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SUMMARY

The product distribution of Tron-catalysts of different hydrogenation
hydrogen values is presented and investigated with the application of the
polymerisation function. A law of distribution is found for the paraffin
hydrocarbons. The volumes of C-fractions rollow the reciprocal pro-
portional ratios of the squares of the C-numbers, independent of the
absolute values of the hydrogenation hydrogen. Their absolute values are
obtained by multiplication with hydrogenation hydrogen values. The
methane formation is an exception from the rule. The minimum value of
the first methane term in the series of the paraffin distribution is being
estimated, and the influence of the methane formation on the formation of
the higher paraffin hydrocarbons is being discussed. The paraffin distri-
bution for different catalysts can be calculated with the help of simple
data, obtained from gas analyses.

A similar law of distribution is stated for olefines. This distribution
decreases for the higher olefines in a higher order, than in the reciprocal
squdre ratios of the C-numbers. The formation of lighter olefines is
favoured against the formation or preservation of the higher olefines,
probably on account of the easier hydrogenation of the higher olefines.
Quantitative data are given which lead to the calculation of the olefine
distribution for iron catalysts.

The formation of the olefines is found to be principally a radical poly-
merisation which is superimposed by 2 lesser active ethylene polymerisa~
tion. According to the amount of hydrogenation hydrogen, activated
by a catalyst, smaller or larger parts of the polymerisation olefines are
being hydrogenated. The methane formation occurs at least to somewhat
more than § of the hydrogenation hydrogen value. The change in the for-
mation of the higher paraffins with increasing methane formation is
discussed in detail. A method is indicated according to which the
total olefine volume and the division of CO-volumes, converted into
paraffin and olefine hydrocarbons, can be calculated.
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[n our carlier publication) we have given the okn,."m
hydrogen, which is used for the Dvdrossnation in the . .00
have also discussed the importanee of it In the fellosieye o
of the hydrogenation lndrogen on the distribution of the .
the syathesis is discussed.

FONPERIMNENTAL

With our present hnowiedre we can calealate only that part of 0d
tion hydrogen. activated by u catalyst, which B sepved for i b
methane, as it is usually known from gas anadysts With b s wam obtpn tha
remaining hydrogenation hydrogen, which has been wwed Yor &0 © dpther
olefines into paraffine, but we eannot subdivide it any £ ‘“i" : Pt v,
where all the hydrogenation hydrogen has been utiized Yor the s
it cun be shown that the remadnine ameunt of fotsl ‘.,n!ws wornandr, whivh has
been converied. appears as olefines, oxypenated compouted. and 0 - earham

deposit.

T gy

Torogatiog,

1

1t is essential to have the product compositon avcondine fo U-Ne ‘”mr”\v'
in order to obtain further informution about the distributivn of the ? .
hydrogen on the higher paraffins. and thereby to obinin the miwmanen of the
distribution of these paraffins,  In 1943, under the title ™ Relvlvanivores ”
synthesis runs with 6 different fron cuntalvaty under wiriforrm comditions fuse fwm
carried out. and all the products have been completely ~eparated amd 0
The published results of these investipaiions® have been used 10 our siohes of the
influence of hydrogenation hydregen on the distribution of the prodicts, s thewe
happen to be the most complete available data.

0y

The catalysts used in the * Reichsamtsversuche ' had begn Jovclor o and
manufactured by 6 different firms, and they were ssed for the tnds m e works
*“ Schwarzheide ™ of Messrs, Braunkoble-Bensin, A G, during 1903 43, Aleny
with studies of purely technical and cconomical nature, sl the g‘!u\l’ ci Bad Been
completely separated into C-fractions. and percentape umouwsis of paratfin., ol
fines, and oxygenated compounds of these fractions had been L‘Nﬁﬂ\zﬂh{ia The daty
published so far are rather incomplete.  As far as we are awars, a vovples g
luation of these investigations has never heen published, The FLAT. Repurt
No. 276 contains the composition and the ubsolute quantities produced of the
products, from 6 different iron catulysts. The gas guaniitics and compouion,
however, are not given. The product composition as well a8 the guy guantities
and gas composition, for 2 of these 6 catalysts (Rheinpreussen and Brabag € atahiaia)
over specific experimental perieds, are at our disposul¥  These svamplis enable
us to carry out & complete comparison. with the aid of our earlier deduntinns fram
gas analytical data. It is. however. possible to indicsie the conncotions of the
built-up of the products, in the case of other examples, with these data, and it can



| Parattins Olefines ‘ A
C.No. | {
N. | o R T
22.4 l Product | Vol, liter CIOLV;:N 22-4 Product | Vol. liter C10 vol ‘ 9.4 ‘( Prodne
e in e X ~F) col. 4N | 1 Tin g (F) co,SX'\I‘—&. in
Mol. wt. l ing |( | (AT D), Mol wt, N (AR, Mol. wt.‘J ing.
1 2 ’ 3 \ 4 5 6 7 8 9 10 1
1 1-400 19180 268.52 26852 ve I . . [ 5 - -
2 0747 19910 148.73 297-46 0-800 18-20 1456 20.12 0487 7415
3 0-509 | 130-80 66.58 199+74 0-533 17340 92-42 217:26 0378 33-25
4 0-386 | 120-20 4640 185- 60 0-400 12500 60-00 240-00 0308 23-20
5 0311 | 8148 25.33 126-65 0-320 11470 3670 18350 0+254 0-90
8 0-261 67-91 | 1772 106-32 0-267 7600 20-28 12174 0220 1-69
7 0224 l 6451 14-45 101-25 0-229 8440 1473 103-11 0193 460
8 0-197 ! 5454 1074 85.92 0-200 50-10 10-02 80-18 ®171 6-04
9 0.175 ] 44-15 7-73 69-57 0-178 37-00 658 59.22 0:185 4-32
10 0-157 4985 7-83 78-30 0-160 33-00 | 528 52-80 0142 3-55
11-5 0-137 f 64-93 8 90 102-36 0-139 3530 4-91 5647 0130 3-17
18-5 0-117 o - 0119 - o ! . 0-116 2-60
14.6 0-109 ’ 142.91 15 58 225-91 0110 4470 4-92 69-49 0-008 s
156 | 0102 | .. . 0-103 - N . 001 | 287
17- 0080 4492 4 04 7134 0.091 6-15 0-56 9-80 0089 |« 117
19-47 0-069 143-10 9-87 227-01 0-070 9.30 0-65 14-96 0086 |« 0-00
28-43 00399 202-00 8.06 286-13 . 000 0-00 00+00 0039 000
Sum .~ . 1 1602:15 660-48 | 243207 . 78726 27162 | 1297-62 “ 16151
Loss «| 0-102 | 3701 3.78 58-39 0-103 1819 1.87 28-98 0201 |+ 374
I}
Sum . . | 1639-16 J 664.26 | 2490-66 . 80544 27349 | 1326-60 - 165-25
Total i | | o
U-Factor calculations :— General prod
= - neral produ
(X “"j})) = 100— 3 (3a$ﬂj b’b). Paraffins-C
=0 —f) + 3(a o+ by = 66426 + 3(4011 53) = 12698-85. MethaneC
U = 100/A = 100/12698 -85 = 0-007874722. -
Total Para
Olefins-
Alcohols
Esters-C
Total CO
* E. Sauter, “Report on the Works of the Department of Research and Development of the converte

Works Schwarzheide of Messrs. Braunkohle-Benzin, A. G.,” 1938-45. hydroca
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be shown thereby that the relations developed earlier are useful in explaining
further the built-up of the products.

However, it should be mentioned here that further investigations in this
connection are desirable in order to establish the solidarity and completeness of
the relations developed by us. The results of these investigations are valid only
for iron catalysts, though the conclusions drawn may be such as to appropriate
them a common validity. Unfortunately, practically no adequate data are available
for cobalt catalysts, for which there may exist probably much simpler relations
for the dlstnbutlon of the products.

The data at our disposal have been utilized in the following manner (vide
Table I):—

1. The weights of the different C-fractions, separated as paraffins, olefines
and oxygenated compounds, have been recalculated into vapour volumes. Thus
we can arrive at the distribution of the products, according to Mol.-volumes and
at the sum of such volumes. The latter values are identical with our earlier defined
values of (x' —f), f and g -

2. By multiplying the vapour volumes of different C-fractions by the respec-
tive C-numbers (N) we get the different CO-volumes, which have been used up
for the formation of different C-fractions. The sum of these values represent the
CO-volumes, converted into the different groups of products, and further, the sum
of these groups of products forms the CO-volume which has been converted into
the total products, which is identical with our earlier defined value of (¢’ +- ).

3. The different vapour volumes, their sums, the CO-volures and their sums,
then have been recalculated on 1009 conversion basis, in order to utilise them
for comparative studies. The:e recalculations are possible with the help of an
equation ’

—f)=3[333B—@+B] )

which we have already formulated in our earlier publication. Here, the values
of (x' —f") and (@’ + ') are substituted for (x — f) and (@ +,5), from our examples,
and the constant equivalent to 33:33 is then obtained. With the help of the
thus obtained recalculation constant (vide Table I}, éach value has been recalculated
to a value, valid for total (CO - Hyp)-conversion. Depending upon whether we
consider the oxygenated compounds either, as paraffins or as olefines, we obtain
somewhat different (x —f)-values or constants. Here, 'throughout, we have
obtained (x —f)-values only from paraffins. Wherever the comparison between
the values of (x —f), obtained in this way, and such (x — f)-values from gas
analysis is possible, they were found to be in very good agreement [vide Tables I
and II: (x —f) =4 992 from gas analysis and (x — /) = 5,229 from product

analysis].
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4 AR B vadees for different Cofractions, thus obtained, have been divided
fdue tepvaets which will be given later) within the different product-groups,
tn L fand gevalues {vide Tables V. VIand VL), In order
< dedribution, Jurther evaluations have been carried out.

wlonlated through example (Rheinpreussen Catalyst) is given
able !E conbans the gas analytical data for the example in Table I
it the daty for the mass distribution of paraffin hydrocarbons of
v s ivvestigation, caleulated in the manner shown in Table 1.
< ctihve olefine data. The tabulation of oxygenated com-
paotgnds 1 vittied da thesr distribution & not known so well as that of paraffins
armk et

i ddesibuson of the Paratiin
In an variwr reference,! an equation for the polymerisation of the (CHy)-

vadtcale st defines, by ghwen, 1L s of the following nature, if alt the polymerised
eiehioes of diferent chain-longths are converted into paraffing:

tv /) ,: ta + by (1)
[

T thes mgiatsen (v ff s the sum of the vapour volumes of all the paraffins,
ier . B3 ogw the sam of gl the CO-velumes which have been converted into hydro-
carbons angd (et i the average chain-length of all the hydrocarbons. A similar
tunctian de equstion {11 which i valid only for the sum of all the products, must
s e vahid For caclh separate fraction.  We can write such an equation, by choos-
g dhe respestive gapital letices, for the individual fractions as follows:

L s t
B (A Bl 2
Al abe wu can write for the sum of all the separate paraffin fractions as,
Hep KNa=m
YK By YA B = ) )
Nt Ny

where N may be any C-namber between 1 and m, and » is the average chain-length
of ali the parafiing. Puring the common synthesis reactions only a part of the
plefines is hydrogenated, and so we can write an equation for -the formation of

olotings us follows:

Fu = - (A Blo @
and simifarly for oxygenated compounds, as.

Gy ';"’ (A ¢ Bl o ' ©)
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Distribution of Paraffins of Different Iron Catalysts
[Individual (X — Flx- and (A — B),-values]
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TABLE 1V

Distribution of Olefines of different Iron Catalysts
[Individual (Fy)- and (A - B)y-values]

s . ! ] ]
Kaiser Wilhelm . ! . . |
Institut fuer Rhbetnpreussen Rhem?{eussen L. G, Farbenin- Ruh;ché)me Lurgi { Brabag I l Brabag II

C-Nos, Ko}l\x}zfe%s;k:nung Homberg Homberg dustrie, Leuna Oberhausen Frankfurt Main i Berlin w[ Berlin

N ] i \ T e R 5

i (F) ‘(A‘FB)oi (F) %(A+B)o[| (F) [(A+B) (F) (A+B)0i (F) 1(A+B)] (F) [(A+B)o (F) (A+B)0‘} () ~(A+B)
i 1 i U

v [ ’ P ‘ f

2 { 0:146 | 0-202 | 0145 | 0-201 | 0+115 | 0-220 | 0-457 | 0:993 | 0.398 | 0-797 ; 0-478 | 0-957 | 0-345 | 0.690 . 0-424 ! 0+848

3 1 0659 | 0.978 ' 0.705 | 2112 | 0-728 | 2183 | 0-817 | 2.448 | 0-638 | 1.914 1 0-474 | 1-422 | 0-445 | 1-335 | 0-487 [ 1:461

4 i 0.352 ‘ 1406 : 0.442 | 1-769 | 0472 | 1-800 | 0.392 | 1.582 | 0-276 { 1.104 : 0-333 | 1.338 | 0-334 | 1.335 ' 0.281 | 1.124

5 1 0.244 j 1-221 . 0-283 | 1416 | 0-289 | 1-445 | 0.272 | 1.376 | 0.191 | 0.956 ; 0.221 | 1.104 | 0.165 | 0.825 ; 0.153 ’ 0:765

6 1 0.1561 { 0-908  0-171 | 1-023 | 0-160 | 0-959 { 0.155 | 0.927 | 0.136 | 0.818 , 0-111 | 0-664 | 0.187 | 0-825 ' 0-135 | 0810

7 i 0.092 s 0.642  0:111 | 0.774 | 0.116 | 0.812 | 0.112 | 0.782 | 6.076 | 0-554 ' 0-070 | 0:482 | 0.094 ; 0-660 . 0-098 | 0-686

8 ! 0061 | 0-487 . 0-085 | 0-681 | 0-079 | 0-631 | 0-082 | 0639 | 0-052 { 0-420 : 0:084 | 0-510 | 0-057 | 0.453 | G-078 | 0.624

9 ) 0.041 | 0:373 | 0-058 | 0-528 | 0:052 | 0-466 | 0047 | 0.421 | 0.033 | 0-293 ' 0-028 | 0-255 | 0.056 | 0.501 ° 0:065 | 0.585
10 £ 0-029 | 0260  0-041 | 0-410 | 0:041 | 0410 | 0-049 ; 0490 | 0.031 | 0.310  0-033 | 0-330 | 0.058 | 0.580 | 0.071 | 0.710
115 | 0:014 | 0-169 ' 0+018 | 0-207 | 0:019 | 0:223 | 0:022 | 0.261 | 0.017 | 0-203 | 0:023 | 0-267 | 0.023 | 0-380 | 0-026 | 0.287
13:5 | 0007 | 0:102 ; 0-008 | 0.108 | .. .. 0-016 | 0-218 | 0.009 | 0-129 1 0-020 | 0-283 | 0.030 | 0.413 | 0.029 \ 0330
145 e CE R . 0009 | 0-137 | .. o . .. . . .- ‘ e e
15:5 ] 0:004 | 0-083 1 0-005 | 0-079 . - 0-011 | 0-147 | 0,006 | 0101 ! 0013 | 0.200 | 0.016 | 0-257 | 0-019 1 0-302
17-5 1 0+001 | 0:022 ; 0-002 | 0-088 | 0 002 } 0.038 | 0-007 | 0:123 | 0.004 | 0.081 ; 0+007 ; 0-124 | 0.013 t 0.232 i 0-013 1 0-236
1927 | 0-0003] 0-008 . 0-0007{ 0-015 | 0-0005| 0-013 { 0003 | 0-065 | 0.002 | 0-041 . 06-003 | 0.074 | 0.004 | 0-105 , 0-004 ! 0-092
28+ > 1‘ 0.000 | 0-000 ; 0-000 | 0-000 | 0-000 ; 0-000 (¢-0002] 0207 i 0-0003} 0-013 | 0-0008] 0-026 0-0004I 0:020 ' 0:000 ‘I 1:000

. } = — A t T ! :

F | 1-832 2.008 2:154 2-532 b 1-936 ) 1-993 1.933 ] 2.018
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The distribution of the separate volumes X B b oamd € for the different
N, appears as a hyperbolic function and results in straight hnes it wnad on
log-dog diagram. Here, two ways of graphical representation are possble. They
are: (1) (X - F) or ¥ may be plotted against N, wherehy wo obtain strauthi Lines.
descending from low Conumbers to high Cosombers, Similarh (A By values
can be plotted aguinst N. (23 (X i or F omay be ploted apainmt (A B
whereby we obtain straight line descending from the right side tey the hft wide. and
euach C-number, N, forming a 45 -parallel (ope equal to 1 on wineh e wll the
possible values of the sume C-number and which therclore reprosent cometric
places for all fractions baving the same Conumber.  [hese parsileh cut the ordi-
pate drawn on the (A ;1 Blvalues equal o one, it the values TN Thin method
of representation is preferred to the first ay it indicates the eondimons more clearly,

In Fig. 1. a typical representation of the individual 1. drocarbes volumes
against their C-No, s given for the products of the Rbeinprewssen Cutady 1 aecord-
ing to Table 1. Curves 1 and 11 of Fig. 1 indieute the distributivn of the para-
ffins and olefings respectively. and Curve [ indicates the distribution of the sums
of the products according to C-No.  Further, in Corves IV amd V the rospective
CO-volumes of paraffing and olefines are plotted ugainst N, amd m Curve V] the
sum of them.

In Fig. 2 the same representation is given againat thie respective CO-volumes,
Further a distribution line, exp cted thearetically, is also drawn,  The points where
this fine crosses the N-lines indicate the theoretionl fravtion fipurev (X Fiy,
and from this we can observe the close apreement between the theoretical
and experimental valucs,

If we investigate more thoroughly the distribution of puraifin L drocarbons,
we notice that they follow a definite law of distribution which 15 indtented by the
fact that all the experimental points with thy exaontion of methane lie on o straight
line which starts at the value (¥ - f)in case this wilue (v F) v being used
completely for methane formation. Then in such a case, the distribution line | would
have to shrink on the point (x - f)  (a | ), and therefore disappear.  As the
value ¢ for methane formation is mostly less than (x [ the formation of
higher paraffing is possible.

We further find that the slope of the paraflin distribution fine is practically
equil to 2-0 (vide Table 1). 1t can be seen that this slope or esponent is nearly
the same for all iron catalysts under investigation (vide Table HIn We will call
these values as Q and R, and they will be the average values arrived from all differ-
ent points. This observation is of fundamental importance as it indicates the
existence of a general mechanism of the formation of the products.  The catalysts
with low (x — f)-values are observed to deviate towards smaller slope values,
theoretically on the lower product side. On the higher product side however,
deviations towards higher slope values are founmd. But here slo. the average
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value of slope remains nearly 2-0 and is especially maintained within medium N-
range. The distribution of paraffin hydrocarbons, with the exception of the starting
number methane, for the iron catalysts under investigation, therefore follows a
simple quadratic function over the C-number area, which can be written as follows:

(X~ P = g3 (& = ). ®

1f we substitute the value for (X — F)y from equation (2) in equation (6), we obtain

A+ Bl =g (7). o

This is a still simpler function which connects the amount of CO used for different ¢
paraffin fractions, with the hydrogenation hydrogen values. This equation ist
also satisfied by the experimental data (vide Fig. 1 Curve IV). ’

If these distribution functions are wrilten logarithmically we get a better
graphical representation. For equation (6) we can write,

log(X —F)y =log(x —f)—2log N 6 a)
and for equation (7)
log (A + B)p = log (x —f) —log N.. (7 a)

Finally, for the exponent 2-0 in equation (6) we can introduce the more general’,
term Q so that it can be applied for all the general cases and we get

log (X — F)y =1og(x —f) — Qlog N. )

From equation (7) it can be observed that for each C-fraction of the paraffin
series, part of the converted CO used for its formation is equal:to N-thpart of *
the hydrogenation hydrogen (x — f). This means that the probability of the
formation of higher hydrocarbons decreases with the increase in chain-length in
logarithmic proportion. The distribution function therefore, represents itself as
a rather simple function, wherein the (x — f)-value decides only the absolute
height of the paraffin formation, while the distribution itself is more or less fixed
and is the same for all the different iron catalysts under investigation.

The relations developed so far describe the representation of (X — F) against
N; the representation (X —F) against (A + B)p, then follows the following
function : :
log (X — F)x = 2log (A + B)e — log (x — f). ®
This equation is obtained by substituting the value of N from equation (2) in
equation (6 @). Equation (9) can also be written as
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. i w
fog(X Fi log (u . 3} chetr % B 4 3
or more poneridly as,

log (X Piy  log (H ! “) Holopen By il

where R is the slope constunt, which bs squal 1o 24 the v Sadaes for (3 and
R according to equations (&) and 1 hase heen calealatad for the disinbution of
paraffing of Fe-catalysts as average sadues of al ghe o0 700" puinis and are
given in Table [1L From this table we van eheerse that foe T 000 with
(x - Fivalues of about 5-0 these salfues of Qnd B are close 30 20, but for the
catalysts with lower (x ) they are not secelowe 1o 200§ able L the viduey
of Q and R, calculated for each separate paradiin frachion ave poan, and we fmd
that with the natural exeeption of methiany thes ave gic view o 2060,

If these distribution laws are assumed 1 ke tollovod By eacd tpe of catidya,
it then becomes very easy to cateulife the denbutsa of the 7 wath the aid
of equation (6 a), s (x Jevaloes enn be eauly oknamed from mernud w
iytical control. and it would no more br cove 0 o carny ong rather Lo
product anilyses.

SRR {EHE
shed

Equation (8) describes the statisticad dearsbunen of the o0 000 the sam of
which can be uxprossed by the form of 4 sors, The vosdanes of the sl (§
or R) of the distribution curves, found in all the cavrs, midwaies the exutence of
unique mechanism of the formation of the vbe, 3 A et during
the polymerisation and subsequent hydrogemston, for e Jusctien of @
product of a certain  C-Number always duuble s oman U0 awleonls
or CH, molecules are required s will form ameitancously sy the respective
product with double the C-Number. For iastanee, 80 H coadin. polviierie
into 4 CiH-molecules, which are then Bvdrooeniinl slnle oot o vonds puoly 4
(CHy)-radicals combing to form /[ € Hy molesule amd so o, 18 wein that O H -
molecules are hydrogenated. while simultinvog s only | omwfecule of OMy iy
being hydrogenated.  The sum of all the puraffinenluns . can be cxpresed us o
series which is known as Riemann's Zeta functivas, and # con be writien according
10 equations (3) and (6) as follows:

Nowm
P mp Tk F X f v f
xsz(x Pl e+ 2% * L ™
Gy,
or - f) an
Ne

(X~ Fiy == (x ~ f) {E + 2‘; + ;3 + ;ig S ;*} gLyt (13

N1



Distribution of Products of Fischer-Tropsch Synthesis with Iron Cataysts 125

wherein the value e (in bracket of equation 11) for absolute methane formation is
multiplied by (x —f)/(x — f), and the term for the relative methane formation
is introduced in equation (11) which is

e

= —— e 13)

Thus we obtain equation (12) which gives the distribution independent of the chang-

ing absolute values of (x — f). According to equation (3) Z (X — F)y is identical

with (x — f), and thus the sum of all the terms within the bracket of equation (12)
can then only become equal to 1. Therefore,

1 1 1 1
[f+~2——2+§é+»4-2+....+;;2]=1. (14)
From this condition, we can now get a complete survey of built-up principles for
the paraffins and simultaneously for all the other products.

If the first term £ of the series given in equation (14) is equal to 1, the bracket
expression converges for m = co towards the value »?/6 = 1-643. The expression
in bracket without the first term 1, consequently becomes,

1,1 1 1
[ﬁ+ﬁ+1§+....+;1—2]=1-643—1=0-643. as)

This means that according to equation (14) the value for £ must have lower as well
as upper limits and that methane formation can never become zero or it can never
exceed (x — f). According to equation (1 and 15),

1
[215+-31—2+%+....”—l2]:1—£=0-643 (16)

and
& =1 —0-643 = 0-357 (for m = oo). (17)

The relative methane formation, therefore, can never be smaller than 0-357 for
which condition m becomes oo, which means that the polymerisation should continue
to indefinitely long-chained compounds. But for most of the catalysts, the poly-
merisation reaches only upto the chain-length of 60-100 or less, and so the effective
relative methane formation should be always somewhat higher than 0-357. On
the other hand for ¢ = I, the bracket expression in equation (16) must become
zero, ie., only methane is being formed and no more any other paraffins. With
increasing £-values, between 0-357 and 1-0, the terms in equation (16) starting
from higher molecular side, must consequently disappear. It is quite interesting
to state that the minimum value of the relative methane formation is just some-
what higher than % of (x — f)-value, as already indicated earlier, and therefore
nearly equal to the bg-value.! The distribution values of the paraffins calculated on
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and hase been obtained by dividmg each ssdaodual €%
preative v F) value belonping o the worwee -
these viduss against Nois ghven o B &

When we examing our examples of ther £ e, W fotice
that all Svalues are higher than (23870 Beades the, il devntions, of
the exact following of the distriibution law cun gho Yo nebovd AR SRR 0
Tow molecular side, the experinental salues ary mostly o B
theoretical ones, which i found mosth for e ol
On the other hand higher values are tound on the ek
been already stated.  The prohable oa'
follows:
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I. The catalvsts may preforabls form gy
genation hydropen on the highly hudroe

v oandy Dwhnh
st f1 e mpwe

2, Tt may be that the surplun of the prodocts on @
can he observed with Brabag Catadysts is due g alisluinn
so in this case. as due to low Dvdrogenation aepssets. o fuphicr
remains, so that atkylation reactions should mevur more ¢
would account for lower paraffin values on the low modevn
have been transforred 1o the higher side due b b daten, whore thov cun again
appear as paraflins.  Such side repctfors i widely Sl te sapinal mafioup,

3. Further, the slight differences un the hpht moleoalsr sde wat B avounted
by oxygenated compounds. I HyOr is parihy m'n-mwni fr o U Bl
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From our derivations, it can aba he ohaenved thie the shenlute value of

(x —f) for practically constant fundumentid distribution 4 wr R 2} #ines the
amounts of paraffins and ofefines in the totad preducts. Thic o sirethy salid for
the same relative methane formation, which mewns that B vgual and  constant
£-values, the further influential factor on the subdivision ints purefiin and oletines is
then the £-value itself. This value decides the average cham-lenpth of the paraifine
For every constant fvalue, there must exist an optistum (x  F value, tnr which
all the products must appear as pwraffins.  For s ML the opomen value of
- fyis found to be 7-77 and for m WL 683, and 2 changes Between 603

nd 8-0 according to polymerisation activity and the height of Sabie, AL u Baed

(x ~ f)-value, with increasing Z-value {the highest possible h&:mg Bothy, the refa-
tive methanc formation increases and reaches ity maximum, while simulicncously
the possible olefine formation also reaches its maximum,  This is due 1o the fact



b

.04

0.3t%

s

2.0813

9.00f

o0t

29003

0008

SH1

G006

£.0007

00007
0000

£.5005

09504

3908

0,300 —

00015

o0l

0.0006
0.0005

00004

0.0003

2.0000

0.00015

“ 0001




Distribution of Preducts of Fischer-Tropsch Synthesis with Iron Catalysts 127

that all the converted CO-volumes in excess to methane formation, must then
appear as olefines. If (x — f) and £ increase simultaneously, the synthesis reaction
finally ends into an exceptional total methane formation.

Below the optimum value of (x ~ f) for complete hydrogenation, more and
more olefines must appear in the products, as on one side hydrogenation hydrogen
is no more sufficient for complete hydrogenation and on the other side poly-
merisation activity of most of the catalysts is limited and does not much extend
beyond C-60 products. Therefore, an increasing amount of the polymerisation
olefines remains unaltered. While in the first case, more medium and light olefines
are formed, in the latter case more high molecular olefines are obtained. The
increase in the guantities of olefines, and the chance for secondary reactions like
alkylation, polymerisation, isomerisation and hydration is favoured due to the
catalysts being able to activate such reactions. It is quite probable that these
conclusions drawn for iron catalysts only may be valid for other catalysts also.

In an analogous way as used for (X — F)y, the sum of all (A -+ B)p from equa-
tion (3) can be represented as a series:

N=m Nam N=m

D A=) N-X =) ), L = @the ()
Ne=1 N=1 N=1
and
N=m .
AtBpmet S 2y xSy,
N=1
or in general,
N=m 1
D A+ Blo— o) [ £33 | = @D (9)
N=
and further
‘1o 1] _lat by
[6+3 F%TH.'.wm]«(x_f;’—p. (20)

The series in equations (19) and (20) is a diverging one. The development of this
series for different N-values is therefore better expressed by tabulation. From this
table an average chain-length, p, of the paraffin hydrocarbons in each case can be
found, and we find that each hydrocarbon contributes to this average chain-length
by the factor I/N. (g 4 &)p, the CO-amount converted into paraffins, can be
calculated according to equation (20), with the help of (x — f) and &-values (obtained
from C-balance) for each chosen paraflin hydrocarbon of the highest chain-length.
By doing so, simultaneously we obtain the part of CO, served for olefine formation.
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{'he highest Nevalue equal (o m can be calealated by equatinn (123 1o aach vormal
synthesiv case and this value of m can be used for the proper ealeubiion of (e | Ay
and 2 by equation (20). 1t i3 not possible to calewdute these vidues, where afbyvlas
tion and other side reactions are taking place.  As the olefine content un high
maotecular side is negligibly small, we can thus ohiuin simultancousdy by these
caleulations the highest hydrocarbon, produced by the calabst covanmine that no
sdde reactions oceur).

IV, Toi DISTRIBUTION OF 1HE CHEHNS

According to the schemes of the product built-up. followed ~o fur, the poly-
merisation of (CHy)-radicals should ovcur to obtain the olefines. by oolomed
tion which results in the builteup of hydrocarbons of ditferent chuin-lenpthy abyis
ously follows a statistical principle.  For the conseeuibe edsoewooturn of g part
or all of the olefines, such statistical disteibutivn s rather simple, av sy e aile
ready explained. 11 now remains 10 prove whether simihir Inws ave wahid Yor the
remaining or original olefines,

-

In order to find this out. it appears reasonable to upply thie sane principles
for olefines, which were guite successful for the partfine. The oletine distribution
in absolute quantities is already given in Tables | and IV and o craphua'Te shown
in Figs. 1 and 2. In Table VL the relative olefine distribution fiwures Py # for
the iron catalysts are given, similarly wo the paratiin distribution values, in Table ¥,
The graphical representation of Fy/f is given in Fig, 4. Pron this se can say a8
a first approximation that the absolute olefine distribution except the firt olefine
and the higher-most molecules, present only in neolipihle guantiies, follows o
similar statistical distribution law with different constants,  For the eleline dis-
tribution we can writc:

log [‘}N] log viae + by SlogN 20

where 4/ ) i3 a constant for each catalyst and 8 is the exponent, or slope of
the curve, which is approximately equal to 2-5, but which changes from eatalyst
to catalyst, due to slight changes in (@ ¢ by, and thus it must be calonlated sepa-
rately for each catalyst. The step from one Conumber to the next higher one is
much steeper. f'is the sum of all olefine volumes. which can be vypressed similar
to the respective value of paraffins according to equation (13}, as:
Nam N I .
Ry o roa Lok . [ - f )
Z:Pﬁwfwta;m[} Pyt mJ il (223
N=y

Here, the expression for the series in the bracket multiplied with the constant
can again become only equal to 1-0 and ako

2%
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Distribution of the Paraffins of Iron Catalysts in relation to (x —f) =1

TABLE V

2

o . 1_/1}1)_1 KWI RPRI RPRI LGF. R.Ch  Lurgi Brabagl  Brabagll
{os. s sS4 sdse s 4o 44 30 2-237 1-983
1 03567  0-4236  0-4252 04043  0-5842  0-5179  0-5373  0-4850 0-4014
2 02500  0-2269 0-2236  0-2230  0-163  0-1645 0-1272  0-1381 £-1503
3 0-17111  0-1032 ©0-1048  0-1002 0-0572 0-0649  0-67t7  0-0506 0-0519
4 0-0625  0-0629 0-0614 0-0698  0-0506 0-0587 0-0530  0-0384 0-0409
5 0-0400  0-0247 ©0-0350  0-0381  0-0283  0-0293  0-0369  0-0264 0-0252
6 0-0278  0-0214 0-0261 0-0266 0-0192  0-0251 0-0276  0-0224 0-0227
7 0-0204  0-0173 0-0191  0-0218 0-0150 0-0[71 0-0161  ©0-0152 0-0187
8 0-0156  0-0143  0-0159  0-016]  0-0{13  0-0152  0-0135  0-0121 0-0141
9 0-0124  0-0108  0-0123  0-0117 0-0064  0-0097 0-006]  0-0085 0-0131
10 0-0100  0-0111  ©0-0106 0-0119  0.0064 0-0082 0-0062  0-0089 0-0146
115 00076  0-0078 - 0-0071 - 0-0067 0-0034  0-0067 0-0042-  0-0058 0-0055
13-5 0.0055  0-0068  0-0062 - 0-0027  0-0047  0-0045  0-0049 0-0066
14-5 0-0048 - . 0-0059 . . . .
155 0-0042 00054 0-0057 . .. 0-0025 0-0035  ©0-0035  0-0072 0-0066
17-5 00033 0-0045 0-0035  0-0031  0-0022 0-0035  0-0026  0-0067 0-0081
244> 00017  0-0023 0-0015 0-0017 0-0015 0-0020 0-0026  0-0054 0-0066
m .. 0-0003  0-0004 ©0-0008  0-0007 0-0010 0-0013  0-0022 -
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Distribution. of the CO-volumes, (A -~ B)p, required for the Paraffins in relation 1o {x — ) =1

TaBLE ¥I

o —f=1 KWIEL RPRI RPRI LG.F.
I (heony 534 Sdse 5290 407
1 0:3567 04236 04252 04043 0-5842
2 0-5000 04538 0-4472  0-4490  0-327K
3 0:3333 0309 0-3144  0-3012  0-1716
4 0-2500  0-2516  0-2456 03800  0-2024
5 0:2000  0-1235  0-1750  0-1905  0-i415
6 0-1668 01284  0-1566 01596  0-1152
7 0-1428 01211 0-1337  0-1533 01050
8 0-1248 01144 01272 0-128%  0-0904
9 0-1116  0-0972  0-1107 01053  0-0576

10 0-1000 01110 0-1060  0-1190  0-0640

i-s 0-0874  0-0897  D0-0816 00770 0.0

135 0-0742 00918 0-0837 . 0-0365
14-5 0-069% .. L nosse

15-5 0-0651  0-0837  0-0884 . 00388

17:5 0-0577  0-0787  0-0613  0-0533 0035

24 0-0408 0-06552  0-0360  0-0d0% 0-03en

R. Ch.
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TaBLE VII
Distribution of the Olefines in relation to f=1

C
Nos. Fxlf K.w.I. RPR.I RPR.II IGF. R. Ch. Lurgi Brabag 1 Brabag IT
f 5-7750 1-8320 2-0980 2+1540 2-5320 1-9360 1-9930 1-9330 2-0180
fXvatb 1-0000 0-0797  0-0691 0-0534 0-1805 02056 0-2398 0-1784 0-2101
v[Ne 0-1800 0-0143 0-0123 0-0093 0-0325 0-0371 0-0440 0-0320 0-0380
1 5-7750 .. .. .. .. .. . . .
2 1-0000 0-0797 0-0691 0-0534 0-1805 0-2056 0-2398 0-1784 0-2101
3 0-3670 03597 0:3360  0-338¢  0-3227  0-3205 0-2378 0-2302 0-2414
4 0-1800 0-1921 0-2107 0-2191 0-1548 0-1426 0-1671 0-1828 0:1392
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where 4 is the ethylene volume. Again for » == 1, olefines, higher than ethylene
cannot be formed, while for » = 0 the polymerisation will go more to higher olefines.
One can see from the distribution curves that at lower values of », the formation
of lower olefines is more favoured than for higher values of »; compare the left
and right sides of Fig. 4. For catalysts plotted on the right side of Fig. 4
due to lower (x — f)-values, also absolutely more olefines are formed than the
catalysts plotted on the left. The slope of the distribution curve is however,
practically the same for both the groups.

The higher steepness of the decrease in the olefine distribution, indicated by
the exponent S (equal to approximately 2-5), shows that the polymerisation dis-
tribution decrease is quicker than the hydrogenation, which is more active on high
molecular sidg, while the olefines get generally enriched on the low molecular side.
This enrichment of the olefines on the lighter side is due to the higher slope of the

, olefine distribution curve and due to the fixed but less steep paraffin distribution.
It is rather remarkable, that for all these iron catalysts, prepared by different firms,
the olefine distribution is principally very uniform, and it is also remarkable that
the results are different only with regard to their absolute values, which depend on
different f~values only. Similar to methane formation in the paraffin distribution,
ethylene-formation does not follow the hyperbolic function.

The constant v/a + b should be of some significance in the formation of ole-
fines. According to our equation, this constant represents the first term of the
series, for N == |, and therefore would be identical with the volume value of (CH,)-
radicals or any other intermediate products, if the latter would be more stable.
However, -this value is purely hypothetical, as the radicals or the respective inter-
mediates polymerise almost immediately after their formation and disappear.
Their concentration is therefore practically nil. From this representation, it can
be concluded that the polymerisation which leads to the distribution of the olefines
and further of the paraffins, must be predominantly radical polymerisation. As
also the ethylene values are found lower than the theo.etical values, it can be assumed
that an ethylene-polymerisation also takes place to a smaller extent. Such an
ethylene-polymerisation must prevail more in case of catalysts with higher (x — f)-
values, than those with-lower (x — f)-values, because in the latter cases ethylene
values are found to be higher.

The higher order of the olefine distribution and therefore their more rapid
decrease towards higher olefines is possibly a consequence of lower degree of hydro-
genation, which tends to more complete hydrogenation in the high molecular region
and less in the low molecular range.

After elimination of the constants 1/a -+ b, olefine distribution can be directly
compared with paraffin distribution (vide Fig. 5). The series of equation (22)
is of the converging type and for m = oo, appr. 1:341 is the total value.t
As the sum of the series cannot be higher than 1/+/a -~ b, this means that the first
term of the series, the radical concentration, already omitted in our equation,
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must begorme zero, and it alse requires that the second ternn, tepreseniive ethylens
formation, must remain much smaller, if at all higher olefines should form, These
conditions are in fact found to be true for all the cualysts onder investigation,

By using equations (22) and (23). and with the knowledge of cthylene forma-
tion (#), the value for () can be found directly, for which no method was known
so far.  With the heowledge of {f) it s further possible o culeulate directly the
CO-volume, which has been  converted into olefines and  which was already
obtained from cquations (18) and (19) as a differental vdue. The eynations,
necessary for such caleulations, are a5 Follows -

Nz

i X 203 4 m
Z(A FBYy A b f f\ R s O m,]
Net
VaTE e [0 300 4O R e
Aa { by (24)

The estimation of () from gas analysis, by using C-balanee s guite simple. I s
necessary only (o carry oul a fractional absorption of ethylene in the oleline frac-
tion. By caleulating () and (o + h), wecan also oblain * ¢, the uvernge chaig-
length of the olefines. The values of (¢ 1 By, according to eguation (1% as a
differential value, and according to equation {24y as a direct value, gin be compared
with each other. The former value always includes the CO-volume which has
served for the production of oxygenated compounds, and thus is wseally found
somewhat higher than the lutter value. The difference between the two values
may then give the CO-part (a - b)p,. which has been converted into oy penated
compounds.  With this. the calculations of the product distribution according to
C-number fractions is complete.  The caleulation for the distribution of oxypenated
compuunds cannot yet be made, as the data af our disposal are convidered to be
not quite sufficient.

The meaning of /& |- b~value for radicab—or ity equivalent-—formation will
become more clear by the following discussion. If the series in equation (24)
becomes equal to 1, which is always the case when all the terms other than the first
term become equal to zero, then we can write:

VATE X f g, = (@ b, (25)

For this condition only radicals would be formed and could be assumed (o remain
stable also. In this case () will have maximum vajue, indicated by f.. In
such circumstances, no hvdrogenation hydrogen will be activaied. and then (@ 4 b)
would become 33-333. . and f,,,, will become equal to 4/33-33, je,, - 5:774. This
means, that the intermediate compounds in question can be assumed as consisting
of agglomerales on the catalyst surface, made up out of § or ¢ curbon atoms.
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Though this statement can only be made as an assumption and needs further
investigations, it is interesting to note that other authors have recently confirmed
the existence of iron-carbonyls on the surface of the irou catalysts and even in the
exit gas which consist of Fe (CO); and of FeH, (CO),.
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