Thoz, as in the normal experiments, The pumping ratio, i.e;,
the ratio of the amount of fresh gas feed to the circulating



" Page 24

/._:

‘gas, was l:6. Tables IXa and IXb show the results of such

an experiment conducted at 30 atm as well as a comparatlve
experiment which was carried out in the same contact apparatus
w1thout pumping the synthesis cas in circulation. With a
'11near passage of the gas, tbeJcontractlon amounted to 20.5%,
CO conversion was 40% and the CO-H 2 consumption ratio was
1.14:1, but in the circulating ‘process contraction was 29%,
CO conversion was 32.4% and the CO-H, consumption ratio was
0.67:1. In other words, the CO consumption is lower .in the
circulating process and the H, consumption and degree of
ligquefaction are higher than in the normal method of carrying
out the synthesis in one stage. This corresponds to the larger
production of “reaction water" in the circulating process.
However, the aquepus phase may-still contain methanol, as
subsequent experlments lndlcated This. guestion was not
investigated at that tlme, however. The total yields of hydro-
carbons (see Table IXb) are about the same with andhwithgut
pump circulation, but the amount of liquid product is greater
with the circulation process, p0551bly due to an 1ncreased
alcohol content. Although the stepped experlments with
intermediate removal of reaction products thus offer the
possibility of extensive CO workup at moderate pressures, the
c1rculat1 ng process is an easy method of varylng the workup
ratio of carbon monoxide and hydrogen in a relatlvely wide
range. '
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In addltlonal publlcatlons to appear soon, further
catalyst developments will be discussed along with extensive

.apalytlcal tests and _engine tests of the isosynthesis products.
.l.l b . . .

1

Summary -

. "Isosynthesis," a new method of hydrocarbon synthesis,
is described. Thi's involves high-pressure hydrogenation of
cafbon monoxide at pressures of more than 30 atm, especially
between 300 and 600 atm, <and temperatures of 450°C. Thoriuamwm
oxide was found to be ,the test single-component‘catalysﬁi
Other catalysts that are suitable include Zr0,, CeO, and,
although it is far less effective, Al2 3- Gaseous and liguid

- hydrocarbons-:are formed w1th the C hydrocarbons con51st1ng .0f

80 to 90% brarch ed compounds, for example. o

If the pressures are too high (more than 600 atm) and the
temperatures are too low (less than 400°C), 51gn1f1cant amounts
of oxygen—contalnlng compounds are formed (especially methanol;
isobutanol and dimethyl ether). : = ;

At 60C atm and 450°C,” a yield of .about 15.4 g is obtained

from 1 m3 (STP) CO—H2 mixture on a Tho2 catalyst. This yield

‘consists of 34.5% liquid products, 29.3% iso—C4 hydrocarbons,

14.7% Cy and n-C4 hydrocarbons and 18.2% c, + C, hydrccarbons,
plus 3.3% dimethyl ether.

By working in several stages, the yield can be increased
significantly at moderate pressures. With a circuleting
process, the CO/H workup ratlo _.n be shifted 1argely toward
the hydrogen consumptlon s*de \

¢

it
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Pressurized apparatus for isosynthesis.'

Storage vessel

Pressurized vessel containing activated

carbon

Contact oven

Pressurized receiving vessel

Activated carbon
Gas meter
Gas outlet



Tigure 2.

Figure‘B.
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Low—-temperature distillation of C3-C4 fractions obtained
on various catalysts.

N
[

Lansry oy $ SE—————_

Isosynthesis (150 atm). Composition of the reaction
products as a function of temperature using a ThO2 single-
component catalyst.

Alcohols and other oxygen-containing compounds
Naphthenes :
Aromatics .

Liquid branched aliphatic hydrocarborns
Composition of the reaction products in %




Tigure 4.
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Influence of presaure on the aTount and type of the
reactién products of 1sosynth§51s (ThD; single-

component catalyst, 450°C). } 4
A P
Kpi; 1. Dimethyl ether &% fﬂ
2. Liquid produets :
3. Pressure 3. 4
4, Yield (g/m™)



Page 30

) fagmn ontadop
4 Lasstrstacave
A ey
[YRF
Pore quia
)_ I Tt

# Sarrvryeny

Figure 5. Pressurized apparatus for circulat.mg experiment:s.
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Key: 1. Contact oven ((
2. Pressurized recewmg ves¢el
3. Cooled pressur:.zed ..~ec°i’vmg vessel
4. Gas circulating pump o
5. -Activated carbon e

6. Gas meter -

7.. Ruffar.ves e

- 7. Ruffer:vessel... o

8. Gas inlet
9. Gas outlet



St

Page /31

< . o \_J/

™ i

A

Table I. Conversion of water zas in an empty unalloyed steel
tube (450°C, 30 atm). .
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Table II. Conversion of water pas on various single-—component
oxide catalysts at 450°C and pressures of 30, 150 and
300 atm (25 em3 catalyst, 10 L/hr of end).
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Key: 1. Catalyst
2. % converted gas at
3. % hydrocaxrbons in the end gas
4. No. of carbons o S : IR B
5. Formation of oil |
6. Comments >
1. From thorium nitrate
8. From sodium aluminate
9. From aluminum niktrate
10. Traces
11. Small amount
12. Large amount of isobutane in the gas oil, very uniform
accivity
13. Only traces of iso-C4, large amount of CH, and carbon
14. Some iso-Cy4, small amount of CH, and carbon
15. Small amount of iso-C4 (low conversion for 300 atm)
16. Large amount of methane and carbon
17. Low conversion
18. i1so-C4, very little carbon
19. Very little hydrocarbons
20. Small amount of liquid hydrocarbons
21. Little iso-C4
22. Low conversion
23. *U02 % converted gas at 75 atm: 21 .-
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Table IV.

“Keys._. 1,

1hL .properties of various catalysts
emphaSLs on the 1so-C4 hydrocarbons.
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with speclal

. 011“. gasoline in g/m3 (STP) pure gas

single-component catalyst at

* The test for "liquid reaction products"
is discussed in a separate section.
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Experiments with ThO, as catalyst at various
pressures (450°C).
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Experiment No-.,

Pressure, atm :

Catalyst ’ i

Synthesis gas CO:H»

CO conversion (%)

Ho conver51on (%)

Yields in g/m (STP) pure gas

Liquid hydrocarbons

Alcohols

In the oil

In the Hy0

Dimethyl ethexr

iso-C4 hydrocarbons in the total C4 hydrocarbons
% iso-C4llg of the total iso-C4 hydrocarbons
Liquid products + gas oil in g/m? (STP) pure gas
Precipitated cold ;
Reverse precipitation
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Table VI. Yields at various pressures of % of the total
; reaction products (450°C).

.-'l Thnck :Il“"":":::; 3 titw. % e Gesatiambenle

v 1 pcem e B e L KLY ML,

i £~ "

. W] T e | oa | owe {oas [ 0O
13 2T} M At (IX] A2 H

wat | oad | a3 ) owmd | tan | e | oo
s LA foaas e [ a | md o
g | 2 wy | Ted | no | osiA | 2

{ Key: 1. Pressure (atm) 3
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. 4, Liquid products
! 5. Dimethyl ether

Table VII. Experiments at varlous residence times of the
synthesis gas in the reaction space.
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Key: 1. No.
2, Pressure

End gas, L/hr
Contraction (%)
Starting gas, L/hr
Average residence time
CO conversion in %
Times
. * Takilng into account the deviations in pv

value at higher pressures
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Table VIIIa. Step

43.1:
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experiments (ThOp catalyst; CO:liy =
48.6, 150 atm, 450°C).
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Key:

oW

Synthesis oven

Starting gas, L/hr per 28 g ThOz
Contraction (%)

CO conversian (%)

CO:Hy consumption ratio

g/m3" (STP)

Step experiments (ThO, catalyst; CO:Hp =

Table VIIIb.

43.1:48.6; 150 atm,

450°C) .
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S

Synthesis oven
Total hydrocarbons, g/m (STP)
Portion of total yield in wt%
Liquid products
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Table IXa. Circulating experiment (ThO,; catalyst, CO:Hy =
- © 43.3:48.0, 30 atm, 475°C),
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Key: 1. Pump circulation
2. Starting gas, L/hr 28 g ThOg
3. Contraction (%) :
4. CO conversion (%)
5. [illegible] =«
6. Without
7. With

Table IXb. Circulating experiment (ThOz catalyst, CO:llp =
43.3:48.0, 30 atm; 475°C).
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