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HIGH PRESSURE#HYDROGENATION OF •CARBON MONOXIDE TO 
,',,. 

PRE'FERENTIALLY ISOPARA~FINIC •HYDROCARBONS ("ISOSYNTHESIS") 

P A R T  I 

Introduction 

A'~ariety of demands are made of a high grade gasoline, 

especially-an aviation fuel, incl~ding primarily ~ certain boiling 

range, purity, storage stability and low temperature~stability. 

In order to achieve the highest possible performance, .it is also 

important to have good'c~mpressibility, i.e., a high octane 

rat~hg, a good superchargin~curve and a high lead sensitivity 

of the fuel [I] 

- The highest requirements are met by isoparaffinic hydrocarbons 

which have a higher compression strength as their molecular 

structure becomes more compressed, preferably in the presence 

of tertiary carbons or, even better, quaternary carbons. High 

octane ratings are also obta'ined with aromatics and, as with 

isopaZaffins, t~is ~is largely independent of the boiling point 

of the individual hydrocarbons. 

Of the two'antiknock type of hydrocarbons, the isoparaffins 

and aromatics, the latter are obtained as byproducts of the 

coking process and also in high-pressure hydrogenation of coal. 

So far, Germany has lacked ~he necessary raw'material basis ~:~ 

for production of'sufficient amounts of.branched isoparaffins 

that are of primary ~alueSfor t~e combustion engine [2]. 

Important star~ting materi'als fo~ the production of high 

grade aviation g~s'olinefinclude.~i~b~ten ~ and isobutane. The 

former can be produced~by polymer'iza£ion [3] followed by 
2 

% 
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hydrogenation, ~while t~e latter is produced by alkylation, e.g., 
iI~ /" • :i with n-butene [4] to y id th~ isooctane which is in especially: 

high demand as an aviat~on ~ue±. With the methods presently 

known for producing iiquid fuels on the basis of carbons, iso-C4 

hydrocarbons are obtainei~ only as subordinate byproducts. In 

high-pressure hydrogenation Of coal according to the Bergius-I. G. 

Farbenindustrie A.G. meti~od [6] they constitute varying amounts 
I 

of the total reaction pr~ducts, depending on the reaction con- 

ditions, but In normal Pressure synthesis* according to Fischer- 

Tropsch method [6] and in medium pressure synthesis according 

to the Fischer-Pichler method [7] (scaled up to an.industrial 

level by Ruhrchemie A.G. [8]), they amount to abo!l~5 0.5 to i%. 

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 cracking<'normal paraffins in the presence of aluminum 

halides [ii]. In addition, isobut~ne which is important for 

production of valuable engine fuels can be obtained from isobutyl 

alcohol which can in turn be synthesized from carbon monoxide 

and hydrogen on alkalized zln~catalysts. The main product of 

this process is methanol, but isobutyl alcohol constitutes 

about 20-30 wt% of the liquid reaction products [12]. 
r 

• A comprehensive investigation of the hydrocarbons [illegible] 
....... obtained below 10O°C in normal pressure synthesis on cobalt 

catalysts was conducted by H. Koch~?ihd F. Hilberath [9]. Of the 
saturated hydrocarbons, 7.5% isobu~an~was.found in the C 4 
fraction by fine distillation, the C5-C ? fractzon yielded the 
maln parafflns n-pentane, n-heroine and n-heptane, and various 
hydrocarbons with single branches such as methylbutane, 2-methyl- 
pentane,~3-methylpentene, 2-methylhexane'and 3-methylhexane. 
Paraffins with mg~itiple branches, if obtained at all, were found 

_only in traces. ~'" Recent studies from the local institute concerning 
........ the composition ef=%he 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 'there has not been a-proces~ based on coaA. or its 

gasification products whereby suitable isop~ffins are~gbtained 

directly as miin,bproducts. ~The following studies have grown 

out of the work by F Fischer in 1940 as part--of his/. "~ research 

into the synthesis of aromatic hydrocarbons. The outcome~s 

a new synthesis which was give n the name "isosynthesis" ~ • "The 

starting materials are carbon monoxide and hydrogen, as in the 

synthesis of normal paz:affins~ In contrast with the known 

hydrocarbon synthesis process using cobalt and iron catalysts, 

however, differen~ catalysts are ~equired here, namely certain 

oxides primarily thorium oxid~ and considerably higher 
• :; .. 

reaction temperatL~es and pressures are necessary. Accordingly• 

the reaction proceeds is fundamentally different. This 

synthesis was descrlbed for the first time by Franz Fischer 

[6] in a lecture in 1943 titled "Survey of the syntheses from 

carbon monoxide and hydrogen",: .~/ 

Experimental part~ 

i. Experimental setu~ ~, 

The setup for carrying out the experiments consisted•'of 

the system diagrammed in Figure i: 

i. A i000 atm~hompressor from the company Andreas Hofer 

2. A high-pressure storage tank for pressures up to 

i000 atm. A hig~pressure tube from the company Krupp with an 

inside diameter of 275 mm and a length of 3.5 m was used forO 

this purpose. It was sealed at both ends with screw-in plugs. 

At the institute workshop:, a brass lining was provided to 

~revent 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 1060 atm storage tank at pressures below 350 atm in 

order to increase the pressure constancy. ~i 

~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 liquid reaction product which was kept at a 

~/~i ~ :ten}~atur~ s! ig h t!y~ h ighe r.~ %han _3_I~C _i_(~it_~i~al~_~em~a tu re) ~ ......... 
to preventi~liquefaction of the carbon dioxide. 

6. A vessel containing activated carbon to remove the 

remainder of the liquid reaction product and gas oil from the 

end gas at normal pressure. 

The small-scale experiments in the laboratory were generally 

:carried out at a gas throughput of 10-20 L/hr (based on atmos, 

pheric pressure). Larger 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 

contraction values resulting from the change in the nitrogen 

content of the starting gas and the end gas. .~;: 

Of the reaction products which were removed from th~:'end 

gas by cooling and with activated carbon, the composition of the 

gaseous hydrocarbons was always determined by iow-temperature 

distillation and the composition of the liquid hydrocarbons 

was determined by the fine distillation, usually of the hydro- 

genatei products (see analytical section). Of characteristic 

tests, the index of refraction, density, etc., were determined 

on the individual fractions of liquid hydrocarbons. In addition, 
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after appropriate distillation and adjustment of the vapor 

pressure, the gasolines thus ~ produced were tested In an I.G. 

test engine according to the motor m~thod to determine their 
% 

knock rating in a crude state and also in a hydrogenated 

state, ~ith and without the addit.ion of lead tetraethyl. 

II. General information about the catalysts in isosynthesis 

If w~ter gas is passed through an empty unalloyed s£eel 

tube (Jn%sade diameter 12 mm, heaked length 300 nun,. throughput 

20 ~/hr) at a pressure of 30 atm and a temperature of 450°C, 

for example, carbon monoxide and hydrogen will be converted, 

yielding mainly carbon, carbon dioxide and lower hydrocarbons, 

especially methane. 

Table I ° shows the composition of the starting gas and 

end gas of such an experiment which was operated for 30 days. 
• %) 

These results show that small amounts of heavy hydrocarbons 

and homologs:of methane were formed (as seen~from~the carbon 

number of the saturated hydrocarbons). In a determination of 

yield, 8.5 g C 3 hy~rocarbons, 7.4 ~g C 4 hydrocarbons and 2 g 

~gasoline were obtained per standard cubic meter of water g~s. 

There is a gradual drop in gas conversion during:prolonged 

operation time in accordance with the buildup of carbon in 

the tube. = % 

A low-temperature" distillation of the C3-C4 fraction 
yielded the boiling poi~ curve I shown in Figure 2. (The =~ 

distillation runs were carried out with the help of low- : 
# 

temperature columns constructed at the M~lheim Ins%i£ute [13i). 
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There was no characteristic break at the boiling'p~int if 

isobutane (-ii.8°C). Of the fractions that distilled over at 

-10°C to 0°C, there were small amounts of isobutene 

(extracted from the fract~lon distilled ove~ at -10°C to 0°C 

and 0°C to +10°C by using 64% sulfuric acid [l~a] and identified 

with silver nitrate solution [14b]) in addition to butane and 

butane. ~" 

When using active catalysts~of- the iron 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 catalyst of methanol synthesis in a react±on tube 

lined with copper, for example, then small amounts of hydro- 

carbons are obtained at 400 to 450°C in addition to product s 

which contain oxygen. Curve II in Figure i shows the boiling ~ 
z 

point curve for a C3-C 4 fraction obtained on a copper-zinc 

oxide catalyst. No formation of mentionable amounts of 

isobutane was observed. A determination of xsobutene yielded 

0.2 g/m 3 (STP) synthesis gas. ;~ 

Curve !II corresponds to the C3-C4/~'rac~ion 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 curve corresponding to the fractions 

that distill over at -15°C to -5"C indicates the presence of 

isobutane here. The amount, based on the remaifiing reaction 

products, was small even with this catalyst~ howeQer. 
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Essentially different results are obtained when using 

thorium oxide as the catalyst. Curve IV in this figure shows 

that isobutane with a boiling point of -II.8°C represents a 

main reaction product of this synthesis. The "isos~nthesis" 

method has been based on this new finding of the special 

properties of thorium oxide as a catalyst in the reaction of 

carbon monoxide and hydrogen. It also yields branched liquid 

hydrocarbons in addition to isobutane, but St 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 byproducts. 

According to the results of the experiments in Table I, unlined 

tubes of ordinary iron could not be used at high pressures, 
;J not only for reasons of strength but also because of the~k 

undesired reactions of carbon monoxide and hydrogen which would 

occur 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. Extensive studies of~the suitability of various 

met~dl materials for.hydrog~natlon of cambon monoxide at i000 atm 

have been carried out by~Z~iesecke [15]. ) ~ ~ 

Satisfactory results were obtained also when using iron 
't 

tubes lined with copper, bu~>aluminum was found to be an 
• ~% , • 

~Igh pressures, especlally unsuitable m~terla~for the !~nlng at ~" ~' 

above 150 arm. Alumi'6~m~-~d istroyed by some of the o~ygen- 

containing reaction products when the synthesis'reaction is- 

carried out at high presgure~ and temperatures. '~ 
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A variety of methods have been tested for the production 

of the thorium catalysts as well as the other ca£alysts ~ 

investigated. Catalysts produced by pr~cipftation from dilute 

salt solutions have proven especially suitable. By varying 

the precipitation conditions, a wide range~or variation in 

the catalyst is possible. ;This is~-also evident externaily, 

e.g., in the apparent density, which in the case of thorium 

oxide was between 0.7 and 2.3, depending on the type of pre- 

cipitation and pretreat~nt. I~ ~ 
,~" Jl 

The normal thorium catalysts were precipitated from a 

solution of nitrates with soda by rapidly 'pouring" the boiling 
C 

soda solution into the boiling nitrate solution. For example, 

when using a concentration corresponding to 240 g thorium ~ 
Z 

nitrate per 2 liters of water + 2 liters of soda solution 

(si%i~ht excess of sodium carbonate) £his yields a hard granular 

catalyst with an apparent density of 1.3 after washing the 

prehipitate until free of alkali and drying at 110PC. When 

concentrated solutions are used for precipitation, catalysts 

with a lower apparen= density are obtained, e.g., a three-fold 

concentration yields a catalyst with an apparent density of 

0.76 an~an earthy to soft grain. If the precipitation is 

carrie@ out very slowly, e.g., over a period of one hour, 

when using the concentration given for the normal catalyst, 

then especially dense catalysts{'are obtained with a vitreous 

break (apparent density 2.3). When precipitation is carried 

out With sodium hydroxide solution or ammonia, similar catalysts 

are obtained even when they are poured rapidly into the nitrate 

solution. The apparen~ density of the catalysts can be increased 
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by subsequent sintering, e,g., the catalyst designated as 

the normal catalyst can be incgeased from a density of 1.3 to 

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

The dull hard grain is maintained in this process. 

The catalyst dried at il0°c shrinks during the synthesis, ": 
/; .l 

so it is expedient to pack the largest possible amount of 

catalyst into a certain space and to sinter the catalyst 

before initial use of it or before packing it into the synthesis 

apparatus. Shrinkage of thorium oxide at temperatures up to 

300°C is a result of the release of water and carbon dioxide. 

At higher temperatures~, additional water that is bound by the 
¢ 

oxide, is released, but\~without resulting in any further sintering 

of the solid substance in view of the high melting point of 

thorium oxide [3050°C) [16]. Accordip~gly, ~,~ere wa'" no 

evidence that pretre~tment at higher temperatures would cause 

a loss of activity of thorium oxide. On the contrary, a thorium 

catal@st, pretreahed a£ 1000°C in ai~ had an especially high 
2 activity for the reaction of carbon monoxide and hydrogen- 

But since £his ~ catalyst had a tendenc~ to yield somewhat ": 

larger quantities of methane, the catalysts were generally. 

treated at 300°Ci % 

In view of the g'reat'-importance attributed to the physical 
C :d- 

nature of the catalysts /s will as their chemical composition, 

not only with regard to the conversion .but also in determining 

* Alkali carbonates are precipitated from aqueou~s thorium 
solutions, releasing basic carbonate salts. ThO,CO3-2H20 
at 240~C yields [illegible]. This salt is converted to 
4Th02.2H20 at 360°C and 2ThO 3 at even highe~temperatures, 
especially above 400°C. 

÷. 
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the type of reaction products, qomparative studies mus~ always 

be~er~ormed with catalysts that have the same history. Many 

different types of prjicipitation were~ tested with catalysts~. > 

r~: of varying chemical composition and the studies were ~lways 

based on the/6est results. 

The filetS.me of the thorium catalyst was extremely long 
% 

under the isosynthesis ~onditions. Catalysts which were 

observed to undergo an increase in int@rnal resistance after 

lengthy operating times as a result of formation of carbon 

.i were restored to, the 0riginal state by means of an air treat- 

ment at the synthesi-s temperature.: In contrast with:other 

oxidus, thorium oxidecan readily be regenerated with. air in 

view of the fact %hat it retains its activity whenheated to "~ 

red heat. 

<" wi£h~cata!ysts of the iron group of the In contrast ~, .-~ 

periodic system, uff6~ium catalysts are insensitive to sulfur 

c~pouqds. Catalysts pretreated with hydrogen sulfide or 

~ carbon disulfide yielded normal conversion results, just as 
% 

did those precipitated with an~onium sulfide. 

The rat±o in which the two synthesxs ~-~s components are 

consumed is generally-about 1.2 CO to 1 H~i~"in a linear gas 

passage (no circulation) If a synthesis gas which has a 

composiC~on that corresponds to the conversion is used, higher ~ 

gas yields will be obtained ihan when using normal water gas 

at a high gas conversion. However, a high carbon monoxide 

content more readily leads to carbon deposits, whereas when :~ 

using gases with a high hydrogen content there is a greater 

tendency to form gaseous hydrocarbons. 
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III. Ex~£~!ments with varie~_s"~ns~e-component cataly£~£. 

T a b l e  I I  g i v e s  a s u r v e y ~ ' f ~ t h e  ~ x t e n t  t o  wh ich  v a r i o u s  

metal 6~:ides (single-componegt catalysts) can be used as " 

c~talyst's in the synthesis of hydrocarbons. ~he experiments 

o n . w h i c h  t h e : . t a b l e , i s  b a s e d  w e r e  c a r r i e d  o u t  w i t h  w a t e r  g a s  a t  
¢ :. 5: 

pressures of ~0 atm,.~150 a~m or-300~atm at 4506C. The amouli 

of catalystx~e'd~,L,.~ was .... 25 em 3 (bed length 30 cm) and the ~.; , 

throughput of~siTil was i0 llters" of 'end gas per hour. 

The fir~.~column in thetable indicates the type of 

catalyst used~ while.the second column shows the conversion c 

o f  c a r b o n  m o n o x i d e  and  h y d r o g e n  a ~ h i e v e d  a t  p r e s s u r e  o f  30 ,  

159~.and 300 a~tm. The third column shows the h~drocarbon content c 

in  t h e  end  g a s ,  w h i l e  t h e  f o u r t h  co lumn shows t h e  a v e r a g e  

:'c~rbon number In addition, there is a qualitative statemen~ 

regarding :the yield of liquid hydrocarbons, ~ and" finally the 

g e n e r a l p r o p e r t i e s  o f  t h e  c a t a l y s t  i n  t h e  s y n t h e s i s  r e a c t i o n  

• are described:briefly.. 

Thor ium o x i d e  ' ( p r o d u c e d  a s  d e s c r i b e d  a b o v e )  i s  a t  t h e  t o p  
: ,  . .  , °  

,.of the list. As shown by the re~'atively high carbon numbers 

( 2 . 5 - 2 . 8 )  i t  y i e l d s  h i g h - m o l e c u l a r - w e i g h t  g a s e o u s  and  l i q u i d  

hydrocarbons. The gaseous hydrocarbons include-largeamounts ~, 

.of isobutane. ~ : 

In  t h e  e x p e r i m e n g s  c o n d u c t e d  a t  30 and  150" arm w i t h  
I 

aluminum oxide catalysts, the catalysts were produced by 

precipitation of th~ hydroxide of sodium aluminate with 

s u l f u r i c  a c i d  and c a r b o n  d i o x i d e .  T h e s e  c a t a l y s t s  w e r e  f o u n d  

to have a very high activity. However, they yielded mainly 

% 
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methane (and ~ carbon) i~ addition to small amounts of gas oil 

and l~quid products (in accordance with the ibwer carbon 

number of the hydrocarbons of 1.4-1.5). At~ 30 atm the gas 

oil contained only traces of iso-C 4 hydrocarbons and small 

quantities were obtained at 150 atm. T6e aluminum oxide 

catalyst that was used for the 300 atm experiment was pre- 

cipitated from dilute aluminum nitrate solution with soda 

i~ accordance with the procedure used to produce the thorium 

oxide catalysts and after washing was dried in a stream of 

air at 300°C. Th~s catalyst proved to have a lower achivity. 

Considerably less methane was formed than with the~ Catalysts 

produced from aluminate, but there was also litt3~ production 
,[ 

of liquid hydrocarbons~and gas oil hydrocarbons (with a low 

isobutane coh~£ent). 

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 

liquid hydrocarbons ~ 

Chromium was preGipitated from the nitrate with soda. It 

had a low activity and yielded traces of oily products. 

Titanium and beryllium proved to be inactive. 

Zirconium oxide and cerium oxide were obtained from the 

nitrates by precipitation. They yielded liquid hydrocarbons 

and iso-C 4 hydrocarbons. The activity of the~e catalysts 

was lower than that of the thorium catal~sts, however. The 

situation was similar with uranium, which was precipitated from 

uranyl nitrate with hydrogen p~o~de. \" 

i' 
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The zinc catalysts were produced by precipitation from 

dilute nitrate solution with soda, but specl~ically in the 
- • _ ~ r  =. . 

case of the 300 arm expiriment the z.~r~c catalysts were produced .- 
; ~" 

by pouring the nitrate solution:into the soda solution (reverse 
• ]; 

precipitation). Hardly any hydrocarbons were::produced at 30 atm, 

but somewhat larger amounts were produced a~ ~ 300 atm, althQhgh 

it consisted mainly of methane in addition to a very small l, 
¢ 

amoun{ of liquid hydrocarbons. 

Manganese.'and magnesium catalysts which were also produced 

by'precipitation from the nitrates yielded a small amount of 

gaseous products and traces of oily products. "' 

Lanthanum catalysts did. not yield any hydrocarbons.. ~ 

Praseodymium and neodymium also yielded extremely low conver- 

sions even at 300 atm. 

Table Ill provides quantitiative data on the single substance 

catalysts-according to Table II which were found to be most 

suitable for synthesis of higher molecular weight hydrocarbons. 

These experiments Were conducted ata pressure of 150 atm 

and a temperature of ~450°C. 

With thorium Oxide as the catalyst, 46 vol% of the carbon 

monoxide-hydrogen mixture was converted, yielding 16 g 

isobutane* per m 3 (STP) of gas used. Of the entire C 4 fraction, 

83% consisted of iso-C 4 hydrocarbons. 40 g liquid hydrocarbons 

were also formed. Zirconium oxide was found to be somewhat 

less active, but was stiil suitable for synthesis of isohydro- 

carbons. W.itl% zirconium oxide as a catalyst, 32% of the carbon 

• The amount of iso-C 4 hydrocarbons formed can be determined 
quantitatively rather rapidly by low-te~perature distillation 
and provided a good indica:cion here of the general suitability 
of the catalyst for producing branched aliphatic hydrocarbons. 
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monoxide-hydrogen mixture was converted and 9 g iso-C 4 hydro- 
3 carbons were obtained per m (STP). }{ere again, 82% of the 

C 4 fraction consisted of isohydrocarbons. The next in order 
.[. 

of activity is Cerium oxide , although it yields a considerably 

lower conversion. Alun)'~num ox'~:de produced from sodium 

aluminate proved to be extremely active with regard to the 

C0-H 2 conversion, but only small amounts of iso-C 4 hydrocarbons 

and liquid products were obtained with aluminum oxide. 

IV. Thorium oxide sinqle-component catal~s 

a) InfZuence of reaotion tempera~r,e 

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, e~ecially above 500°C, formation 

of undesired gaseous hydrocarbons such as methane, ethane and 

propane becomes predominant in the reactions. Between these 

two limits is the temperature range of isosynt~esis where, 

for example, at 450°C (a temperature at which oxygen compounds 
£ 

are formed only to a very slight exten~) there was a 16% 

-7." 

~t 
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conversion to C a~d C 2 hydrocarbons, p~imarily methane/ 13% 
1.~ i. 

to C 3 and n-C 4 hydrocarbons, especially '~ropane, 25% to : 

iso-C 4 hydrocarbons, mainly isobutane, and 46% to liquid 

products, consisting primarily of branched aliphatic hydro- 

carbons pius a smalllamount 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 temperature near"450°C was found~to be best 

for conducting the synthesis. The temperature limits of ~ 

isosynthes£s are determined by the catalyst, the operating 

pressu~and, to a certain extent, the residence time of the 

• ~ ~ gases in the reaction space. 

b. Emperiments at different pre~sure~ 

Table V shows the yields obtained at a temperature of 

- o ~ ~ , ~  ~ ........ 450 C._a~ .... va__o ..... pressures. " ~ :gas- throughput=w&s " x0~=~f£:e%=s =~ 

of end gas per 28 g thorium oxide. The yields are b~se~ ~on 

1 m 3 (STP) of CO-H 2 mixture. 0 

The following results were obtained: 

1 atm: at atmospheric pressure onl~ a 9ery low conversion 

of synthesis gas was achieved. In general, it was less than 3%.~ 

' of the starting carbon monoxide and hydrogen. No liquid 

hydrocarbons were obtained. 

6 arm: About 10% of the carbon monoxide, and 8% of the 

hydrogen were converted. In addition to gaseous hydrocarbons, 

small amounts of liquid products were also o~tained. 

q = :- 
...:- 
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, 30 atm: Using a water gas which contained carbon monoxide 

and hydrogen in a ~49:41~i~ratio, 22% I of the carbon monoxide and 

21% of the hydrogen were: converted. Liquid products were 

obhained in the amount o"f 14.4 g/~m 3 (STP), including 5.2'g 

i so-C 4 hydrocarbons, 5.41'.g C~ + CA hydrocarbons and 4.0 g 

C i ÷C 2 hydrocarbons. No!!dimethyl ether was found among the 

reaction products.: 92% of the C fraction consisted of branched 
i 4 

hydrocarbons, 70% of which was isobutane and 30% was isobutene. 

The total yield of liquid plu~ gaseous hydrocarbons was 26.1 g. 

75 atm: 31% of the carbon monoxide and 24% of the hydrogen 

were converted," y~ielding 24.4 g liquid products per m (STP). 

150 arm: The carbon monoxide conversion was 46%, while 

the hydrogen conversion was 39%, yielding 36.3 g liquid hydro- 
%,. 

carbons, 16.4 g i iso-C4 hydrocarbons, 8.3g C 3 + n-C 4 \hYdrocarbons 

and 10.2 g C 1 +!C2;hydrocarbons~[ 88% of the C 4 f~action was 

..... 5r a n~c~ed~an~= 2 ~ ~i of-' the i~'~s0-'C=4hydr o:ca rbo nS -were- unsatU~ated ] " 

The "total yield of i liquid' and gaseous hydrocarbons was 

i 69.0 g/m 3:':" STP) . Of the a]cobcls, 5.0 g were in the liquid 

hydrocarbons and 3..0.9 were in" the reaction water. The forme'r 

consis6ed far@ely of iso~uty-i alcohol and those from the 
•I 

aqueous layer consisted primarily of methanol. 
,q/, 

• ---I,~ 
'300 atm: Tliree of the experlment-s/at 3.00 atm are listed 

in Table V. The catalyst in experiment/<6 was precipitated 

under normal Conditions, i.e., by pourang'a: boi:ling soda 

solution into a boiling thorluh.=,--nltrate sol:~tion. The catalyst 

in experiment 7 was precipitated in th~ cold, while that in 

experiment 8 was produced by pouring the boiling thorium 
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nitrate solution into:'the boiling0soda solution (reverse pro-: 

cipitation). The results were similar in ill three cases. 

The carbon monoxide conversion was 60-65%, and the hydrogen 

conversion Was 49-57%. 59.7 to 61.7 g liqu/id produc~s were 

obtained, with 21.5 to 25.7 g iso-C 4 hydrocarbons, 13.2 to 

17.0 g C 3 and n-C 4 hydrocarbons, 10.5 to 13.'1 g C 1 and C2 

hydrocarbons. 84 to 90% o£ the C 4 fraction was branched and 

only 4 to 7% of the iso-CA hydroo'au~hons were unsaturated (in 

accordance with the elevated pressure). The total yields of¢ 
~ g/m 3 liquid and gaseous hydrocarbons were 96.8 to 102.4 (STP). 

Of the liquid products, generally 12 to 15 g consisted of 

'alcohols, some of which ~ere in the oil (isobutyl alcohol) an£ 

some were in the reactid,, water (methanol). 

- The amount of ~icohols :6btained was not a!ways the same. • 

wZth different catalysts. The amount of alcohols generally 

increased with a lower activity, a lower apparent density ~, 

and a greater age of the catalyst (also, as already pointed ~ 

out, with an increase in pressure and with a reduction in 
• : / 

temperature). : ii 
600 atm: 83% of the carbon monoxide and 70% of the ~\~, 

~ 3 "  
hydrogen were converted, yielding 53.0 g liquid products per 

(STP), 45.0 g iso-C4,hydrocarbons + 22.~ g C 3 + n-C 4 hydrocarbons 

and 27.9 g C 1 + C 2 hydrocarbons. In addition, 5.1 g dimethyl 

ether were obtained and 90% of the C 4 fraction was Drancnea.l! 

The iso-C 4 hydrocarbons consisted of 98% isobutan%. The t~il 

yields of liquid 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. ~ 
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I000 atm: These results differ significantly from the 

experiments at lower pressures. AbOut 50 g dimethyl ether 

and 60"70 g C 1 + C 2 hydrocarbons were formed per In 3 (STP). 

The amount of liquid products obtained was 39 g, isobutane 

accounted for 33 g and the C 3 + n-C4 hydrocarbons constituted 

12 g. 

Figure 4 shows a graph for evaluation of the experiments 

~conducted at the various pressures. This figure shows that at 

:~pressures between 300 and 600 atm, optimum conditions prevail 

with regard to the production of liquid 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 £he reactions. Pressures of !000 atm or more are too high 

when using a thorium oxide single-component catalyst, even 

under different temperature conditions than in the experiments 

illustrated in tlie figure. At such pressures, temperatures 

lower than 450°C lead to progressively~greater formation of 
f, • 

dimethyl ether (at 400°C and 1000 atm, 200 g are obtained per 
3 

m (STP)!), while temperatures above 450°C lead to greater 

production of methane. With an increase in pressure, there 

is an increase in the yield achieved per unih 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 proSlem and the formation of methane is not yet 

a problem tend to converge. 

Table VI shows the total yields at various pressures 

i~and the percentage distribution of reaction products in the 
I' 
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form of liquid products, iso-C4hydrocarbons , C 3 + n-C 4 

hydrocarbons, C 1 +i C2 hydrocarbons and dimethyl ether. 

The total yield increases rather uniformly with an increase 

i~ pressure from 30.1 g/m 3 (STP) at 30 atm to 200 g/m3=at 

1000 atm. The percentage distribution of reaption products 

was:.always similar within a ~elatively wide )i pressure range,. 

however. ': "~ 
c : 

c) Influence o I pressure and reaction tim~. 

The fact that the conversion of synthesis gas and thus 

the hydrocarbon yields increase with an increase in pressure 

could be interpreted as meaning that the prolDnged residence 
% 

time of the gases in the catalyst space, whic~ is associated 

with an elevated p:ressure, is m~i-n~y=~responsib~e for the increase 

in conversion. Two series of~%xperiments wereconducted to 

determine whether "this is inZ/fact the case or whether a higher H 
pressure as such ~s necessar~ for a hzgh conve~slon~ In the 

' 1 <' 

first" series of experiment~,~the residence time of the gas was 

varied in a ratio of 1:2:4 b~ reducing the throughput using 

a thorlum oxlde slngle~6-d~,p~ent catalyst and th~ same pressure 

of 150 a£m. In the sec~n~ series of experiments, the residence 

time was increased while maintaining the same gas throughput 

by increasing the operating pressure from 150 ~tm to 300 or 

600 atm. The results of these two series of e~cperiments are 

summarized in Table VII. :, 

i' Experiments i, 2 and 3 refer to the first series of experi- 

' m e n t s  a n d  4 ,  5 a n d  6 r e f e r  t o  t h e  s e c o n d  s e r i e s  o f  e x p e r i m e n t s . .  
f 
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By reducing the amount of end gas in the first series of : 

• experiments from i0 L/hr to 5 L/hr and then to 2.5 L/hr, 

there was an increase in 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 

passing through the catalyst space per hour yielded the ratio 

I:i.96:3.85. The corresponding carbon monoxide conversions 

were 46%~ 53% and 58%. In the second series of experimemts 

in~hich the pressure was raised to increase the residence ' 

time, all three experiments were carried out with a throughput 

of i0 liters of end gas per hour. ContractioD here amounted 

to 29%, 37% and 51% with the corresponding initial amounts 

being 14.1 L/hr, 15.9 L/hr and 20.4 L/hr. The residence~imes 

yielded a ratio of 1:1.7:2.9. The carbon monoxide~nversion 

was ~6% ~, 65% and 83%. 

A comparison of these experil, ents shows that at a constant 

pressure of 150 arm, the conversion could be incmeased within 

a certain limit by lengthening the residence time, but at 

higher pressures, e.g., at 600 arm, the carbon monoxide con- 

version was considerably greater than ~t lower pressures, 

despite the shorter residence time of the gases in the catalyst 

space. See, for example, experiments 3 and 6. lh terms of 

weight t the conversion of carbon mohoxide at 600 ahm was 8 

times greater than that at 150 arm. The increased gas conversion 

observed by increasing the synthesis pressure is thus con- 
J 

siderably greater than can be achieved by lengthening the 

residence time of the gases in the catal~st space. 
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,~<: Although the type of reaction products is similar within 

a ~ide pressure range (see Table ~,VI), working at low pressures 

and accordingly longer residence times of the synthesis gas 

in the catalyst: space~ is no substitute for the necessity of 

workings, at high'synthesis pressures in order" to achieve h1.~ 

CO-H 2 conver sion. c 

This also corresponds to the fact (presumably based on 

the equilibrium conditions in a primary reaction) that at 

atmospheric pressure ~there is hardly any C0-Hh 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) Performlng the synthesi~ in stage8 and with circulation 

- ~First, 2 synthesis ovens were operated in a "single stage", 

working with a normal Th02~catalyst at a pressure of 150 arm 

and a temper~£ure of 450°C. The synthesis gas contained 43.1% 

carbon monoxide and 48.6% hydrogen. The hourly throughput of 

synthesis gas per 28 g ThO 2 over a long period of operation 

was 11.4 L/hr with oven I and 13.7 liters per hour with oven II. 

The two synthesis ovens aid not function completely the same. 

The contraction amounted to 28% and 27%, CO conversion was 

55% and 50%, and theC0-H 2 consumption 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 Table VII shows thaz the ,..~11~ 
~talysts used in the experiments in Table VIIIa had a somewhat 

higher activity. But otherwise the conditions were the same. 
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In the third experiment in Table Villa, synthesis ovens 

and II were connected in series. Since the amount of gas entering 

oven I was not increased, the synthesis gas throughput per 

28 g ThO 2 dropped to 1/2, namely to 6.0 L/hr. Between~ovens 

I and If, the liquefied products were separated at a synthesis 

pressure of ].50 atm and a temperature of -25~C. The total 

contraction achieved in ovens I and II now amounted to 45% 

and the~CO conversion was 75%. When this "two-step experiment" 
-¢r 

is compared with experiment 2 in Table VII, where the gas 

throughput per quantity 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) than with the one-step experiment with the same 

average gas load of the catalyst. In accordance with the > 

fact that the gaseous CO and }{2 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, 

the CO/H 2 consumption ratio of the total mixture 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 

111.3 g, the liquid products constituted 45.2 wt%, 49.8 wt% 

and 35.6 wt%, the iso-C 4 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 also 
r 
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• somewhat greater than in the one-step process. When. the 

findings presented in Tabl'e 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 arm as in the one-ste p process at 300 atm with approximat~l~ 

the same average residence time of the gases in the catalyst 

space. However, the throughput of synthesis gas by weight was 

about twice as high per unit of ? time and unit of catalys6 at 

300 atm as at 150 arm. 

In another tw0-step experiment conducted at 150 atm, where 

a CO-richer synthesis gas (48.6% CO and 41.77~ H 2) was used 

and the two steps were not carried out at the same temperature 

(first step 430°C, second step 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 4 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 6irculating 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 cfrcuit before the synthesis oven. The amount of 

gas leaving the system amounted to about i0 L/hr per 28 g 

Th02, as in ~he normal experiment's. The pumping ratio, i.e., 

the ratio of the amount of fresh gas feed to the circulating 



IM 

Page 24 

gas, was 1:6. TabIes fXa and IXb show the results of such 

an experiment conducted at 30 atm as well as a comparative 

experiment which was carried out in the same contact apparatus 

without pumping the synthesis ~gs in circulation._ With a 

linear passage of the gas, tb~e0contraction amounted :to 20.5%, 

CO conversion was 40% and the CO-H 2 cons~nption ratio was 

1.14:1, but in the circulating'process contraction was 29%, 

CO conversion was 32.4% and the CO-H 2 consumption ratio was 

0.67;1. In other" words, the CO consumption is lower in the 

circulating process and the H 2 consumption and degree of 

liquefaction 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 aqueous phase ~may~still contain methanol, as 

subsequent experiments fndicated. Thisquestion was not 
01" 

investigated at that time, however. The total yields of hydro- 

carbons (see Table IXb) are about the same with and without 

pump circulation, but the amount of liquid product is greater 

with the circulation process, possibly due to an increased 

alcohol content. Although the stepped~experiments with 

intermediate removal of reaction produchs thus Offer the 

possibility of extensive CO workup at moderate pressures, the 
i 

circulating process is an easy method of varying the workup 

ratio of carbon monoxide and hydrogen in a relatively wide 

range. ~ 

~ J lIim 
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In additional!' publications to appear soon, further 

catalyst developments will be discussed along with extensive 

,• ~nalytical tests and engine tests of the isosynthesis products. 
,° ,: 

Summary 

"Isosynthesis," a ~ew method of hydrocarbon synthesis, 

is described. Th~s involves high-pressure hydrogenation of 

carbon monoxide at pressures of more ~han 30 atm, especially 

between 30'0 and 600 arm, ~and 5emperatures of 450~C. Thorium 
L' 

oxide was found tO be~the test single-componentcatalys~. 

Other catalysts that are suitable include Zr02, CoO 2 and, 

although it is far less effective, AI203. Gaseous .and liquid 

hydrocarbons Zare formed, with~the C 4 hydrocarbons consisting~of 

80 to 90% bran~.~a compounds, for example. 

If the pressures are too high (more than 600 arm) and the 

temperatures are too low':(less than 400°C), significant amounts 

of oxy@en-c6ntainigg compounds are formed (especially methanol& 

isobutanol and dimethyl ether). ~7 :~ 

At 600 arm and 450°C,. a yield of about: 15.4 g is obtained 

from 1 m 3 (STP) CO-H 2 mixture on a ThO 2 catalyst. This yield 

consists of 34.5~ liquid products, 29.3% iso-C 4 hydrocarbons, 

14'7% C 3 and n-C 4 hydrocarbons and 18.2% C 1 + C 2 hydrocarbons, 

plus 3.3% dimethyl ether. 

By working in several stages, the yield can be increased 

significantly at moderate pressures. With a circulating 

the CO/H 2 workup ratioz~[.~n be shifted largely toward process, 

the hydrogen consumption si~e. ~ 

<'. : 
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Figure i. 

Key : I. 
2. 

3. 
4. 
5. 
6. 

- • 7. 
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Pressurized apparatus for isosynthesis. 

Storage vessel 
Pressurized vessel containing ac=ivated 
carbon 
Contact oven 
Pressurized receiving vessel 
Activated carbon 
Gas meLer 
Gas outlet 
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Figure 2. Low-temperature distillation of C3-C 4 fractions obtained 
on various catalysts. 
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Figure 3. 

Key: i. 
2. 
3. 
4. 

5. 

it 
. - " i S :  ..... 

Isosynthesis (150 arm). Composition of the £eaction 
products as a function of temperature using a ThO2.slngle- 
component catalyst. .., 

Alcohols and other oxygen-containing compounds 
Naphthenes 
Aromatics 
Liquid branched aliphatlc hydrocarhods 
Composition of the reaction • products in % 
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' d Figure 4. Influence of press~aree on the amount an type of the 
reaction produczs ~'-isosynthe.J~is (ThO 2 single- 
component catalyst, 450°C) . < i f ~' 

K~ey : 1.  D i m e t h y l  e t h e r  ,'A: ~.. ~ 
2. Liquid products 
3. Pressure n !, 
4: Yie ld  (g/m j) 
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Figure 5. Pressurized apparatus for circulating'experiments. 

• ? 

Key: I. Contact oven ~ l, 
2. Pressurlzed recelvlng vessel 

4-. .-:. 

3. Cooled pressurized:-'r.ece~ing vessel 
4. Gas circulating pump 
5. .Activated carbon t 
6. "Gas meter 

__7- n,,~er:m~esscl .... --=-=.= 
8. Cas i**let 
9. Gas outlet ; 
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Table I. 
: 

Conversion of water gas In an empty unalloyed steel 
tube (450°C, 30 a=m). 

. , ,  

4 ,~,,,.,,,~..~ ........ I "." I "." I °." I",' I'",~ I ',~ I '.' I '." ~,'." 
5 ...u,,,,,.=.. I 

..... ,, ,. ,:,, ... I ,.,. 41,,,,1,,., [ ~., ,,:,., I.~,.'~ t ,.,.,I ,,., 
6 "-"='. ~' :=' 'r . . . . .  ~ '~-~ I ,l ~ I ''-= I ' . '  I ~ ' s  I =~.'; I u " l  " . "  • 

Key: I. lleavy hydrocarbons 
2. Hydrocarbons 
3. No. of carbons~ 
~. Starting gas 

_ - 5  . . . .  R~=~--g .... a~ ........ da7 . . . .  

6. Reactlongas after 30 days 
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Table II. Conversion of wa~er gas on various slngle-component 
oxide catalysts at 450°C and pressures of 30, 150 and 
300 arm (25 cm 3 catalyst, i0 L/hr of end). 
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Key: i. Catalyst 
2. % converted gas at 
3. % hydrocarbons in the end gas 
A. No. of carbons " .................. • 
5. Formation of oil 
6. Comments i~; 
7. From thorium nitrate 
8. From sodium aluminate 
9. From aluminum nitrate 
i0. Traces 
Ii. Small amount 
12. Large amount of isubutane in the gas oil, very uniform 

activity 
13. Only traces of iso-C4, large amount of CH 4 and carbon 
14. Some iso-C 4, small amount of CH 4 and carbon 
15. Small amount of iso-C 4 (low conversion for 300 arm) 
16, Large amount of methane and carbon 
17. Low conversion 
18. iso-C4, very little carbon 
19. Very little hydrocarbons 
20. Small amount of liquid hydrocarbons 
21. Little iso-C 4 
22, Low conversion 
23. *UO 2 % converted gas at 75 arm: 21 c 
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Table III. T]~i~..properties of various catalysts, with special 
emphasis on the iso-C 4 hydrocarbons. 

+" I."~,II.1|  l - l , " i :  I , L' .d:;  l.n+l+.l!+.lln 
, , ~., 4l+.$ + 14 +~.l+ll , 

IM" ~ I "~ 4'1 
7..I}, .......... 
L" . . . . . . . . . .  I |11 1 1.3 l r 'i l - -  
i+411111 . . . . . .  .~'I ~+H .tll.l 5 

Key: 
o.~ 

1. Catalyst 
2. Vol% conver=ed~ gas 
3. ,so-C4. in g/m 3 (STP) pure gas 
4. % iso~"C~ in the total C 4 fraction 

t( 
5. 0ilia+ gasoline in g/m 3 (STP) pure gas 

.I 

= . ... 

Table IV. Isosynthesis on a Th02 single-component catalyst at 
400°C and 450°C and150 atm. 

I i lll;l'~'L~ill"l l',A"lli't:l'2 I': ml ¢I'+'~L I ml. L'ili"l"l~'ll] i.~.'~ rl |~,,t.,l I~, 

, : . ,  .~: 7.~ I.:, Jm.s I 
,,.':~",~',~ ~.,.'~',:~:~'~.,~".',.;~;,?."~' .......... ..,,,,,, ~. ............ 

-~.~ .-. 
:Key.: . I. Temperature, °C 

f.':::~i-~i~-=ih g/m 3 (STP) pure gas 
3. Liquid products *'~" = 

4. * The test for "liquid reaction products" 
is discussed in a separate section. 

+> 
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T~ble V. Experiments with ThO2"as catalyst at various 
pressures (450°C). 
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Key: i. Experiment Nq..~ :i 
2. Pressure, atm 
3, Catalyst ~ 
4. Synthesis gas CO:H 2 
5. CO converslon (%) 
6. H 2 conversion (%) 
7, Yields in g/m 3 (STP) pure gas 
8. Liquidhydrocarbons 
9. Alcohols 
i0. In the oll 
ii. In the H20 
12. Dimet|~l ether 
13. iso-C 4 hydrocarbons in the total C 4 hydrocarbons 
14. % iso-C4H 8 of the total iso-C4 h~drocarbons 
15. Liquid products + gas oil in g/m ~ (STP) pure gas 
16. Precipi=ated cold 
17. Reverse precipitation 
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Table VI~ 

/ 

/ 

; 

P 

Key: 

r 

Table VII. 

Page 

Yields at various pressures of % of ~he total 
reaction products (450°C). 

[|6 I (k  i ~ t ~ • M e ;¢! I~¢JJISlIJzI,I,L'i,IL" 

: • 

i. Pressure (arm) 
2. Total yield in g/m 3 (STP) 
3. Amount of the total yield in wt% 
4. Liquid products 
5. Dimethyl ether 

: . . .  - ' . . . .  

Experiments at various residence times of the 
synthesis gas in the reaction space. 

3 5  

r t  

I m 

" I,'~ ; '  6 .... 7 '  ". 
I I ~ I  | Id J% } |:1.4 I | l i ' l i l i ' l l  ' l ' ;  
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Key: i. No. 
2. Pressure 
3. End gas, L/hr 
4. Contraction (%) 
5. Starting gas, L/hr 
6. Average residence time 
7. CO conversion in % 
8. Times 
9. * Taking into account the deviations in pv 

value at higher pressure~ 
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Table Villa. Step experiments (ThO 2 catalyst; CO:H 2 = 
43.1:48.6, 150 arm, 450=C). 

• I .~,,, . .: , . , , I  ,~,,,,, I . , . .  i , . , l= , ,  I ~ . , , , , . ,  l ]  .~-~' 
'~i"~ '1 'i'<."~..";:' I ',',.:,,', I A,:,. I "'I'~." I . . . . . .  

~., I.>,, .... i,.:, i ~:. i ~, ,<,,, I,,.,,1 ~'- 
- , i  ,,1 r,. ,  i ,., i,..,,,,,, ,,,, I,.,, I,.,,,, 7,ill i I,II , i , l l ' .  I , 

ll,II 1,1151 I ,I , l+I1 . . . .  4". ?,5 , ,  ~,,:, 14~.tl I,.11:1 

Key: i. Synthesis oven 
2, Starting gas, L/hr per 28 g ThO 2 
3. Contraction (%) 
4. CO conversion (%) 
5. C0:112 consumption ratio 
6. g/m 3 (STP) 

Table VIIIb. Step experiments (ThO 2 catalyst; CO:H 2 = 
.,, 43.1:48.6; 150 atm, 450°C). 

i l|~&,llltl- I ~I 'll|li~|i~" " 3 (|l~v,-'}~ I~I 4J~l,lltll;iilillltll¢ - 
• I(.%L • _ . j -- 

I1" t lI?,;I 4:s.ll 3l,K I1.II I I , i  
_ I-Till I l l : |  ,I.%.11 :ll.,I I ' l •q  11.'2 

Key: 1. Synthesis oven 
2. Total hydrocarbons, g/m 2 (STP) 
3. Portion of total yield in wt% 
4. Liquid products 
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Table IXa. Circulatin B experiment (ThO 2 catalyst> CO:H 2 = 
43.3:48.0, 30 arm, ~75°C). 

• . _ . 1 5  

i j +; ..... I+1% I i(i,iiii. 1 % 1 1  ~. i s . . ,  |llll|llllU~++ll .} II I,Nlll . - -  +, ,,.,,, 3 ::, #'"'"" 5.,";:'" 
.,, ,,, ,.,., 

Key: I. Pump circulation 
2. Starting gas, L/hr 28 g ThO 2 
3. Contraction (%) 
4. CO conversion (%) 
5 • [ illegible] " 

6. Without 
7. With " 

Table IXb. Circulating experiment (ThO 2 catalyst, C0:]t 2 = 
43.3:48.0, 30 arm= 475°C). 

J I l l  l,1%.,1111 .|% %1 • " 
• " %1 ,l~.i LI ~.,|~.+l.+~cL, m 3~. ";. ,IL'r ~;¢. , t..,~I<,,Ic lJ l'rL,dl l.l~j * Ih...L**!C,~,. f.'| ll,.ll 

"~J I" ' 2.5 I 3.1,1, : ~) nlm%. I .%1,~ q " 

~ ' " / , I "  ".~+.~ I ~".~ 1 2 ' u  ' J''= I m., 

Key: i. Pump circulation~ 
2. Total hydrocarbon yield in g/m 3 (STP) reaction 

gas 
3, Portion of total yield in wt% 
4. Liquid products 
5. And 
6. Without + 
7. With 
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