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Report on the development of the Fischer-
Tropsch synthesis with fixed bed.catalysts. Great
improvements in yield and quality of products and
improvements in the gas-synthesis plant design have
resulted from the development of high-activity
catalysts and the study of important problems in
reaction kinetics and heat transfer inside the
reactors. As a result, the economic prospects of
the Fischer-Tropsch process appear zt present in a
new light. The quality of synthetic lubricants
produced by the Ruhrchemie on an indusirial sczle
is discussed in detail,
Introduction
The Ruhrchemie A.-G., Oberhausen~Holten obtained in
1934 a general license for operating the carbon monoxide hydro-
genation process by an agreement with Franz Fischer and the
Studium- und Verwertungsgesellschaft, Luehlheim-Ruhr, The process
was discovered by Franz Fischer and Hans Tropsch in 1926 and was
developed in laboratory studies and on a semicommercial scale by
the Kaiser-Wilhelm-Institut fuer Kohleforschung in luelheim-
Ruhr.l/ A large amount of indusirial and scientific experience

was gained in the field of this synthesis since the contract was

closed,



In agreement with the license, 14 planis were erected
in Germany, France, Japen and Kanchukuc w3th a total production
capacity of nearly 1,000,000 tomnes per annuwi. A wo Pking agree~

1

ment was entered into by the Ruhrchemie 4. G. and the Lurgi Ges.

f. Waermetechnik, G.msb.H, Frankfort/izin in 1539 for development

Lo

work in this field, and it was greatly activated since 1945. This
joint development resulted in grest improvements in the Fischer-
Iropsch process, or, as it may be more generally called, the
carbon monoxide hydrogenation.,

Carbon monoxide hydrogenation was being develcped also
elsewhere, especially after the seinure of German patents, MNo
great industrial progress was so far made anyvwhere, as far as we
know. TFor this reason, this article is limited to work done by
the Ruhrchemie-Lurgl partnership,

As 1s well know, carbon monoride hydrogenatior consists
in the interaction of carbon monoxide and hydrogen over catalyst,
with the formation of hydrocarbons. Carbon monoxide and hydrogen
can be produced from many fuels, Gases containing only carbon
monoxide can be readily converied to synthesis gas. The corres-
ponding industrial methods were reported elsewhere.2/

Kew Experimental Units

In the 14 industrial installations mentioned, operztions
were in evéry cese with a fixed bed catalyst, a downward gas-flow
and removal of heat of reaction by water boiling at high pressure.
These methods were based on experience gained with a number of other

synthesis processes (ammonia synthesis, oxidation of sulfur dioxide,
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naphthaline oxidation, methanol synthesis, etc.), where they were
found to be simple, depéndable and trustworthy. The partnership
decided at the time of reésumption of the development wofk to
retain basically the same technique, because of the great amount
of experience already gained with them. e considered this
experience of such exceptional worth, that a complete rejection of
it did not appear reasonable to us., It was then decided to

study catalyst development, the controversial reaction mechanism,
and heat transfer problems. The need of important development
in catalysts, reactor construction and technique of operations
was clearly understood, In addition, all efforts were made to
develop the synthesis~gas production from differenf available
fuels and to the purification of the gas.,

Figure 1 illustrates the principle of our process, The
granulated catalyst is located in a tube cooled from the outside
with boiling water., The water temperature is regulated by the
boiling pressure. The gas flows from above dowrwards. Generally,
gas is recycled.

Figures 2 to 5 are photographs of & Ruhrchemie experi~
mental plant, This is a three-stage process to achieve 2 97 — o8
percent CO + H2 conversion. Figure 2 shows the tops of synthesis
tubes with water level indicators and make-up gas intake tﬁbes;
figure 3 shows the middle section of the reactors, figure 4
the bottom sections, with the wax separators. TFigure 5 is the

recycle compressor.,
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The products of the Fischer-Tropsch synthesis _are‘common.hr

subdivided as follows;

Synthesis products

1) iethane: This includes methane
proper and any ethane and ethylene forwmed,
sethane formstion is Lizhly undesirable
by consuring the costl:( synthesis zas in- - .
an undesired reaction.

2) Liquefiable primgary »roductss All
iydrocarvons from propane and propylene
up to the hirhest powr point waxes are
Lkere included. The liquefiable products
cre subdivided into;

" asolM consisting of the Cz and Ca

hydrocarbons in the distilla-

Figwe 1, - Synthesis leactor

tion range of -5 - 32° F.
Gasoline CS to Cm hydrocarbons,distillation rangé BE - 356° r,
Diesel 0ils Cyq o &y, hydrocarbons,distillation range 356 - €0€° 7,
&rude Tax distillation range 608 - 630° F.
Praction contaihing scale wax | 630 - 752° ®, |
Praction containing h;ard wax, boiling above ' 752° F, -

Is the Fischer-Tropsch Process Economical ?

This question will be answered by describing the development

work which led to the present status of the prrocess of the Ruhrchemie/Lurgi

'Development Partnership.



Fig. 2. Head of an experimental Fig, 3. Central sections of three-
reactor experimental reactcrs.

Fig. 4. Wax separators on an
experimental reactor.

Fig. 5. Hecycle compressers for
experimental reactors.
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L figwe 8, the size of installations for vy to S0G,000
tonnes are plotied lo ozerithmiecally on tle cbscissz and the production

cost per ton salable end -~

products are plotted on the

- | | ! 220
Additionsl captes) sosts,U,s, ordinate, The production cost
A ! i 200 -
Cosl priges o ¥ +
Additionel labor costs,l, i T A »
"ith the coal price of 5 Dy
s.g mﬁm. koal i { 160 P ‘
4.0 XAIL1L, koal — . ' e .
3.0 MA111, keal—w gt Per million Keal or 35 Ni per
2.0 MAIIIL, koal —~ i 120
1.0 main, ""_._...1” \ S =10 tomme in a plant of 200,000
Chemioals — _ . . A kN TR - k' B 80 - :
labor - - -y o .
] &‘\t & ol . tormes per annum of final Pro-
1tal —— e . . . .
i ducts was arbitrarily set at

25 50 10 200 ~ 500 10 t/ann.
plant a,_lOO.

figure 6, - Relation hotween costs of 1%

produets and plant cize, Capital investment and
labor costs greatly incresse with reduction in plant size, The small strip
representing the coct of chemicels naturally does not caange with the
size of the ~lant., The Zpace above the cost of chemicals is the coal
A2riz.; itvs divisions indicate the effect of increasins cczl prices
upoii the final zosis. The investment costs include € percent amortization,
6 jercent interest and 3 percent maintcnance cost, ™is datz obtained
by the German Zoul wining rdiinistration Comrission were usev.‘-l for the
determination of the econozmics of the Fischer-Tropsch installations,
hbove are plotted the additior nal costs cauvsed Ly the higher wage level
in the United States. The next bang above, Lounded by a broken line,
is the added investuent cost in the Urited states resulting from 20 percent
amortization instead of the & pereent with, Lowever, only 3 vercent
interest against the Gerazn 5 percent. Tae question of economics ol the

Ficcher~Tropsch process under aumerican conditions ill be d3 discucsed later,
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The labor ccst and the investment capital increase pro-

gressively with the reduction in plant size, and even at a low

coal price a minimum economical size of the plant will be reached.

Figure 7 shows a deta:.l of cost estimate for dJ.Iferent

: economic conditions taken from figure 6, The first column shmrs

ico

80

@

20

Coal price

Hg\u'e 7. =~ Production cost of
Fischer-Tropsch products.

200

Capital 180
Wages C _._.J 160

Chemiocals
Cosl

140

120 -

200,000 500, 000

200,000 t/enn,

the construction cost of a
200,000 tonne capacity plant

under the present German cen-

ditions;.its cost is set arbitrar-
ily at 100, and is taken as the

2RI NN

standard. It consists of

Cost of coal...eeoe 55.,4%
Investment cost.... 33.8%
Labor cost......... 5.5%
Chemcﬂs...‘...." . 5.5%

Germany UeSe plmt oapacit,
S. Africsa Gemmany Germany f the total cost.
01d method
4.9 0,62 2,45 4,9 DL M1l1, keal A plant of the same size

cost, - In this case:

in countries where coal is extremely
cheap is shown in column 2 and amounts

to only 58 percent of the standard

Capital investment..e... 69.4%
Iabor cost.....’A..l..... 9.1%
Chemicals.....-......... . 9045
0031000aoou.¢.o-00000000 omnﬂlx

- While the coal cost is 1.6 times as high under standard conditions as the )

iovestment cost, in this latter case the capital investment amounts to

about 6 times the cost of coal. 1In practice this shift in costs plays an 2



K~34

important role upon construction. E.g., when coal prices are high
capital will have to be used to reduce coal costs, while with cheap
coal investment costs may bé kept lower,

Two 500,000 tomme plants are compared in the next two
columss in which the third column represents American conditions,
while the fourth column the corresponding German conditions. The
coal prices in America are»about 1/2 as high as in Germany. On
the other hand, Americans pay very low interest on investment
but expecﬁ a 5-year amortization against the 16 years in Germany.,
The total production cost in the . two plants are practically equal,
namely, 85 and 88 percent of the standard cost, but. the cost distri-
bution in the two plants is entirely different. The investment '
costs amount to 56.3 percent under American conditions and to only
29.8 percent under German conditions. On the other hand, the coal
cost under American conditions amount to only 3l.4 percent, and
rise under German conditions to 60.6 percent.

Computations so far were based on the newly developed
process and for comparison column 5 shows the production cost with
the earlier processes on the assumption that its design is left
unchanged today, and with the present prices. The plant is intended
for 200,000 tonne yearly production, and can therefore, be directly
compared with the standard plant in the first column. The total
production costs per ton of the primary products is 180 percent of
the cost with the modern standard design. Improvements have affected
'neerly equally the coal consumption and the :capit'al investment costs,
The cost of- chemicals, which are principally the cost of the catalyst,

have been greatly reduced,
7
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earlier catalyst reactors. This is followed by condensation and
purification.

Figure 10 shows the hcost breaik-down of the modern carbon
monoxide hydrogenation. The costs are composed of 5 principal com-
ponents: Gasification, synthesis end refining, and are plotted with
their proportionate power and other costs. The total cost of marketable

300 final products is set as 100 at a coal -
Refining o
250 // Syns 2 cost of 0. This point represents then
condens,
”0 / the labor, capital, chemicals and the
. / , overhead, The coal price is plotted on
£ 10 2L/ Gas prod.
< purir, ~ohe abscissa, and the resulting cost on the
sonpression .
100 Y r- 0% ordinate. The large bottom area shows the
0 / share of gas production, purification and
compression in the total cost, and is
o

2 4 6 dependent on the coal price. A4ibove it is
Coal prise mA1111.koal
the area of synthesis cost. It is practically
Figure 10. - Cost break-down  independent of coal price and represents only

in modern CO
}wdrogepation. a relatively small part of the total cost.

Refining costs are low in comparison with total costs,

This cost structure shows the demands made upon gasification, the :
necessity of developing the lowest cost gasification process, possibly by
combining gasification with iron ore reduction in blast furnaces or other
similar slagging i:rocesses which produce cheap gas. To be economical, the
gas must, however, contain a high percentage of CO + Hy or CO, the active

gas constituents,

10
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The principal task of synthesis consists in converting the
costly gas as completely as possible, with the production of the
maximum yield of products of the highest market value. A synthesis
which fails to meet these fequirements increases the production cost.

Reduction in s:,r;xlthesis costs proper are difficult to realize,
because the cost of synthesis iz relatively small in the total cost.
Should such economies i the cost of synthesié result in higlier methane
‘i‘ormation, reduced conversion, or low quality of the final products s
they will generally mean self-deception., The cost of final products
may not be reduced, and may be actually raised,

The costs of gas are shown in figure 11, They are plotted
for this -gasification process against coal prices. Fowr typiéal processes

were selected of the more or less

industrially developed gasification

7 processes: Pressure gasification
P .
/,’ o with axygen (a), atmospheric pressure
e e e
. /;, P - gasification with oxygen (b), atmos-
. g //
17 ° pheric pressure coal-gasification
& 0; preasure gasif. without axygen (c), with which, however,
Y 02 atm, press, gas, — )
| o Atm, press. gas.no 0, 90 - 92 percent active constitfients
L a’ Genepator gas |
2 coal price mAi11L, Kosd °© are obtaineds and the usual water-gas
figure 11, - Cost of purified
compressed zas. generators (d) with the formation of

about 60 percent non-combustible constituents and only 40' percent CO + Hz

in the gas, With low coal prices, the cost of the first two processes

n



differ very little, while with high cosl prices, such as in Germany,
pressure gasification, a, is definitely more economical because of
the lower power requirements, and also because of the credit for
certain carbonization products. The atmospheric pressure processes,
shown by the two broken lines ¢ and d, are of interest. The line 4
is the cost for the 40 percent gemerator water-gas, The lower curve
c gives ..'bhe price of the 90 percent water-gas., All prices are com-
puted to purified gas, compressed to the synthesis pressure before
synthesis, The 40 percent generator gas is shown by accurate

cost computations to be a very expensive gas because of the high
compression costs of the inert constituents as well as the cost of
purification of large gas volumes and of the condensation from this
gas, which have an adverse effect on the total cost. For this
reason, the use of blést furnace gas or similar gases is only econ-
omical under certain conditions, and these limitations do not depend
on the nature of tﬁe synthesis, but are generally true at least for
pressure processes, On the other hand, a high concentration gas
with about 90 percent CO + Hp produced without oxygen will prove
economical through avoiding the cxygen pro@uction costs, The develc;p-

ment of such gasification processes has fortunately progressed far

Q

enough to create hopes of making them shortly industrially available,

Direct gasification of coal depends on the coal quality.
The tar content, the agglomerating properties and the ash content
may result in limiting the choice of gasification processes and

direct the selection of one based upon the quality of the coal, It



is therefore, gratifying that various firms, especially in Germany,
have studied this problem intensively, and gasification processes
are available for different coal qualities. The Fischer-Tropsch
synthesis makes high demands on the guality and amount of gas and
has furnished important inceﬁtives in this field of modern indﬁs~
trial development,
Iron Catalysth

The modern develuiament depends on improvement in iron
catalysts. Iron catalysts ars essentlally highly dispersed iren
with definite activators and promoters. It was shown elsewhere,2/,
that the inner surface of our catalyst reaches 350 Mz per gram of
iron. A closer study of the pore structure shows that the average
wall thickness is close to 5 x 10~ cm. Such dispersed iron
loses much in its magnetic pewer, because its average particle size
is less than the size of molecular magnet (so-called Weiss range)
of about 10~%cm, Should two equally heavy tubes be filled with an
iron catalyst, and should the catalysts in one of the tubes be
sinteréd in the absence of air at 600 to 700° ¢, for a few hours,
the tube filled with the unsintered catalyst will be found o be
no longer afbtracted by a permanent magnet, while the sintered
catalyst becomes attracted to it, This simple test shows the
highly dispersed nature of the catalyst.

What are the demands made wpon such an iron catalyst?

1) It must possess a long life,

2) It must be active at lowest temperatures to permit the simplest
form of cooling of the process by boiling water.
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3) It must cause a maximum conversion of the synthesis gas

4) A minimum of methane should be formed with a mardmwum yiald
of high—grade hydrocarbois

5) The conversion rate must be at a matimum in order to raize
the space=time yield.

6) The conversion p“o*aort" on of 00 and Hp must correspond %o
their proportion in the gas; unless CC and d Hy are consumed
in the same proporition aq present in the ma.l«:e-—tp gas, the
two equivalent gas consiituents cannot be economically used.

of the catalyst must be

7) The activity and cther properties
ction, and vice versa.

adjusted to ths reactor constiwx

8) The catalyst must posssss maximun strength, be uwnifornm in
quality and be readily regenerated,

9) The cost of the catalyst mnust not be excessively high.
The evaluation of such catalyst demands great sxperience
and is very costly because thsy must be itested over extended periods,
Figure 12 shows how complicated the effects are of gases
upon the carbon monoxide hydrogenation catalysts. In this figure
the conversion is plotted against the nitrogen, carbon dioxide and
steam content in the reacting gas. T..qz shows that a 60 percen
‘conversion is possible in the presence of uwp to 70 percent No,
and the corresponding curve th shows that the temperature mmst
be continnously reduced to maintain a constant carbon monoxide-—
hydrogen conversion with increasing Ny concentration, Steam and

carbon dioxide have the reverse effect, T . shows that the conver-

HoO
sion is greatly reduced by the presence of steam. 'Uc 0 shows a
similar but smaller effect of carbon dioxide, while the t

H-zog Cug
line shows that the temperature must be kept constant, which is the

reverse of the temperature effect in the nitrogen tasts,.

14
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The total amount of gas remained constants in all these
tests, while the proportion of nitrogen, steam or carbon diaxide
| to the CO + Hp~ mixture

65 ‘ ;
T oc Was changed. Should the
:s AN ;m"“_;;;—lig_g;g‘tﬁr _:1335 amount of CO 4 Hy» mixture
'] D
=== == — 234
%0 *)\\\\ o 1~ : Tpgp @ Kept constant, or at
1 Nt -
as : Copl ™M i ot .
0 o } 90 L. coty| | ‘,:‘:least approximately constant,
A 20N\~ Uc B E o
- ‘ o 220 the amount of conversion at
--J‘-pontur; ~L I'! ?‘22'

o 1 20 320 e so o0 7og & E&iven temperature will be

,N2,804 and Hz0 in synthesis gas practically the same even

with 65 percent nitrogen

Figure 12. - Effects of €Oy, Hp, and -
Nz upon the reaction rates. addition.

Carbon dioxide and steam formed in the reaction slow down the
reaction rate, while nitrogen actually accelerates it by reducing the
‘carbon dioxide and steam partial pressures, but the space-time yield
of the reactor will, however, be reduced,

Reaction Equations

Ve have recently succeeded in 'proving that the reactions

with an iron catalyst proceed sizimltaneous]y by the following

| equations:

15



Reaction Eguations Reaction Rates

<.
P Hpy 1

: k T b 9
1) CO+2 Hp = CHy ¢ Hy0 ﬂHgG = 1P, 1 4k {COs + H20)
Pe
k, Hox 1 ‘
2) 2 CO + H2 - CHz + GQg nCOz =8 PCO T + }{-4 (502 4 HZO)!
3) CO + Ha0 = COp + H, e z X5 * Pgog

It was further found possible to express quantitatively
the reaction rates with our catalyst and synthesis conditions.
Details of it are shown elsewhere.2/,5/ These formulas and their
classified presentation gave us for the first time a chance to
predict synthesis results quantitatively.

Important Recent Progress

Problems of material and heat transfer through loosely
filled space had to keep step with the development,6/ to furnish
a basis for cbmputation. This basis furnishes to today's
designer of carbon monoxide hydrogenation installatiéns the
required relations between conversion, recycling, heat of activa-
tioh, concentrétion of active components and tube lengths and
diameters,

Important progress was achieved after these data were
determined, and illustrated on figures 13 and 14,

The reactor productivity has been increased from about
2 to around 50 te. and over in the modern reactors. The output
per unit volume of catalyst, referred to primary products, was

increased from 250 to about 1,750 kg/ms, day., The cooling surface

16
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per 1,000 m3/hr, of converted gases was reduced from 3,000 to 240 m°.
The reaction space requirements per 1,000 m5, hr. of converted CO ¢ Hy
was reduced from 14 to 2.5 ms, and the steel requirements for the same
output from 63 to 9 te. The catalyst life, at the same price per nd
and seven times greater output per unit time, remains at least/la.rge.

The catalyst costs were in this way greatly reduced. Tield a3
Cooling ) .
Catalyst - surug’ *Iper 1000 sem gas ' 220 HeSpnaorat.
output/aay ( O.N., WM, . [..,-:.... .
Reactor xg/m3, d. "10é [ % m"'lv, wo [ |
t‘.o?t [faay r Reaction space sol 04l olefins, 1o Lt
40 20001 ) Steel req.®) L . N
o} 1500} B2 1 . sl Shard oy s
w3 so R 108 ¢
30 ! -
1009} 10 sl , X
20 1000 40 , R 50 L
b’ .
0L o
10 5001 _ , 29 X 20 L
i s - ALz
3 93 oatalyst 3 co satalyst
Ruhrchenie/Lurgi Fe catalyst : Ruhrchemie~lurgi Fe satalyst

Figures 13 and 14. - Comparison of Ruhrchemie~Lurgi and Cobalt catalysis
: systeus, . '

The small reactor capacity, . the high steel and cooling surface
requ:.rements of the early Fischer—hopach plants justified adverse
criticism of the German synthesis technique, and were a great 1ncentive
for further development work from the classical synthesia with 2 gas flow
up\mtds and a stationary catalyst. The cost structure is shown ip ﬁgnre
10, and is not merely indicative of our synthesis development, but is
quite gererally valid by showing the necessary demands on:

1) High gas utilization, and
2) High quality of the products,

17
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It was believed in the United States that the availability
of methane as a very cheap gas source permitted to some extent
disregarding these demands. I am convinced of the opposite. Many
economists have predicted that the price for methane will rise
steeply and permanently in the United States. Several pro jects
are being developed now to manufacture methane from coal to supply
the gas required by the industry, Time will surely be reached
for methane as a fuel when yield and product quality will have to be
balanced against the actual synthesis costs.

Unlike the American development we have tried to increase
the gas utilization and improve the quality of the products by improv-
ing the operational technique.

Theoretically, 1 nm® of CO + Hé can yield 205 gm primary
products. Earlier installation produced 150 — 160 gm as a yearly
average, or 75 percent of the theoretical yield, Today 185 gn is
produced, or 96 percent of the theoretical amount. (Figure 14)
fhese figures refer, naturally, only to the liquefiable products,
i.e. to the 05 and higher hydrocarbons,

The great reduction in costs of the present synthesis
production over the cobalt symthesis is largely to be attribubed
to these results (figure §),

Imbiovements in the Product Quality

High yields and quality of the products affect profits
especially greatly. The increase in yiéld to 90 percent of the
thécretical by improving the reactor design resulted also in a

great improvement in the quality of the products. The proportion

18
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of hard waxes has been raised from 10 to 45 percent. _Hard wex is in
great.ér demand today than ever. The melting point of the synthetic

- hard wax is above 100° ¢.
the melting point to 115-120° g,

Special extraction methods permit raising

The color of the hard wax is snow

white, and it must be considered a product of top quality.

" The octane number of hot-refined unleaded cobalt synthesis

gasoline was 45 and was raised to 78 with the iron catalyst, or to that

of high-test gasoline.
 The olefins in the Diesel o0il distillation range are of particular

interest for the production of lubricants or fatty alcohols, This has been

raised from 10 - 20 percent in eobalt atuwospheric or middle pressure syn-

thesis to 65 percent in the iron catalyst Diesel oil,

Brenching in olefines

9

Jl)l —\;\\ l,-,j_ I S

» L ‘\\

¢ P

52 _-:—-.,’ %b‘_" i
.4)

2,

7 - =

4 ) €2 26 20 34 389 42

C-Masbar

Fig. 15. -'Oietin content and branching

in the Fischer-Tropsch iron
catalyst products.
"a" total olefins in the frac-

" tion; "b" proportion of olefins

formed to those present before
dehydration, "c® the same as b
before dehydration, ®dw straight-
chain hydrocarbons, "e" branched
HC/total C atoms.
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Figure 15 is a general
plcture of iron éatalyst
products.

While some 90
percent of the low-boiling
HC are straight-chain compounds,
this proportion becomes lower _
with increasing chain length, |
When the carbon number .z"eac'he.n. '
30 - 40, some 35 percent of
the molecules are branch;d.
The curve "e® seems to explain:
this remarkable resuls, It
shows, that the number of



C-atoms in the side chains 13 in about a constant proportion to the total

number of atoms. With fewer but longer chains in the higher boiling range,

a larger proportion of molecules must simply arithmetically have side chains.

The side chains are apparently always CH.5 groups,

The presence of aromatics and naphthenes in the products is doubtful,

The total olefins in the curve man drop from 72 percent in the CS fraction to

about 62 percent in the Liesel oil fraction, or only very slightly. Seventy

percent of these olefins were formed by dehydration of the small amounts of

ox&genated products. Alcohols, esters » aclds and ketones are distf:‘.buted

over the whole distillation range amongst the iron catalyst reaction products,

Small amounts of recoverable water-soluble alecchols are found in the liquor,

206 gn/SQt (CO - Hyp)

unoonvertad

HCY 184,686 primery prod,)

—— o ——

o3 2r marketabls

Case 1

Case 2

Motor gasoline /1 90 ).N.,’RM., no pd
AV, gaseline TeP.dmootane
G Cstane No. over 80

Diegel o011
lubricants

SHEER "Polhoshe” 1.4

Plate pareff/ MW =.p. 5055, white

" Hard wax

Patty aloohols R Cip - O3

Fuel gag
Loss

Figure 16, -

SXXRON 3700 kol
T ‘

Different refining
schemes,

EERES mup. over 1009¢, white

20

and they offer no problems in subseque:
operations, ‘ |
Refining

Three tﬁrpic\ai'reﬂ}iing schemes
are shown in figure 16, 185 gm per m5
are obtained as primary reaction pro-
ducts instead of the 205 gm per m®
which are theoretically possible.
The balance are gases which can be
uged for heating.

The first process is designéd
for the production of aviation gaso-

line (high octane number), motor car
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gasoline, -Diesel oil, lubricating oil and L.P. gas, The yields
in this case amount to $& percent of the primary products,

In case 2, a certain amount of hard wax is to be pro-
duced in addition to lubricating oil, Diesel oil and gasoline,
Losses in this refining process are still lower, and amount to
around 2.5 percent,

More chemical conversion is planrned in case 3. In
this case final products are obtained with practicaily no loss,
because no loss-entailing processes are here likely except for
a small amount of cracking of the unusable crude wax., 9n the
other hand, the gain in weight in the producticn of fatty alcohols
by addition of water (the axo~synthesis) compensates for the small
cracking loss., This illustrates the flexibility of the different
methods of refining the products,

The great flexibility in refining, and the poszibility
of adapting the processes to market requirements result chiefly
from a high olefin content, the absence of aromatics and naphthenes,
tﬁe small proportion of side chains and the relatively large dis-
tillation range. These are characteristic for the process of the
Ruhrchemi e-Lurgi Company.

Lubricants
- The importance of the high concentration of Diesel oil
olefins and the absence of aromatics and naphthenes in the Sy~
thesis products is illustrated in somewhat greater detail in a
synthesis of lubricants, figure 17, as practiced by the Ruhrchemie
from 1939 to 1944,

Rl



The naphtha and Diesel cil olefins wers then discontinuously
Polymerized in reacters with stirrers, with a catalyst oil as catalyst.
This catalyst was obtained by
interaction of anhydrous aluminum

chloride and olefins, The vields

amounted to 80 - 85 percent of the

“i%g olefins used. The olefins were
2
E largely obtained by cracking of the
P
P r3 s
L] crude wax or of the oil pressings
%%
he .

in the scale oil production or in

the higher Ulesel oil production,

The olefins produced today in the
Figure 17. - Yearly lube productibn -iron synthesis are a nearly ideal
in the Ruhrchemie
raw material for the lubricant
manufacture,
The viscosity of a good lubricating oil must be very little affected

by temperature. In Germany, polhoche is used as a measure of the temperature
relationship of a lub;igant, while in the United States and generally abroad,

the viscosity index is used for this purpose. These indexes are connected

by a.simple mathematical relationship,: Figure 18 shows the relation

# The relation between "Polhoehe® and viscosity index, LavTeclisEu 260
(TOM Reel 196, frame 1).

Jiscosity Index "Polhoehen
"120 1.5
100 1.8 - 109
80 2.1 - 2.25
50 2.4 - 2,6
40 . 2.8 - 3,0
20 3.2 = 3.4
O 3.6 - 3.8
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between the viscosity polhoehe values of lubricants and the length of
the carbon chain of the polymerized olefins. Olefins of the same

3o length of the C-chain give the
26 ' \ lowest polhoehe values, i.e. ’
2 \ the best lubricant qualities

P N

N

© 4 ~ 3 +} 3
- \\ o Sl — with the least amount of branching _

§ \ N . and the double bond in the ot position,
4% S VAR | T

| \---w\«:” [y The best values found in the litera-
w > .' 8 12 15 20 ture are plotted in the curve tan
C Number - ’

. _ agalnst the ¢ number of the olefins,

Figure 18, - Viscosity polhoehe of
lubricants, Curve "o" shows the values obtained

"a% from o-olefins, Wb from A-olefins, '

"e® from splitting olefins, "d" from from olefins with the double bond in

the iron catalyst synthesis s Met

from the Muurclemie production, : the 8-position.

Careful splitting of the soft wa;xes from the cobalt synthesis
produced olefins which permitted the production of lubricants shown in
curve Hgh, '

Splitting and polymerization of the cobalt synthesis products
of the Ruhrchemie produced values shown in the. triangle ten,

| The curve nugn immediately below curve -weon sht_ms the polhoehe
of oils produced by polymerization. of olefins from the modern Ruhrchemie.
iron catalyst Diesel oils. The carbon chaln length of these olefins is
c.l.O to 016, and the point on this curve indicated by an arrow gives a
polhoehe of 1.4. There is a definite improvement over the values of oils

from the cobalt synthesis.
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‘A second advantaze of tne iron catalyst Diesel olefins as a
‘aource :Of lubricating oils is the fazy, that no splitting products are
formed, because the primary products are directly converted. These
oils polymerize especially readily, a.d operations can be conducted
in a continuous process recently develope:i by the Ruhrchemie.

It will be briefly mentioned that these oil§ were tested in
various ways. Their dielectric loss factor and dielectric strength
are outstandingly good when used as insulating oils., They were found
exceptionally good as compressor oils: for thg compression of a great X
‘ variéty of gases. The exceptionally low residue formation and clea -
liness o.f. operations must also be noted. These oils were puticﬁu]y
thoroughly tested &s motor lubricants. Cold tests. of the oils showed
that the minimum temperature at which these oils can still be punped
are lowest with such oils., Viscositiés at low temperatures are shown in
figure 19, | '

| Aviation motor tests of these oils

proved them to resist exceptionally
T '

g cum'n. m‘t_t: oil well to ring sticking., No gum is
P I - )
-3 Camsercial ﬁntcr oil w, p aw formed in the'aging of these qﬂs.
y //m;l;&?;;' ‘ As a result, rings remain free even
=50 after 14 -ours of axtremely ha.rd uSe;
0 P ) 12 16 . v
mm"r ox/ane while v..ih other mineral oils, .t‘ormerly
Figure 19, - Lowest pumping usedbythecm'manurmmstryas v
temperatures. o
standards, the rings froze a.fter eight -
hours use. ”



The o0ils were found equally satisfactory in wear tests. Figure
,20 shows that the piston-seizure, which is a measure of the limiting
temperature for seizure, plotted against viscosities, are much more favor-

able for them than for the grease-containing and grease-free mineral oils,

The curve at the right of wear tests obtained in a large number of motor

tests show that for synthetic oils the wear is independent from viscosity

and very small. A number of commercial motor oils showed higher wear values,
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‘i‘able 1l shows the assymetry and ring

Rubrede values (Gross and Grodde,7/) for a
189 Uaoo v, ghioa’] 25 ’ v ) B
PY s " b number of commercial lubricants and
- : 24 -
o 4 Cdom o Tlubkia)) 18 =| of synthetic oils. The low solidi-
1o :
26 10 14 13 3 2 5 B e fication point of the synthetic oils »

Figure 20. - Piston seizure and
wear of lubricants,

their high molecular weights for the

TABLE 1. Review of properties of lubnca.nts
Symubol Av, mol. Solid Viscosity, :
in figs., wt, poigt centi-Stokes issyuetry Ring :
2l & . 22 M E,, C. V100 A value Fractions
430 -5 = 6,6 63 58 Mineral oil 1. .
435 21 8.4 66 85 Mineral oil 2
455 -14 9.0 62 86 Mineral oil 8
° 560 =15 14,3 72 91 Mineral oil ¢ - .
- 812 -10 18.0 64 68 Mineral oil 5§ = -
$90 =17 23.0 73 60 Mineral oil 6 .
. 665 =50 8.6 105 13 Synthetic lube
786 -35 15,0 100 14 ricants from
. 800 -35 16.5 95 13 Fischer<Tropsch
’ - 999 -41 22.8 110 17 synthesis prod-
1390 =27 S0 107 18 _  ucts,
A (M =M _ 2053/
(K,E,) - 5 - 3/4 By
.~ 3 M )
_R(ﬂ,d)_lo.d-sm-ﬂl-———-—u‘gs d — density
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same viscosities and their close tu zero ring values and high assymetry
values are outstandiﬁg. Synthetic oils contain from tleir very origin
' .mluch fewer cyclic compounds, dut acquire an isostructure by the aluminum
chloride polymeﬁ.zation. This is purticularly clearly seen in figure 21

in which indexes of refraction are plotted against wmolecular weights.

1.54 TePe
l Gim and n&phalt-‘-ot'g o§ls 80
- Aromatiocs TT r_ RPN B og ’r' , 3 66
1 1bils |4
g 1.50 el 4inaral oils boun 40 n/panrfiﬂr“."' ;u:::: :d;__., s
- Nﬂph‘t‘lonol i ] Ruhrchemt / * 8 2
;-4 / rehemie o r- , | ’VJ q
£ / /”_____ -_-—l-—? 2 - »” = ]
1.46 g A parar s, Ao —J’ P 4J€
: - ™ / ° -~ ! -
S ped — =401 A 18
> 4 1o
5 1.2 4 : - adw.d g
b4 J o »” <
£ I -80 .
I a7 B ! i
=0 T 0200 4000 600 5001060 T 00
4v. molscular weis hia Aver, mol, weights
Figure 21, - Indexes of refraction. Figure 22. - lLelting points
. and viscosities of
lubes,

The J.nde.x of refraction of no.rmal paraffins is the lowest for
a given nolecular weight. The values for synthetic oils are very close
to those of normal paraffins, The upper curve is the limiting vﬁues
for highly refined mineral oils. The points plotted are results of
determinations with the common lubricants on the market, and are more or
less displaced in the directions of the arrows towards the gum and asphalt-
;eont;imhg oils according to the determinations of Zerbe 8/ and our own,
' The pour points and the relation between viscoéity and molecular weights

- are particularly enlightening. The left curve in figure 22 shows the
relation between the melting points of normal paraffins and their molecular
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weights. The same.relationship for commercial lubricants is shown
in the rectangular frame. The flat Lottom curve which holds even
for -30° C. with high molecular weights, illustrates the extremely
low pour points of synthetic oils., A further characteristic of
synthetic oilé is shown by the broken lines of equal viscosities
with mineral oils at much higher molecular weights. Aczcording to
Unstaetter 9/, the lubricating properties upon bearing surfaces
depend on the molecular weights, which causes a lowering of the
hydrodynamic pressure maximm. It may well be that the desirable
properties of these oils are due to it, i

Because of the close comnection between oil and fuel, the
changes offered by the synthesis for the production of very high
grade motor oils is a very important characteristic of our process,
and this is the reason for discussing these details. Aromatics
and naphthenes which are formed in the fluidized catalyst technique
at above 300° Co, or similar processes, are definitely objection-
able in the lubricating oil syntheses,

A few words will be added about another method of chemical
conversion, namely, the addition of carbon monoxide and hycrogen
to aldehydes or products resulting from them, aleohols or acids,
i.e. the so~called oxo-synthesis; also discovered by the Ruhrchemie.
RBoelen 10/, has reported in detail at the last chemiczal meeting in
Cologne in 1951 on the flexibility of the oxo-gynthesis. The high
olefin content and the favorable final form of the olefins are
economically extremely favorable to the oxo-synthesis, presenting

an easy access to this important field of chemistry, and therefore,
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also to the production of plasticisers, solvents; plastics and
detergents via the iron-catalyst synthesis,

The oxidation of hard waxes may also be done for the
production of acids using nitroso acids and sulfuric acid. Thess
aclds are emulsifiable, and the process was alsc developed by the
Rohrchemie,

Econonics

The production costs of the primary products could be
reduced with raising the yield t¢ a maximum with an improvement in
their quality. A 200,000 te. Fischer~Tropsch plant seems to me
to be entirely possible with the present coal priceé and under
the German conditions, with the production of the simplest products——
L.P. gas, gasoline and Diesel oil, With the use of the above
mentioned further developments and the conversion of the primary
products into lubricants or aldehydes, economics are further improved,

& 200,000 te. size is, however, by no means a necessity.
The Wanne-Eikel plant of the Krupp Kohlechemie Gemeb.H. was recently
started. Tt wasgbe partially modernized by the Ruhrchemie-Lurgi
partnership, which will permit the production of hard wax in the
old middle pressure equipment, and this will be economical with a
much smaller yearly production,

In the United States, the Fischer-Tropsch synthesis
seems the least promising, Coal is>not especially cheap there,’
labor is very high and the investments costs are greatly increassd
by demanding an amortization of 20 percent of the investment.

Moreover, the price of gasoline and Diesel oil are kept low by
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competition with petroleum production. Nevertheless s according
to our computations, the high quality of our products will play
a deciding role in a 500,000 te. plant. The conversion of the
Diesel oil olefins to lubricants of the highest quality, and of
a small part of the production into high price hard wax and other
chemicals, will assure, according to our calculations, sufficient
profits even in the United States. It appears s however, doubtful
whether a plant limited tc the production of fuels can be profit-
able.

If a 500,000 te. plant were erected in Germany to be
operated for the same final products as in the imerican plant
discussed above, the economic results would be appreciably more
favorable because of the lower normal amortization rates and higher
prices for the products, in spite of the higher costs,

Economics of the Fischer-Tropsch process under African
conditions is very favorable because of the very low cost of coal
there, low wages and high costs of fuel, with the high transporta=-
tion charges from the coast to the interior. The South African
Union has decided 1% years ago to install a Fischer-Tropsch plant.
'The first general license agreement was ‘signed by the Ruhrchemie-
i.urgi Company and the South African Coal, 0il and Gas Corporation,
Ltd., in Johamesburg.

The first industrial reactor wnit with conéiderabiy
higher léad than in the earlie:f plants, will be put on stream :m
a few months by the oldest licensee of the méhenﬁ.e, ‘the
Etablissements Kuhlmann at their plant in Harnes for wax production
and is based on a new license agreement. Their economic conditions

are similar to those in Germany.
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‘For European conditions, a combination of the Fischer-
Tropsch process ﬁth pipe-line gas projects offers fine possibilities.
In this case, the combination of pressure gasification with the
Fischer~Tropsch synthesis will prove most economical to bridge the
already existing and steadily widening gap between gas demands and
supply thus supplying to home demands the valuable energy source,
gas, in greater amounts,

An attempt was made to answer the question, whether the
Fischer-Tropsch process is economical. It was shown, that in all
the cases considered the. answer is definite}y positive in the
affirmative. |
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