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HIGH-PRESSURE HYDROGENATION OF CARBON MONOXIDE TO ISI“:OPARAFFINIC

HYDROCARBONS ("ISO%YNTHESIS") .. PAR'I‘l II: EXPER";IMENTS«-

ON MULTICOMPONENT CATALYSTS AND REACTIONS OF DIME?i\{YL ETHER

Initially, we used only single-component catalysts, primarily
thorium oxide, for synthesis of isoparaffinic hydrocarbons
from carbon monoxide and hydrogen*, but in the following exper%—
ments we also used multicomponent catalysts, mainly for two
reasons - first, to ascertain which additives.might be suitable
for improving the catalytic activity of thorium in the desired
direction, namely toward greater prodﬁction of branched hydro-
carbons, and secondly to replace the thorium oxide either
partially 6r entirely with suitable combination catalysts
(although the activity of none of the other single-component
éatalysts could approach that of thorium oxide).

For example, to improve the yields of higher hydrocarbons
fh the .synthesis reactions on thorium catalysts, addition of
alkali was taken into consideration because it was already
_known that very small amounts of alkali can have a considerable
" influence on the conversion in synthesis processes using iron '
catalysts at a moderate pressure. Alkali suppresses hydrogena-
tion of the intermediate CH, radicals and thus inhibits formation
of undesired methane and lower homologs thereof while favoring
polymerization to long chains. Within the context of synthesis
of alcohols from carbon monoxide and hydrogen, addition of
alkali to the catalyst suppresses the formation df methanol

* See "Isosynthesis" Part I, which also includes a detailed
listing of the literature: Brenstoff-Chemie, Vol. 30, No.

13, 1949. . DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, compleleness, or usefuiness of any information, apparatus, product, or
process disclosed, or represents that its use would net infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise doecs not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any ageacy thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the -
United States Government or any agency thereof. . i
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in favor of hlgher alcohols, especxally 1sobutyl alcohol

in a similar way.

There was'also some’ lnterest 1n investigating the effects
of adding’ phosphorlc acid, since’ 1t'1s known to be capable
of coriversion of unsaturated hydrocarbons such as propene or
n~-butene to hlgher branched hydrocarbons, preferably their ¥
dimers, under certaln condltlons.

In conjunctlon with the possibility that the hydrocarbons
of isosynthesis are formed by way of intermediate alcohols by
dehydratlon, 1n which case tlhie thorium oxide would be respon-
sible for cata1y21ng not only the formation of the oxygen-
containing compounds but also their dehydratlon and further
conversion of the resulting unsaturated hydrocarbons to
saturated products with the same number of carbons or a higher
number of carbons, substances which would promote the formation
of alcoﬂol were added to thorium iﬁ one series of experiments,
and in another series of experiments substances were added
which would increase the ability of thorium oxide to release, ¢
water from alcohols. Finally, catalysts were tested which had
been produced by combining catalysts that had an alcohol-
forming effect and those which had a water-cleaving action i
(e.g., zinc oxide and aluminum oxide). ’

Furthermore, .other aspects that were ~'rxve.s:tigatec‘l-
included the effects of addlng various othe“,,ubstances on the
properties of catalysts in isosynthesis, the ‘addition of
cerium to thorium and replacement of thoriur v dissolyed
and reprecipitated monozite sand, addition o. copper, addition
of small and trace amounts of iron, addition of alkaline earth
compounds such as magnesium, a%s% manganese; etc.

N
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Many of the additives mentioned above yielded negative
results, others did not yield any significant changes in the
reaction processes and still others had an especially
favorable influénce on the reaction process in many regards.

The effects of a number of combination catalysts-aré 
discussed below, namely:

1. Thorium oxide + alkali
2. Thoriuﬁ,oxide + phosphoric acid
3. Thorium: oxide + aluminum oxide
4. Thorium?oxide + aluminum oxide + alkali

5. Thoriumioxide + zinc oxide

6. 2inc ox1de + aluminum oxide

7. Thorium oxide + zinc oxide + aluminum ox1de
- 8. Aluminum oxide + cpromlum oxide

9. Thorium oxide + chromium oxide
10. Thorium oxide + iron
11. Thorium oxide + copper

12. Thorium oxide + aluminum oxide + diatomaceous earth

1. Thorivm oxide + alkali

The thorium was precipitated by adding soda to a dilute
solution of the nitrate and the precipitate was washed on a
suction filter until free of alkali (normal catalyst). The
thorium carbonate thus obtained was suspended with water in a
dish and mixed with certain amounts of potassium carbonate
dissolved in water, then heated on a water bath and dried at
110°C and finally at 300°C. £

T
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First, comparative experiments were conducted at pressures
of 30 atm and various temperatures using catalysts with and ‘
without alkali (pgtassium carbonate contents of 0.5%) 1lg,

+ 5% and 25%). Theﬁgas throughput in all cases was lb liters;of
end gas per hour and per 28 g 'Tho,. !

Figure 1 shows.the influence of the alkali content on the
~#eonversion of synthesis gas at 450°C, 475°C and '500°C. The
three curves show that larger amounts ‘of added alkali paralyze
the activity of the Tho2 catalysts. This effect is more
evident at lower temperatures than at high temperatures. For
example, ‘the gas conversion dropped from 13% to alnost 0%
when the alkali content was increased from 1% to 5% at 450°C,
and at 475°C it dropped from 20% to 3%, but at 500°C it
dropped from only.28% to 22%. Accordingly, the yield of
reaction products was also reduced, specifically the yield
of low-b01llng products was reduced more rapidly than’ “that of
hlgher hydrocarbons.

When small amounts of alkali are added, the synthe51s
can be’® carrled out at relatively high temperatu;es {(because
of the reduction in activity of the thorium catalyst) without
extensive conversion of carbon monoxide and hydrogen to methane
under these conditions. It is then possible to work in a
temperature range in which the synthesis leedslprimarily to
cyclic hydrocarbons. Thus, with a thorium oxide catalyst
which contained 1% potassium carbonate, liquid hydrocarbons
consisting of 42% naphthenes and 8% aromatics, primerily toluene,
were obtained at 30 atm and 500°C. In addition, 3% phenils

were found.
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Table I shows'the'ﬁksulfs of an experiment in-which the
isosynthesis was carried out under favorable pressure and
temperature conditions using a thorium catalyst which contained
a small hmount of alkali that did not substantially reduce |
the conversion (0.6% K,C0, based on Thoz), plus a compgrative
experiment with a thorium catalyst that contained no alkali.

The CO conversion in botﬁ cases was 62%. The amPunt of
"fi"é;ﬁfa"" ﬁi}éi‘éé‘a‘"r‘lséﬁér‘ih Ereassd from 42 t5" e*sgg—a*s*‘—a-"r'é’s—ﬂf*
of adding the alkall, while the amount: of hlgher alcohols
(mostly 1sobuty1 alcohol) increased from 9 to 21 g/m (sTP).
At the same time, the yield of lower hydrocarbons (C,-C, )

"and methanol dropped. j}

Although large amount$ of alkall had a paralyzing effect
on the activity of the thorlum,catalyst, a small amount of
alkali tended to promote the formation of higher-molecular-

weight compounds.

2. Thorium oxide + phosphoric acid '

Thorium'andlphosphoric%acid in the form of thorium phos-~
phate are completely inactive as catalysts in hydfocarbon
synthesis (as is the case with thorium silicate and ‘thorium
borate). A powdered thorium oxide catalyst which was pro-
duced by precipitation with soda and dried at 300°C, then
impregnated with phosphoric acid (100 g Thd2 with 27 cm3 89%
H3P04, pasted in the coléd and sintered @t 250°C in a drying
cabinet), did however, turn out to e useful for conversion

of carbon monoxide and hydrogenQFo hydrocarbons.’

\
1)
ch
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Table IT shows the ‘starting gas analyeis and end gas
anaiysis for two experiments carried out with the same amount
of Tho2 at 400°C. and 150 atm. In experiment 1, the Tho
catalyst was 1mpregnated w1th phosphoric acid and in experlment
2 a normal Tho catalyst was used for comparison purposes: i'

¢

In experiment 1, contraction amounted to 19%. In addltlon
to 8.5 ¢ 1so-c hydrocarbons, 17.4 g liguid hydrocarbons were
formed per m3 (STP), whereas in experiment 2 at a ‘contraction
of 27%, 7.3 ¢ J.so—c4 hydrocarbons and 48.7 g .ligquid hydro-
carbons were obtained. The end gas analysis from experiment 1
‘ reveals a greatef tendency to formation of gaseous'hydrocarbons
with a lower number of carbons (2 5% hydrocarbons w1+h 1.3
carbons versus 0.7% hydrocarbons with 2.0 carbons) w1th a
somewhat reduced conversion in comparison with experiment 2.

Addition of phosphoric acid to the Tho2 catalyst yielded
a reduction in the co-0, conversion, in isosynthesis and a
reduction in yields of liquid hydrocarbons with, at the same
time, an increase in the production of methane.

bt

3. Thorlum oxide + alumlnum oxlde "

Three fundamentally dlfferent typea of experlments were
conducted here: )

a) The ThO ~-Al; 503 catalysts were prec1p1tated together.:

b) The A12 3 catalyst was produced separately and used
after the Tho, i

c) Thorium and dluminum were precipitated separately

catalyst.

and the freshly washed but still foist precipifates were
mixed thoroughly and dried. :



a) Mlxed catalysts precipitated together

e e e e e e e e e e e R e e e s

Experlments were conducted with 0%,ﬁ5%, 10% and 20% A1203
‘based on Th02 _

_ Productlon of a catalyst w1th 20% A1203, for example,

pe would be done as follows: a bomllng solution of 167 g soda
in 2 liters of water would bL poured slowly into a boiling
solution of 240 g thorium nitrate and 169 g aluminum nitrate
in 2 liters of water, the precipitate would be boiled briefly,
filtered, washed 15 times with 400 cm3 boiling distilled water
each time, then dried at 110°C in a drying cabinet and next
dried at 300°C in a stream of air.

The gas throughput was 10 liters of reaction gas pexr hour
and per 28 g of thorium oxide, as was the case with the A1203~Lree
catalyst. The aluminum oxide was thus used in addition. =

) Tables III and IV show the results of the following
experiments. Table III shows the results of experlments with
catalysts which contained 0%, 10% and 20% Al 37 based on Thoz,
at a synthesis pressure of 300 atm and a synthe51s temperature
of 450°cC.

: Table IV shows the results of eﬁperiments conducted under
the same conditions as in Table III, but at a temperature of
a75°C. ' : '

The results of the experiments in Table III can be
summarized as follows:

4

An increase in the amount of A1203 added does not have a
substantlal influence on the carbon monoxide conversxon, but
. it does increase the hydrogen consumption. In conjunction

with this, the yields of methane and C4 hvdrocarbons are increased



at the expense of the liguid hydrocarbons and the alcohols
dissolved thereln. With an increase in the amount of’A1203'
added, : there is also a reduction ‘in the amount of c, and C3
hydrocarbons produced, whereas the alcohols dissoLved,in the
: reaction water, consisting mostly ofﬂmethanol,'remaih§at
approximately the same level. The size of the Cy ftaciiog
of isohydrocarbons also showed no dependence on-the A1203
content’ of tlie catalyst. The numerical results of this '
series of experiments can be summarized approximately as FFL
follows: on'a normal ThO_2 catalyst containing no A1203,,42.2 g
liquid hydrocarbons, 8.6 g alcohols in oil (largely isobutyl
alecochol), 22.7 g-iso—C4 hydrocarbons aad 10.9 g-C3 hydro:
carbons were obtained in addition to 11.1 g methane’ per m3
»(STP) CO-H, m{xtura (1:1). Under conditions that were other--
‘wise the same, .but with a corresponding catalyst that oontainea
20% A12 37 only 21.0 g liquid hydrocarbons and.l.2‘g alcohols
in the oil were obtalned, but 47.2 g 1so—C4 hyarocarbons,

4.8 g Cq hydrocarbons and 26.9 g methane were obtained.

‘Table IV shows the results of experiments conducted
othe?%ise uhdqr the same conditions as those in Table III, but
at a temperature of 475°C. Here again, the amount of iso-—C4
hydrocarbons increases with an increase in the amount of
A12 3 added, and the amount of methane also” 1ncreases, while
there is a reductlon in yield of liguid hydrocarbons. The
alcohol content of the liguid hydrocarbons is lower at 475°L
than at 450°C. The maximuin yield of :Lso—C4 hydrocarbons‘was

54.8 g/m3 (STP) of CO-H, mixture (l:1) when 20% Al,O5.
. ® f’

LY
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was ,added. 92% of this iso-C4 hydrocarpon'yield consisted

of isobutane and 8% was isobutene. In accordance with the
increased proguction 0f gaseous reaction products, the‘CO—H2
consumption ratio, which was approximately 1.2:1 at 450°C, was
'now 1:1. ) ' ‘

A last serieg‘of expériments was condug}ed'with Thoz-Alzo3
catalysts that had been. precipitated together, yielding the
results presentedfin Table V. These experimehts were carried
out at a temperatﬁre of 450°C and pressures of 300, 600 and
1000 atm uiing catalysts which contained 30% A1203 based on
thorium oxide. ) ) o

With an increase in operating pressure, the carbon monoxide
conversion increased from 64% to.85%, the amount of liquid
hydrocarboné produced increased from 21 g to 27 g/m3 (STP)
of the CO—H2 mixture, and the amount of alcohols contained in
the water increased from 11.8 g to 17.5 g. The oily phase
contained only small amounts of alcohols. The main reaction
product was £Zobutane which, in addition to a small amount
of isobutene, constituted 47.2 g/m> (STP) at 300 atm, 15.7 g/m’
at 600 atm and 54.6 g/ms“at 1000 atm. In addition, 7.2 g
dimethyl ether were also formed at 600 atm, versus 22.1 g
dimethyl ether at 1000 atm. The optimum pressure conditions
with regard ﬁq/fgrmation of hydrocarbons are thus in the B
range of 300-566\étm.

u s

b) Thorium oxide and_aluminum oxide_in_two_separate

S i o i it Pl B O S Pt St (o e e

In the éxperiments summarized in section a), it was found
that larger amounts of Al,O, in the ThO, catalyst increased the
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iso—C4 hydrocérbon yields.' The question is to be investigated
now was whether this would also be the case if the aluminum
bxide_was used in a separate bed directly after the thorium
oxide bed. Both catalysts were produced by precipitation with
soda. The operating pressure was 300 atm as in the experlments
summarized in Tables III and IV, the operating temperature was
450°C and the.amounr of aluminum oxide was 20%, based on ThO,.
The results of such an experiment are summarize@ in
Table VI. When this experiment is compared with those in
Tables III and IV, it is evident that the effect of aluminum
oxide used in a bed following the thorium oxide catalyst dlfferQ—

-

considerably £rom the results when aluminum oxide is used as

a constltuent of a ThO Al bihary catalyst. The results

of the two-bed experlment correspond more to those of the

Al O -free ThO2 catalysts than those with mixed catalysts.

Thls is especially true for the formation of liquid hydrocarbons
and isobutane, but not for alcohols, which are further converted

"> on the followihg aluminum oxide bed to some extent. Nor does

this apply to the methane formed in the presence of aluminum

oxide.

c) Mixed catalysts_precipitated separately

In these experiments, the thorium was precipitatéd with
soda from the nitrate solution, but the aluminum oxide was
ob%tained by precipitation with sulfuric acid from an aluminate
solution. ‘FThe two precipitates were then combined in certain
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quant1+" Tatios after washlng, mixed thoroughly and then
dried. ‘A thorium oxide catalyst with. 20% aluminum oxide % ould
be produced as follows, for example:

240 g thorium nitrate dissolved in, 2 liters of water were
heated to the boil, then precipitated at the boiling point with
95 g soda, also dissolved in 2 litere of water; and the pre-
cipitate wa; filtered then washed 15 timescwith 400 cm3;‘
b0111ng water each time. Separately, 169 g aluminum nitrate
were dissolved 1n one liter of water and mixed while boiling
with 77 g sodium hydroxide dissolved in 500 cm3 water, - where-
upon the aluminum hydrox;de which was first precipitated would

“be dissolved again except for a slight turbidity. While still

:;boiling,‘the‘aluminum hydroxide was pfecipitated again from
the solution of sodium aluminate with 17.2 cm3 concentrated
sulfuric acid in 350 cm3ldistilled water and the precipltate
was first suspended 12 time§ with 1 liter of water each time
and then decanted, and after suctlon flltratlon washed three
more times with 400 cm boiling water each tlme 5 ~ The thorium
and aluminum precipitates were then suspended 1n hot water,
stirred together and evaporated on a water bath while stirring
constantly,“and dried first at 110°C and then at 300°C in a

-~
.

stream of air. o L

Table VII shows that such. a catalyst gives especially
high yields of isobutane and only small amounts of alcohol at
450 to 475°C and 300 atm. At 400°C, 9 g alcohol and 40 g

dimethyl ether were also ‘formed in addition to 19 g liquid
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' rhydrocarbons and 17 g 1so—C4 hydrocarbons, udt at 475°C ‘'only slight .,

amounts of alcohols were formed (0.5 g/m (sTP)) and no dlmethyl
ether, but’ 69 g 1so—C hydrocarbons and 25.9 g liquid hydrooarbons
. were obtalned. The total yvield of liquid derocarbons and gas oml
hydrocarbons in thlslexperlment was 112.7 g/m (STP) co- H2
=m1xture. The comp051tlon of the reactlon gas ln this
experlment was as follows. 37.7% C02, 0.7% heavy hydrocarbons,
0.1% 02, 18.2% -co, 17. 3% H", 12.1% hydrocarbons (C number 2.4)
., and 14.9% N, with a startlng gas which contalned 42% CO and
48% H, plus 7% N, and some CO2 -

An experlment carried out with the same catalyst at 600 atm
and 450°C yielded 56 4 g liquid hydrocarbons and 61.3 g iso-~ C4
hydrocarbons plus 6 =5 g n-C, hydrocarbons, 5.5 g Cy hydro-
carbons, 5. M g C2 hydrocarbons and 17.4 g methane plus small
amounts of alcohols per m3 (STP) Co-H, mixture used at an 82%
conver51on of carbon.: monox1de and hydrogen

d) Sumﬁary of exgeriments with Tho, —Al 504 catalvsts produced

— .- —————_-.—-——_ [=tpuipagaSaspenen

In contrast with pure algminum oxide (see part I) which -
has proven to be not very suitable for synthesis of isohydro-
carbons, aluminum oxide is especially important as an additive
to thorium oxide, éspecialiy when working toward maximum
isobutdne yields. Experiments in which 20% aluminum oxide
was ‘added to the thorium oxide yielded the best results.
Catalysts produced by separate precipitation‘of therium and
aluminum and then mixing them together thoroughly after washing

/

R
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proved to bé{superior to those in which the”%atalys;s were
produced by joint precipitation or in which they were arranged
in two successive but separate beds, especially w1th regard
to the :Lso—C4 vields. .

A summary of the most important results with Tho A1203
catalysts produced in various ways is given in Table VIII.

4. Thorium oxide + aluminum oxide + alkali
l\".

Observations in the use of ThOZ—AlZO3 catalysts when the

aluminum oxide was not completely“freed to alkali after pre-

c1p1tatlon made it seem desirable to 1nvestlgate more
thoroughly the ‘use of 'I‘ho2 A1203 -alkali catalysts. In these
experiments, the alkali was not generallv added to the freshly
precipitated thorium, but 1nstead was added to the aluminum
precipffaﬁe which had been produced from aluminate separately
"fés described above and first completely freed to alkali by
[ washlng.
“Table IX shows the results of experiments with 1% and
3% potassium carbonate, based on the aluminum oxide, and for
comparison purposes an.experiment with an alkall—free
ThO -Al O3 catalyst (3% K
to an amount of 0.6% pased on Thoz, as used in experiment 2
in Table I). The CO conversion was 73% with 0% K2CO3 and.
78% with 3% K2C03. The amount of liquid hydroc&ibons thus

2CO3 based on A12 3 corresponds

formed was approximately the same when 0% or 1% K2C03;was

added, but when larger amounts of alkali were added to the
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aluminum oxide the llquld hydrocarbon production dropped o
(from 34.1 g/m to 34.9 g/m to 24.4 g/m3 {8TP). In all cases,
glcohols were produced only in very small amounts. When 3% .
51203'was added the alcohols amounted to practiéally 0. No C4
hydrocarbons were formed, either. Formation of iso-c4 hydro-
carbons’ was favored in the presence of ‘alkali. /The amount
increased from 60.5 g/m (STP) with 0% K,Co -€6 67.4 g/m

with 1% K CO3'to 84.6 g/m with 3% K2CO3.

The reaction was especially shifted in the direction of

3

formation of iso-—c4 hydfocarbons in the presence of the alkali-~
contalnlng Tho A12 3 ‘catalyst. At the same time, larger:
amounts of lsopentane {2-methylbutane) were oH@hine§5I30 to 50%
of the ligquid reaction products), so that épproximateiy 100 g
iso-c4 hydrocarbong and iso—C5 hydrocarbons were fqrmed in
experiment 3 per m~ (STP) of the Co-H, mixture.

Table X presents a summary showing the results with the
three components thorium oxide, aluminum oxide and alkaliﬁ
The aluminum oxide was precipitated separately from éluminate

in all cases (see section on thorlum oxide + aluminum oxide).

The synthesis gas contalnedMAQ9 carbon monoxide and 41%
hydrogen. .
Aluminum oxide and similarly also alkalized aluminum

oxide yielded unsatisfactory conversions alone (experiments 1

and 2} (the gas throughput in all cases corygsponded to 10
liters of end gas per 25 cm3 catalyst per héur). In these 5
experiments, carbon monoxide conversion was 24% and 25% and

14 i;/m3 and 24-g/m3 (STP) liquid hydrocarbons and 10 g and
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2 g iso-C4 hydrocarbons were obtained. Alkali as an additive
to thorium oxide yields greater production of liquid hydxo-
carbons at the expense of the gaseous reaction products
(experiment 4). However, aluminum oxide + thorium oxide
(experiment 5) caused a reduction in yield of liquid products
and increased production of isobutane as well as methane.
Addition of alkalized aluminum hydroxide to the freshly

.v.

precipitated thorium prec1p1tate (experiment 6) gave especmally

high lso-—c4 vields (85 g/m (sTP) ) whereas a comparative
experiment (7) in which the same amount of alkali was added
to the washed thorium precipitate before adding the aluminum
oxide again resulted in an increase in the yield of liguid
hydrocarbons at the expense of the gaseous hydrocarbons.

-

5. Thorium oxide + zinc oxide

The Thoz-ino catalysts werguﬁéherally produced by combined
precipitation with soda. The type of precipitation, in par-
ticular whether the soda solution was poured iﬁto the nitrate
soiution-(normal precipitation) or whether the nitrate
solution was poured into the soda .solution {reverse pigcipi-
tation) is important for the effectiveness of these catalysts.
The reverse type of precipitation led to eséecially high
yvields of liguid hydrocarbors. -

The gas throgghﬁutfwith the ThOZonO catalyst was 10 L/hr
and end gas per 28 g thorium oxide. With ThO -free catalyst
the [1lleg1ble] 10 liters end gas/hr based on the catalyst
volume [1lleg1ble]

4
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Table XI summarizes experiments conducted with Th02—ZnO

catalysts. At the beginning of the list there is a pure ZnoO

catalyst produced by reverse precipitation which yielded

no liguid hydrocarbons nor any mentionable agounts of sio—C4
hydrocarbons at 300 atm and 450°C, but instead yielded almost
exclusively alcohols and methanes. . ¢

The last experlment listed in the table, where thorium
oxide and zinc-oxide Were used in a ratio of 3:1, gave3the
highest yields of liquid hydrocarbons, namely 78.7 g/m~ (STP)
plus 19.3 g iso-C, hydrocarbons. The catalyst used in this
experiment was produced as follows:

120 g thorium nitrate (TH(NO3)4 4H,0 ) and 74 g zinc
nitrate (Zn.(NOB)2 6H D) were dissolved in 2 liters of water
and the solution was heated to the boil. Then this solution
was poured while stirring into-a solution of 86 g sodium
carbonate dissolved in 1 liter of water which was also heated
to the boil, the precipitate was filtered under suction, washed
15 times with 400 cm3 water each time and then dried at 110°C.
The apparent density ef_this catalyst was 0.75 with a parﬁicle
size of 2-4 mm. After‘drying in a stream of airj%t 300°C
the apparent density was 1.15. ' ‘

With a second catalyst produced by the same procedure,
67.7 liqguid hydrocarbons, 9.1 g alcohols in the o0il, 3.3 g
alcohols in the water [illegiblel g iso-C4 hydrocarbons,

2.6 g n-c4 hydrocarbons, 16.3 g [illegiblel] C2 hydrocarbons
and 14.0 g methane were obtained at a CO conversion of 73%
and an H2 conversion of 69%.
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With a catalyst produced from a more dilute solution,
e.g., by dissolving 86 g soda in 2 liters of water instead of
1 liter of water, 45.3 g liquid hydrocarbons, 7.3 g alcohols
in the oil, 4.3 g alcchols in the water, 33.5 g iso-—C4 hydrb-.
carbons, 25.7 g C3 hydrocarbons and 13.4 g C2 hydrocarbons
were obtained in addition to 14.0 g methane at a CO conversion
of 77% and an H, conversion of 73%. Catalysts precipitated
from more dilute solutions yielded more gaseous hydrocarbons,
while those precipitated from more concentrated solutions
yielded more liquid hydrocarbons.

With regard to the constancy in the éatalyst activity,
it has been found that this is greater as more liguid hydro-
carbons are formed in the synthesis.

:Experiments 2-8 in Table XI indicate the influence of the
t;pe of precipitapion,'thé-co402 ratio in the synthesis gas
and the reaction temperature and pressure.

The highést vields of liquid hydrocarbons plus iso—C4
hydrocarbons (100 g) were obtained with the catalyst mentioned
above that was produced by reverse precipitation at a pressure
of 300 atm and a temperature of 450°C. The high ThO2
of the catalyst is necessary to avoid preferential production
of alcohol.

In addition to the increased tendency to form liguid

content

reaction products on the thorium catalysts that contain zinc

oxide, it should also be pointed out that these catalysts do
not have any tendency to form carbon. Their color remained
white to light gray even after lengthy operating times.
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6. Zinc oxide + aluminum oxide

0f the single-component catalféts, thorium oxide proved
to be the most effective catalyst for the synthesis of =~ .
branched hydrocarbons (see part I, Tables II and IXI).
Aluminum oxide and zinc oxide Lshbxas 51ngle—component
catalysts were useless for the purposes of 1sosynthe51s. How~
ever, these two oxides 3roved to be suitable addltlves to
t+horium oxide to increase its efficacy - in the former case,
in.the direction of increased production of gaseous hydro-
carbons (namely, isobutane) while in the second case, by
indreasing production of liquid hydroc&ibons.

In the search for a possibility of replacing thorium,
it was found that a two-component catalyst consisting of
aluminum oxide and zinc oxide is capable of catalyzing the
synthesis of higher hydrocarbons zs well as isobutane. - A
zinc oxide-aluminum oxide which contained zinc oxide and
aluminum oxide in a l:1 molar ratio, for example, would be.
produced as follows:

A boiling solution of 117°g Na,CO4 in 2 liters of water
was poured while stirring (with an agitator) into 187.5 g
Al(N03)3 9H 20 + 74.5 g Zn(NO3)3 6H20 dissolved in 2 liters of
boiling water. The entlre mixture was boiled- agaln,

.';

flltered under suction and washed on the fllter 13 tlmEa “with

.400 cm "boiling water each time. The precipitate was flrst

dried at 110°C and then aftertreated for 3 hours in a stream
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of air at 300°C. The final weight was 48 g with an apparent
density of 0.84 and a particle size of 2-4 mm.

The hourly gas throughput, which was generally 10 L/hr
and end gas per 28 g Tho2 in the case of the catalysts
containing Thoz, was based on the catalyst volume in the case
of the Thoz—fgee catalyst. It then amounted to 10 L/hr of end
gas per 25 cm™ catalyst.

Table XII lists the results of 5 experiments with ZnO-A1203
_catalysts, specifically 3 experiments carried out at 150 atm
with a synthesis gas con51st1ng of 49% CO and 41% H H, and
2 experiments carried out at 300 atm with a synthesis gas
containing carbon monoxide and hydrogen in a 41:49 ratio.

High pressures led to high Co-H, conversions. As experiments
4 and 5 show, however, it is necessary to work with catalysts
which contain a large amount of A1203 to prevent preferential
formation of alcohols. Moreover, as in the case of the ThO2
catalyst, the tendency to form alcohols is greater at low
temperatures than at high temperatures (experlments 1 and 2).

A good conversion was achieved in GLPELﬂHEnt 5, where the
catalyst contained 44% ZnO and 56% A1203, in a reaction at
300 atm and 450°C that yielded 34.5 liquid hydrocarbons, 20.4 g
iso-—C4 hydrocarbonsf'S.S g residual gas oil, 9.4 g C2 hydro-
carbons and 19.2 g methane per m3 (sTP) of the CO-H, mixture.,
"As in the experiments with Tho2 catalyst, here again, production
of dimethyl ether was evident. .

The yields in experiments 4 and 5 could be 1ncreased even
further when using a synthesis gas which contained the two
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components in the ratio in which they'were consumed. The

.

4

Zno-al 03 catalyst thus gave yields in g/m (STP) which
approached those obtalned on single-componrent Tho2 catalysts.
With regard to the space-tlme yvields, the ThoO -contalnlng
catalysts were far superior, however. Thus,* w1th a Tho A1203
catalyst (5:1) a throughput of 600 liters of synthe51s gas
per 1000 cm? catalyst volume per hour was achieved and 380
liters of carbon monoxide and hydrogen were converted and 30 g
liguid hydrocarbons plus gas oil were formed, whereas with
the ZnO—A1203 catalyst (Table XII, experimgnt 5) a throughput
of 340 liters of synthesis gas per 1000 cm™ catalyst volume
and a conversion of 173 liters of carbon monoxide and hydrogen

and production of 11.6 g liguid hydrocarbons plus gas oil

were obtained.

A comparison of experiments 2 and 3 (150 atm) shows that
a reduction in the hourly gas throughput to one-half leads
to an increase in yields. However, such a procedure results
in a further worsening of the space—tiﬁe yvields.

Following the ThO A1203 experiments, Zn0O-Al,0, catalysts

were also produced by separate precipitation of t§e3components
and then mixing the freshly precipitated and washed precipi-
Eates. The apparent density of such a catalyst was low,
however. A catalyst consisting of 1 mole ZnO and 1 mole Al 3
had an apparent density of 0.32 (instead of 0.84) when produced
in this way (both components precipitated with soda). When
using such catalysts, the space-time yield would be reduced

considerably.



Page 21

When zinc ox1de and aluminum oxlde were used not as
mixed catalysts but in two separate successive beds, in which
case the:aluminum oxide came after the zinc oxide, the effect
was_completely different from that achieved with the combination
catalyst (similar to the results obtained.with a ThOZ—A1203
catalyst). Thus, as with a pure ZnO catalyst, the main hydro-
carbon formed was only methane.

7. Thorium oxide + zinc oxide + aluminum oxide

Thorium and zinc were precipitated together from the
nitrates, aluminum was precipitated from aluminate and- the
two precipitates were stirred together in various guantity
ratios while wet and then dried. The .synthesis reaction was
carried out at a pressure of 300 atm and a synthesis tempera-
ture of 450°C. ’

. A catalyst that contalned Thoz, ZnO and A%203 in a ratio

of 2:1:0.4 yielded the following results per m~ (STP) of the
Co-H, mixture (synthesis gas with 51% CO and %9% HZ:

59.2 g liguid hydrocarbons, 31.7 g iso-C I"‘11_\;droc:arbons{.
4.6 g n—C hydrocarbons, 15.4 g C hydrocarbons, lO 0 g C
hydrocarbons, 8.4 g methane, 6.6 g alcohols in the: 011, 3. 3 g
alcohols in the water. ' “, '

These results are similar to those obtalned on A1203 free
Th02~ZnO catalyst. 1In comparison with the uno-flee catalyst,
there is an increased tendency to form alcohols.

e
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8. Aluminum oxide + chromium oxide -

An aliminum oxide-chromium oxide catalyst was tested to

determine its effectiveness at 30 atm and temperatures up to
500°C. The temperature could be increased up to 500°C owing
to _the felaéively-low activity of the catalyst. The absolute
vields of liquid hydrocarbons in this experiment were Iow,
amounting to 5 to 10 g/m3'of synthesis gas. Nevertheless,
one expg;imen;,gg;;ied out with such a gatalyst should be
pointedfout. In this experiment, the liguid hydrocarbons con-'
sisted almost exclusively of aromatics (in contrast with the
ligquid reaction products obtained on other catalysts; the
composition of these products will beﬂdiscuésed in detail in
Part III of thfs study) . '

- The refractive index of the total product obtained on
A1203—Cr203 was ngo = 1.48~1.50. Figure'Z shows a boiling
point analysis thereof. The boiling point curve shows the
breaks characteristic of beﬁzene, toluene, xylene and an
indication of also mesitylene. The individual fractions had
the following refractive indexes: fraction up to 79°C

n§°= 1.4000, 79-83°C fraction n2® = 1.4795, 83-109°C fraction

D
ngo = 1.4619, 10%-113°C fraction néo = 14929, 113-137°C
fraction ngo = 1.489, 1.37-1.47°C fraction ngp = 1.4960,
fraction above 147°C ngo = 1.4994.

The catalysts used here contain not only aluminum oxide
but also 10% chromium oxide. Similar results, were also obtained
with various other catalysts such as those based on aluminum
oxide-molybdenum oxide. '
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2. Thorium oxide + chromium oxide

éhe combination of thorium oxide + chromium oxide was
also investigated. The cataljst was produced by combined
precipitation with soda from thf nitrates and subsequent drying
at 110°C followed by drying at 300°C. The process was carried
out at :300 atm and 450°C (isosynthesis). The starting gas
contained 51.6% carbon monoxide and.39.4% hydrogen.

The féllowing results were obtained per m3 (sTP) of the
CO-H2 mixture with a 69% conversion and a 64% H, cqﬁveréion:

46.8 g liquid hydrocarbons, 34.2 g iso—-C4 hydrocarbons,
3.0 g n—C4_hydroca;bons, 18.3 ¢ Cy hydrocarbons, 11.2 g C2
hydrocarbons, 11.9 & methane, 6.8 g alcohols in the o;l, 2.0 g
alcohols in the water.
- In comparison®with chromium-free ThO2 catalysts, the
isobutane yields were ‘higher but nevertheless substantially
lower than the yields obtained on ThO Al catalysts. in
comparison with them, there is a greater tendency with the
catalyst that contains chromium to produce liguid hydrocarbons

with a relatively high alcohol content (12.7%).

310. Thorium + iron

As evident from Section 11 in Part I of this study, iron
is unsuitable for use as a catalyst‘in this synthesis reaction.
At low temperatures, it catalyzes the production of essentially
linear hydrocarbons, whereas under the temperature and pressure
conditions of isosynthesis it essedtialiy causes production
of methane and carbon.
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In the experiments described below, the effects of adding
small amounts of Fe to thorium oxide were investigatgd, as
such small amounts could easily enter the catalystfﬂ; some
way. Thorium and iron were precipitated together withisoda
for this experiment and otherwise trezted as a normal Thoé

catalyst.

Table XIII presents the results ofﬁéxperiments with such
¢catalysts. With ah increase in the iron content from 0% to
1.2%, the yields of liquid kydrocarbons dropped from 42.2 g/m3
teo 18.5 g7m3 (STP) CO + H, and the yields of alcoHol dropped
from 19.3 g to 9.6 g. The amount of','-_,C3 and C4 hydrocarbons
remained the same while the amount of Cl and C2 hydrocarbons
(mainly methane) increased from 15.3 g to 68.0 g.

Even a very small iron content in the catalyst is thus
harmful for the conversion. It is thus expedient to take
measures to assure that iron carbonyls which would decompose
on the catalyst at the temperature conditions of isosynthesis
cannot be carried into the catalyst sbace with the synthesis

- .gas, e.g., by passing it first through an autoclaveafilled

Y

with activated cgrbon.

11. Thorium oxide + copper

The effect of copper was investigated for various
reasons - first, because it is the material used to line the
reaction tubes, but also because it has a positive influence )
on the activity of iron catalysts in hydrocarbon synﬁﬁ?sis and
“the catalysts in methanol synthesis. Finally, it waé;%héught
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that adﬁltlon of copper could have a hvdrogenatlng and thus
stablllzlng effnct on the unsaturated prlmary products.

Thp coPper ‘lining of ;the reaction tubes remained 1nact1ve
inf;he synthesms reaction as dermonstrated previously {Part I,
Secfion 11). s

Experiments in which 1/4% copper was added to ‘thorium
oxide and the reaction was carried out at 75 atm and tempera=-
'tures of . 450 and 475°C d4id not yleld any substantlally
dlfferent results from those obtained with a. copper-free
catalyst. Catalysts containing thorium oxide and copper in
a 1:1 ratio (38 atm, 450 and 475°C) yielded hydrocarbon mixtures
w1th lower .carbon numbers and an increased to form agueous
reaction producus and carbon. é

12. Thorium oxide + aluminum oxide. + diatomaceous earth

ThO2 -Al 203 catalysts were especially favorable as discussed
in the preceding sections. The -effect of diatomaceous earth
was therefore tested in combination with thorium oxide plus
. aluminum oxide at 300 atm. The catalyst contained 20% aluminum
oxide and 10% diatomaceous earth based on the thorium oxide.

It was produced by separate precipitation of thorium and
aluminum and then adding diatomaceous earth into the mixture
of combined precipitates while still moist. Such a catalyst
has an extremely ﬁigh tendency to form methane, so for this
reason it was impossiblé to work at the reaction temperatﬁ}e
of 450°C which was othérwise customary for the catalyst
which did not contain any diatomaceous earth. At 425°C and
a throughput of 10 L/hr of ‘end gas ﬁer 28 g thorium oxide,’
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the CO conversion was 56% and the H, conversion was 57%
starting gas 51% CO plus 39% HZ). The following yeilds~were
obtained per m CO—H2 mixture: 24.§ g liquid hydrocarbons,
17.6 g‘iso—c4 hydrocarbons, 8.6 g n-C4 hydrocarbons, 5.4 g

"C3 hydrocarbons, 6.4'g C2 hydrocarbons, 42.7 g methane, 0.30 g-
alcohcls in the o0il, 3.0 g alcohols in the water. )

These experimental findings show not only the large
prpdﬁction of methane at 425°C, but also increaséa producticn
of n-C, hydrocarbons in comparison with the catalysts that
contained no diatomaceous earth [n—C4 hydrocarbons constituting

1/3 of the total C

4 hydrocarbons) .

{Conclusion. to follow)

=
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'iFigure 1. Influence of the alkali content of the ThO,

catalyst on the CO—H2 conversion at 30 atm.
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Z

4

+ 10% Cr catalyst (30 atm, 500°C).
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Table I. Synthesis on a weakly alkalized ThO, catalyst (0.6%
: K9CO3, 300 atm, 450°C, 10 L/hr of end gas per 28 g

ThO,) .
2
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Key:= 1. CO conversion (%) v
. 2. Yield in g/m> (STP) CO-Hy mixture
3. Liquid hydrocarbons
4, Alcohols
5. In the oil

6. In the HZO
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Influence of phosphoric acid on the catalytic
properties of a ThO2 catalyst (400°C, 150 atm).
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Key: 1. No.
2. Catalyst
3. Heavy hydrocarbons
4. Hydrocarbons
5. No. of carbons
6. With
7. Without
8. Starting gas
9. End gas
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Table ITI. ThO, + various Al»03 additives (300 atm, CO:H
= 45:45), 450°C.

Key:

Page 30

2

- Umaty 2 A'h;-":n& c Nemn U134, ficoisth I l._ e, .;‘ LEAL®] M, fowd,
5 il v & Ua'vl
Alt), C-:ﬁ !l' K""S' TR T oAU 15, |D-Q 3] Co G i (kl_{: G;'lo:".x. :;'r N:l:m
o |a|lajex] w2y [ma]|azfwe] 2] vi| 7w 0 132
{3 > 3.1 33 12,6 n H i-X 39 27 F 132 L1 117} 1Y A
0 6 ar i 12 3 118 4123 L0 }-48 22 ne ! ] 4 v,

1. Conversion 3
2. Yield in g/m” (STP) CO-H; mixture

Liquid hydrocarbons
Alcohols
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* Liquid products in the gas oil in g/m3 -(STP)



Table VI.

Key:

Page 31

ThOp + various Alp03 additives (300 atm, CO:H, =
45:45), 475°C.
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ThOy + 20% Al,O3 at 450°C and various pfessures (CO:ﬁz
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10. Liquid products plus gas oil in g/m3 (STP)
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Table VI. ThOy + Al,05 in two beds. 300 atm, 450°C (CO:Hp =
45:45),
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Key: 1. Conversion
2, Yield in g/m3 (STP)' CO-Hy mixture
3. Liquid hydrocarbons
4. Alcohols in the oils N
6. In HpO %
7., % iso-C4 hydrocarbons in the total Cg4 hydrocarbons
8. % iso-CiHg in the total iso-Cy4 hydrgcarbons
9. Liquid products plus gas oil in g/m~ (STP)
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Table VII. ThOp -+ 20% 41303 (produced separately from aluminate)
at various pressures and temperatures (CO:Hp = 49:41).
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Table VIII. &Epmmary comparison: of a ThO
experiment (300 atm).
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Experiments with catalysts containing various amounts
of KyC03 in addition to ThO; + 20% Al,03 (300 atm,
450°C).
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2. Conversion ;

3. Yields in g/m” (STP) CO-Hp mixture

4. Liquid hydrocarbons

5. Alcohols

6. In the oil

7. In the Hy0 :

8. % iso—C4 hydrocarbons in the total €4 hydrocarboens

9. 7% CgHg in the total Cy hydrocarbons

10. Liquid carbons + gas oil in g/m® (STP)
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Table X.. Catalytic effect of ThOj, Alp03 and alkali
{450°C, 300 atm).
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‘Table XI. Ekperiments with ThOZ-Zno catalysts.
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Key: 1. No.
2. Catalyst.
3. Composition (in %)
4.  Type of precipitation
5. Apparent density
6. Synthesis conditions
7. Pressure in atm
8. End gas L/hx/28 g ThO,
8. Temperature, °C
10. CO conversion in %
" 11. Hy conversion im %
12. Yield in g/m3 (STP) CO-Hp mixture
es. 13+ Liquid hydrocarbons
14. Alcohols .
15, 1In the oil
16. In the water
17. 1Iso-C; hydrocarbons )
18, 7 iso-C4 hydrocarbons in the total C4 hydrocarbons
) 19. % iso-ChHg in the total iso-C4 hydrocarbons
20. Liquid products + gas oil in g/m3 (STP) CO-H, mixture
21. Reverse ' : :
22. Normal
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Table XII. Experiments with Zn0-Al,0, catalysts.
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1. No.

2. Catalyst

3. Zn0 (wtZ)

4._, A1203 (Wty)

5. Pressure in atm *

6. Liters of final gas per hout*

7. Conversgion 3 /

8. Yleldsbln g/m~ (STP) CO—H2 mixture

9. Liquid hydrocarbons

10. Alochols

11. In the oil

12. In the Hy0

13. % iso-C; hydrocarbons in the total C; hydrocarbons

14. % iso-CzHg in the total iso-C, hydrocarbons

15, Liquid hydrocarbons + gds oil in g/m (STP)

&
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Table XIII. Th0, + Fe catalyst at 300 atm and 450°C.

Key:

1.
2.
3.
4.

. 5.

7.
8.
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. mome9

.

Y

No.

Catalyst 3 '
Yield in g/m” (STP) CO-Hy mixture
Liquid hydrocarbons

Alcéhols

In the o0il

In the water

ThO2 without additives

Almost pure methane
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