From the sbove 3t appears that the prineipal features of the
Fissher—:ropsch experiments are explicable in terms of the mechanism suggested
by Storch, Golumbic and Anderson (I-2) as modified by Kummer and Emmett
(I-15). For a more detailed explanation of Lhe results, however, it must be
assuzmed that io addition to complexes formed on the surface by adsocption of
aleohol, another formed from ethylene js also capable of vpuilding-in™, to
form high molecular weight hydrocarbons.

In spite of the shortcomings of the simple picture developed through
earlier wotrk (I-4, I-15, 1-16, 1I-18), the assumption that adsorbed aicohols
are intermediates in the Fischer-Tropsch synthesis does explain many af the
features of the tracer experiments with iroen catalysts.™

Blyhalder and Bmmett (I-20, 1-21) conducted several experiments where
methylene or carbonyl lic jabeled ketene (CHp=Cs0) was added to the
synthesis gas using 2 singly promoted iron catalyst (1.6% 2e0g and ¢.58%
Alg03) or cobalt tCo:‘IhOz:H.so:kieselguhr = 100:6:12:200) at atmospheric
pressure. The results in figures 1-13 and I-14 show that the products
produced when methylene l4p 1abelad ketene was added have essentially a
constant melar activity; with iron the activities of the products are
essentially the sane as ketene whereas the products are only about one-third
as active as the ketene when cobalt was the catalyst. The results show that
the ketene functioms to initiate chain growth but that npeither ketene mor the
CH, that could be formed from it serve for chain propo;atinn. Also, the

ketene is A much more effective chain jnitiation than either alcohol ©or alkene.

when carbonyl 14T labeled ketene wac added to the syngas quite different
tesults were obtained (figures 1-15 and I-16). In this case, the activity
inereased with carbon Tumber; furthermore, the linear plot extrapolated to the
origin for zZerc carbor mmber. The data, together with the methylena labeled
ketene, indicated that the ketene dissociated on the surface Lo produce
adsorbed methylene, CHa,. which initiates chain growth and CO which serves as

a source of carbon for chain growth. However. Toyoshima (I-22, 1I-23) later
conducited work jn Dr. Eamett™s iaboratory where samples wWere withdrawn a
points along the length of the reactor provided data to cast doubt upon these
ketene studies.

1-B-2. Schulz and Coworkers

The 14C tracer studies by this group emphasized the conversion of

labeled alkenes added to the gynthesis gas, although sone preliminary results
from conversions jn which jabeled alecohols were added to the synthesls gas are
reported.

gwo 14C labeled hydrotarbons Were converted over a cobalt catalyst at
190°¢ and 1 atm pressure (Tadle I-1. Tef. 1-24). Both n-butane and
2-methylpentadecane were guite inect under these synthesis conditions; 1.0% of
less of the alkane W2as convarted. Hsdrngenolysis was the dominant reaction.

l4p 1abeled ethene, propene and hexadecene wetre also converted over the
cobalt catalyst (Table I-3, ref. I-24). In a detailed study with 14C

1abeled ethene, Sehulz and Achtsnit (T-25) found that the following reactions
could be distinguished and jdentified: hydrogenation, chain initiation, chain
growlh, chain termination. oligimerization and hydrngennlysis. The
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selectivity for these reactions changes appreciably with reaction conditions
using a cebalt catalyst.

Table I-3
Relative Ethylene-l4g¢ Consumption for Chain Initiation,

Chain Growth and Chain Termination in Dependence
of Hp/CO Ratio of the Synthesi= @as

Hy: CO 1:1 2:2 4:1

Temperature, o 187 187 187

Space Velocity, h-1 89 BS 88

Initiation, % 248 13.6 7.21
Growth, % 4.3 5.1 6.1

Termination, % 4.1 8.6 7.1

Ratioe:

Initiatiunlcrowth 5.7 2.7 1.2

Initiationfrermination 6.1 1.6 l.0

Growth/Termination 1.1 0.6 0.8

The Hp/CO ratio in the synthesis gas was varied from 1:1 to 2:1 to 4:1.
This resulted in 36, 72 and 9% conversion for QO and 95, 99.9, and 99.9%
conversion of lép labeled ethene. The proportion of labeled ethene
converted Lo methane increased with increasing Hyp/CO ratic from 2.7 ta 5.1
to 8.8%. The olefinic portion of the hydrocarbon Products decreased with
increasing Hp/CO ratis. For ethene, the amount of the labeled compound that
was hydrogenated to labeled ethane was 66.6, 70.6 apd 71.7%, respectively.
The amount of 14¢ jp Products C; plus was 20 to 30% for the three
experiments. This incorporation into €2 products may oceur by three
Processes: chain initiation, Propagation, or termination.

One run with 14C 1abeled ethylene was described in detail (Figure 71-17,
ref. T-25, I-26). The slope of the linear part of the curve in the higher
carbon numbers (C7-C15*) shows the increase of the molar activity due to
chain propagation: extrapolation of this line to C» gives the starting point
for the run with ethene tracer. The horizental (to the carbon mumber axis)

between the experimental curve and the straight line defined by chain growth
ineorporation. The data in figure I-17 indicate that chain termination by
ethene is insignificapt for those surface species that lead to C¢ and higher
carbon number products. The relative amounts of ethene incorporated into Ca
Plus products are surparized in Table T4,
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Table I-4

Ethylene-l4c Reaction During the Fischer—Tropsch Synthesis
in Dependence of Reaction Temperature and Space Veloecity

Ha:00 2:1 2:1 2:1 2:1
Temperature, 171 187 208 190
Space Velocity, h-1 87 85 BO 251

Ethylene-l4c Conversion, %

Total: 9.5 89.9 98.9 99.9
to ethane 72.3 70.6 55.6 62.3
to methane 1.2 5.1 1.0 2.9
to products cf 26.0 24.3 25.3 34.7
Initiation/Growth very lg. 2.7 3.8 2.8
Initiatian/!ermination 8.9 1.6 1.3 1.8
Growth/Termination —_— 0.6 0.4 Q.6

aAnother unique feature of ldg labeled ethene incorporation into even
carbon nusber products is illustrated in figure I-18. The n-paraffinc (the
data shown cortespond 1o the total n-products since the hydrocarbon Products
were hydrogenated prior to analysis) have a higher activit{ than the odd
carbon number compounds. This was taken to indicate that 14C ethene
undergoes oligimerization; thus, the axtent that the activity of the even
carbon number products excesd those of the odd one is a relative measure of
the amount of oligimerization.

The role of temperature gnd gpace velocity upon ethene incorporation ig
illustrated in Table I-5 {next page). At the lower temperature methane
formation is reduced to 2 vary small value and chain Initiaztion is essentially

These results with 1apn labeled ethene are very informative; however, one
must note that the conversion of the labeled ethene iz quite high. Thus, 95%
or greater of the added ethene is converted to products. <This provides great
ocpportunity for a variety of secondary reactions to mask the initizl reactions
that ethene participatas in.

14¢ 1abeled propene was also converted with the cobelt catalyst. In the
relative participation in the varieus reactions, it resembled ethene (Table
I-3). However, there were notliceable differences. Perhaps the most striking
iz illustrated in figure I-19. The menomethyl paraffing hawve appreciably
higher activity than the norma) Paraffins when labeled Propene is
Incorporated: this is Opposite to that observed when labeled ethene was
incorporated (compare figures I-18 and I-19). Schulz and Achtsnit (I-25)



+goeh m«mmzu:hm ayy ol
n -1} suadoad 39 uoTaIphe Ul (T ] mﬁmesacwm gangsadd

ﬂwmwc: pyeqoo au3 MY Jaqunu uoqued 9yl 30 uopjoung ® =31 LHoId
gonpoad gygayuAs ﬂuam:amoaﬂh: ayy Jo A3 TATaoR Jetop  '61-1 adnbil

.geb sysayauiss Wl o1 [D,.]) auayla
adld-

30 UOTATPP® ayy YITM greayIuAs SUNE| TeULIOU
31eqe0 243 uy Janurd uoqJed Iy} Jo voioung ¥ =14

L4371

ganpoud BEIYIUAS ﬁuaucmuouum: ayy 30 A3 1nT30R aafon 811 aJanbya

Joquiny UOGIED
ot 8 9 4 o8 9

' 1 ¥ ' L]

su} jJpaed-1AYoUOUN ® puyjyeand-s O




9'0

900
T'0

sI°
T
L
e
z
pE

T RS D

HD 09
uo 1 3euaboapiy

9'0D <11 0'¢9 1347 ¥<'0 Jyr weTAy3
[-1UH 0gt A17o07aA adeds wje 07 ‘02s ‘ISATRIRD PaXY FIEMTE pag Paxfy ‘uoal (9

9'0 11 2'Ly (M4 0£°0 Jyp-T-auadard

1'0 I's b'L9 9'9¢L 120 Jyr 8WTARI
-4 08 A310073n aoeds ‘27 = E4:00 ‘wie 0z ‘0o0ZZ '15ATeIed pajeyrdiosxd freNTe 'paq pex[j uodf (9
$h'D $¢'0 -=-- L'D £2°0 Ipr~§1-8uedapEIUATAYISN-~Z
10 $'0 === o'T 62°0 Jyp-T-auejng-u

ol £'9 "'6L 8°65 aro Iy~ Tt-auacopexan

86 £°1¢ D°2g 1'¢6 8.0 Jy1-g-auadoly

L'T1 T°1¢ 6°06 £'€6 62'0 Jyy-T-auadoayd

£y 062 £'99 66'86 0£'0 Jp7-3UR TAWI3
srsAtouabiospiy Jur-prINg uogjeuabioapdy TejoL % "TOA Se9 Jadex|

SFSOYUAS uf
WII0T 1998a]

andugr o Jp7 % UOTIEWI0ySURT| Jadel]

1-34 6L A37907A @deds 'z:T = Z4i00 ‘0o06T 01 68T ‘ZovL 9T/anBTasapy 00T/09 00T ‘inssead uje T “312q0) (4

uoTyeusboapiy-py Jo ws fueysoK ayl aepTanT3 0] SATHNGS I9280}

g1 a[qeg



contend that as E becomes longer the sterie hindrance for substitution becomes
greater so that branching reactions are permitted only for “small species™:

s

C“; R\C";""é""c”?—

R"cﬁ; o+ “'cu=cll=_ T
77

;;”-’ co, 2 Ha R\-q‘-—(.ll;

R
TT7777 * rrrrir

L CH3
R\cz“ -+ C'H-b ___.3: R\cﬂ
T 7LT

Thus, a sSteric effact iz imposed to account for the different modes of
additions of ethene and propene as demonstrated in figures 1-18 and I-19.

A higher carbon nutber olefin, 1-hexadecene, was also used as a labeled
tracer molecule with the cobalt catalyst. As the carbon mumber jneressed from
2 to 16, the fraction converted to alkane increased, the extent of
incorporation into higher products decreased {about 30% for ethene and 6.3%
for hexadecene) and +he fraction undersoing hydrogenolysis (or another type of
splitting reaction) increased (4.3% for ethene and 14.1% for hexadacene) .

The molar gctivities of products from the conversion of synthesis gas with
l4c jabeled 1-hexadecane are chown by carbon number in figures 1-20 and

I-21. The distribution of the splitting products from 1-hexadecene Wer'e
remarkable. The lzbel on the c-1 atom produced in analogy with the results
with propene-l-uc and propme-z-lac, methane lj‘c as the main splitting
product.- Hexadecene produced, jn addition te methane, larger amounts of
radioactive products in the cange Cp to Cigi these could not be explained

by a simple splitting of the radioactive hexadecene molecule nor could they be
accounted for by assuming a partial double bond shift in the hexadecens
molecule before the splitting.

The molar activity of the Cy5 Pproducts jpnerease with inereasing carbon
mmber (I-28) - The explanation given for this was that the hexadecene
molecule formed a staller grouping that contains the terminal lips atom that
transferms to a smaller growing chain on the catalyst surface. The molar
activity of the Ci¢™ branched compounds wWas lower than the corresponding
normal compounds; by analogy to the products when 14C labeled ethene or
propene Was added it was inferred that the propagating groud had to be less
than &4. Purthermore, it was believed thatb when the propagating group was &
C; unit there should be nNO aifference in the activity of the normal and
brancted products. The muthors therefore concluded that the propagating group
is a Cp unit comprised of the Gy and C; carbons of the sdded hexadecena
and that this group ie common to other propagating groups on the catalyst
surface.

The constant molar activity for C1y+ products shows that l-hexadene
gerves to initiate chain grewth.

31
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Results were 3150 obtained for the conversion of syngas containing lag
labeled ethene or propene using a precipitated promoted catalyst. In
addition, B fused iron catalyst was employed in 2 Tun with labeled ethene at
20 ata pressure. They found that the cracking reaction of ethene was of
gecondary importance with the iron catalyst, unlike the case with cobalt. The
distribution of the synthesis products from l4c_othene Showed that about 50%
of the transformation was to the C3 product; the transformation to higher
hydrocarbons decreased much quicker than for the cobalt normal pressure
synthesis (figure I-22). Jith the addition of l4C-ethene the jso-paraffius
had a lower activity than the nermal paraff{ins; this is consistent with the
data for cobalt {figure I-23).

With the iron catalyst, lé;_aropene gave a somewhat higher splitting
than l4c_ ethene. The propene-1- 4 transformation to cy¥ hydrocarbans
is low;: the principal celectivity was for lower carbon compounds {(figure
I-24) - pimerization of pmpene-l—l“c occurred to produce 2.methylpentane
with a much higher activity than either the i~Cg or i-C7 alkane. FoT
pormal hydrocarbons, butane has a much higher activity than the higher carbon
mumber alkanes.

pichler et al. (1-27) concluded that, for synthesis with a cobalt
catalyst, olafins and carbon monoxide were to be regarded as interchangeable

ligands of surface complexes, which are generally capable of andergoing the
reaction of chain growth with alkyl ligands.

schulz et al. (1-28, I-29) observed that during the cobalt normal-pressurc
synthesis isopropancl ané acetone tracer compounds wWere jnterconverted by fast
hydrogenationldehydrogenation reactipns; thus, both acetone and igepropancl
jnitiated chain growth. With esither acetone’or igopropanol, propane was found
to be one of the major products.

Schulz et al. {I-30) found, from studies with propene-l—

14¢ and propene-2-1%C, that successive demethantion of propene occurred
and offered the following scheme to aceoqunt for this (M represents catalyst
surface sitel}!

11-6]

Schultz (I-31, 1-32) has recently summarized how the results from nhis
tracer studies can te incorporated intc the overall view of fischer-Tropsch
synthesis.
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I-B~3. Dther lép Iracer Studies

Twe other l4¢ tracer studies merit mention. TFletcher and Gibson (I-33)
convarted 14C labeled £0 in = mixture that consists of 5% co with the

angd promoted™ cobalt catalyst. Rbout 60% of the €0 reacted, and almost al) of
the ethene, of which about 50% was hydrogenated tao ethane.

The gaseous products were separated and a pure Propeme fraction
coliected. This sample was degraded to produce €0, representing each carbon
Pesition; the relative activity in each portion was: :

CHp = CH -0 Ciy

activity ecpmrml 304 26.5 220
relative activity 11.5 1.0 8.3
It was assumed that the activity in the middle carbon was uniquely derived
from normal Fischer-Tropsch synthesis from CO. Tt was further assumed that
the activity in the methyl position, after correcting for the Propene
synthesized directly from CO, was formed by an isomerization

CH, = CH - GH3E'_“'““"‘")*CH3 - CH = CH5
With these two atsumptions, the original activity distribution is then:
mz = CH ot CH3

activity, cpm 471 (v} o}

line when plotted 3gainst carbon number (figure 1-25). There were small, but
barely significant, differences betwean the activities of the alkanes ang
alkenes of a given carbon mmber; the values Plottad are the weighted mean of
the two. It is obvious that the specific activily increases regularly with

Roginskii (I-34) added 14 labeled ethanol to a Eyngas feed to a cobalt
catalyst undar atmospheric pressure conditions. His regults were similar to
those raported by Emmett snd coworkers.
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I-B-4. Other Tracer Studies

catalysts; a typical study is cutlined by Biloen et al (I-35). A detailed
consideration of the technique and much of the data generated in these studies
has been provided recently by Hapel (1-36). Fpor the most part these studies
have not utilized iron catalysts., In some few instances the 13¢ izotopes

Bre utilized in studies similar te those previouslg outlined for 14p¢. par
example, Bell and coworkers (1-37) have utilizedg % CO with ethene to
determine the extent of olefin incorporatiom in Fisheer-Tropsch synthesisg
using & Ru catalyst.

An eXception is the Exxon Broup who have utilized the transient method
with an iron catalyst at ca 0.01 atm. pressure (I-38). The iron catalyst was
pPromoted and conditions were chosen to maximize +he selectivity for terminal
alkenes. In addition Froducts were trapped and n.w.r. was wkilized to learn
the 13¢ igotope distribution In certain products. By examnining both the
Tate and position of new label incorporalion (Figure I-26) they were able to
thow that the major fraction of hydrocarbon products at steady state is
derived from a much smaller number of growing chaing than previously thought.,
Their data placed a lower limit tp the average rate of chain Browth in the
System to two to four bonds per second. The 13C distribution in the
1-butene product was, within experimental error, isotepic. Thus, the
collected butenes musti have ETOWN in a much shorter time than the time ip
which the isotepic composition of their surface precursers changed
appreciably. They estimated that at steady state fewer than 50 mmol of
growing chains Per gran of catalyst wepe responsible for sver half of all the
C>% hydrocarbon product. Mims et al (I-39) did similar experiments with Ru
catalysts (Fipure 1-27).

Brady and Pettit (I-40) utilizea 13¢ labels diazomethane (CHpN,) as
an additive to the syngas feed to a €O catalyst. They outlined three
mechanisms as described below:

"e..The first, Proposed by Fischer and Iropsch in 1926 I-41}, supzested
that the C-C bonds of the Product are produced wia Polymerization of CHy
fragments on the metal surface, Through reaction of CHal, under
conditions of the reaction, we have recently indicated that in the Presence of
Hy methylene groups do polymerize on such metal surfaces to produce linear

The essence of the overall scheme is shown in eq [I-7].

co —> i —> G
77 skt
ete. (1-71
TH3 N2> OBy CHa >

iy A




Figure I-26.
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4 second mechanism advanced by Anderson and Emmett and their co-workers
(I-2, 1-15) suggested that the C-C bonds are made through a condensation
reaction involving loss of Hp0 between hydroxy methylene Br'oups on the
surface (eq [I-E]).

—”,,0

€O CO——— H\Efgﬂ I§¥¥?H~———————b

H OH Hy; CHs H ete
——-}——__)
\\:-d// \\\d/?

o I .

The most recent scheme, advanced im 31970 by Pichler and Schultz CI-24) and
subsequently given with minor variations {I-43, I-44), suggested that the c-c
bonds arose through insertion of CO into meial-alkyl bonds in komogensous
Systems. The scheme is Biven in eq (I-9): of importance to the Present work
is that the initial

{1-8]

H, H
¢ — FHJ O—>cym2 5 e,
! g
77 FIIFT? [1-8]
etc.
CHs CO_'—)CH3 f.'G >
T

metal-methyl bond is Froposed to arise through reduction of a surface-bound
CHy species.

These authors obtained linear ASF plots (Figure I-28). The ¢hange inn the
slope from D.24 to 0.51 indicatas that the rate of propagation, relative to
teraination, increased by a factor of 3.3 upon addition of €H,, and hence
CHz. Lo the surface. It should be noted that the value of the 2lope, even
with added CHyNp, is much lower than is usually obtained with ecobalt
catalysts. These authers also determined the 13¢ distribution in the
Propene product. From this data, the authors concluded that only the sequence
of steps outlined in equation [I-9] can be considered as the Primary mechanism
of the Fischer-Tropsch reaction.

I-C. Outline of Proposed Research

The propased resaarch will utilize a ¥inetie isotope methad (XIm) to
axplore the role of promoters in altering chain initiation andsor growth for
iron Fischer-Tropsch catalysts. This method was uUsed in studies by Emmett and
coworkers (I-14 through I-22) in the 1350-60's. He was able to demonstrate
that some compound classes wers rather inert in the synthesis conditions while
other compounds served to initlate chain growth. In the present study several
compound classes will be utilized in the KIM gtudies. Both low {1-2 carbon)
and higher (5-10 carbon) Wolecular weight compounds will be included in this
study.



LOG (Mp/P]

Figure I-28. Plots of log ;:BJ’P) vs. P for the distribution of
oligomers produted when co and H, (0) and
co + H, * CHTENZ ([1) are passed over a cobalt
catalySt. e“lines represent the least-sguares
fit for the data. The values (see text) for the
cO + H, data are 0.23 {ex. slope) and 0.25 (ex. intercept)
and fug the €O + H_ + c:H2N data are 0.51 {ex. slope)
0 51 (ex. intefcept)’(from reference 1-40) .
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Initial mms will be a eommercial catalyst (C-73 from United Catalysts,
Inc.). This catalyst has been chosen (i) because it has been utilized in
detailed activity and selectivity studies by PETEC and MIT investigators and
(ii) the cooperative studies in cetalyst characterization by UCI and TMME
perscnnel Both PETEC and NIT workers have described similar exXperimental
arrangements utilizing a stirred tank Teactor and appropriate proguct
collection vessel. They have also putlined analytical procedures for gaseous
and for both agueous and organic liquid samples. These procedures will be
followed for our gquantitative analysis.

The experimental program to follow the bage-line work with ¢-73 catalyst
is outlined be)ow:

Test Series Alkali Promoter Structural Promoter
1 None None
2 Potassium or calcium at None

optimum concentration

3 None Alumina

4 Vary potassium from low Constant alumina loading
kigh (ca. 3wt. %)

5 Optimux potassium Vary alumina
concentration

6 Optimum potassium Vary oxides which are
concentration selacted according to

base strength

7 Vary alkali and Constant structural
@lkali earth promoter

Catalyst preparation studies will be carried out while doing the base-line
catalyst studies, Preparation procedures for adding promoters will involve:
(1} impregnation of iron oxide derived from pPrecipitation, (2) impregnation of
a commercial iron oxide catalyst base, (3) coprecipitation and (4) by
sequential or co-impregnation of a high area support. These catalyst
fommilations will be evaluated for activity and catalyst stability using
unlabeled feed and fixed bed, plug flow reactors. The selection of a
preferred catalyst rreparation procedure for the tracer work will be done on
the basis of the results of these studies.

A catalyst will be brought. to steady-state conditions in unlabeled reactor
feed. At this point a series of labeled compounds will be added to the feed;
these compounds will be utilized one at & time separated by intervals of
operation with unlabeled feed.

Products from the operating periods will be analyzed by high resolution
gas chromatographie techniques. Cerbon-14 content of products obiained from
operating pariods with labeled intermediates injeetion will be determined
using u gae proportional counter in series with a thermal eonductivitydetector



£as shromatograph. Bacause pf counting difficulties encountered with low
level labeled products, packed columns will be required for the C-14
analysis. Thus, the peak resolution will be poorer than for the eampillary ot
tubular g-¢. columns because of the packed column and because of tha tube
volume between the &-C. and the proportional counter as well as the large
volume of the proportional counter. Figure I-29 jliustrates results that we
have obtained with £-14 gas radiochromatographic analysis for a sample fram
the conversion of a light naphtha doped with methyl {1-14Cc] cyclohexane. A
Ccarbowax packed column gave excellent separation of aromatics but poor
geparation of alkanes and cycloalkanes. since the products from the
Fischer-Tropsch synthesis will contain alkanes, alkenes, oxygenates, and some
aromatics praliminary separations will be required. Tnitial work with C-14
labeled products will concentrate on lower boiling fractions, e.g.: E2. Ci2
or lower. Thus, the organic liquid fraction will be distilled to produce =
jower boiling fraetion. Ligquid and/or dry chromatographic separations will be
attempted to effact a separation, OT partial geparation , into compound
classes. Other approaches to simplify the C-14 chromatogranm will be
attempted. One such scheme would be to brominate the alkenes so that a
chromatogram could be obtained for a sample with olefins and for the same
gsapple where the olefins have been brominated. The difference in C-14 traces
would permit a more detailed G-14 distribution to be obtained.

The study will utilize basic promoters selacted from GToup 1A and IIA,
with emphasis on Group ¥a. Wonreducible oxide preomoters will be selected on
the basis of aleohol conversion selectivities. Our earlier work has shown
aleohol dehydration salectivities as jllustrated in figure 1-30. Thus, oxides
that are very selective for 1.alkene formation {(ThO5, 2r05) for cis 2 plus
1~ alkene formation (Al203, Gay0z) and unselective for alkene

formation (MfOp. Zn0)} will be utilized for these studies.
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