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OBJECTIVE: To determine the feasibility of wusing a mechanical
mixture cf a cobalt Fischer-Torpsch catalyst and a water-gas-
ghift catalyst in a 3lurry reactor.
TECHN1CAL APPROACH: The proposed ai:.ture shculd make possible a

combination of the product advantages of a cobalt catalyst {(mini-
mum oxygenate and carbon formation) with the operating advantages
of a slurry reactor {goot tempe-ature control, flexibility ‘in
catalyst addition and removal) while feeding syngas of low Hz/CO
ratio as can be produced by modern co:l! gasification plants.

SIGNIFICANT  ACCOMPLISHMENTS: Several commercial water-gas-shift

catalysts studied alone showed continuous deactivation under
Fischer-Tropsch reaction conditions, but we have found that a
cozmercial Cu/In0/Al203 catalyst, if properly reduced, shcws
stable activity for at least 1000 hburs-on—strean. It is not
detrimentally affected by high pressure, high H2/CO ratio or the
presence of 2alkenes. we have further demonstrated tha’. synergism
oécurs between a mechanical mixture of this Cu/ZnC/Al203 water
shift catalyst and a reduced Co/Mg0/Si0Oz2 Fischer-Tropsch catalvst
in a slurry reactor. Yield of Cio+ hydrocarbons is comparable to
that from W-promoted catalysts of known corposition but the
cobalt catalsst slowly deactivated with time-on-streanm.

The cobait vcutalyst by itself showed essentially constant
activity ovecr 2000 hours-on-stream. Product distributions were
determined a' 220 and 240°C, 0.5 to 1.5 MPa, feeding syngas with
Hz2/CO mole ratios betweer 1.56 and 3.5 and over a wide range of
space velocities yieiding conversions of Hz between 6 and 68% and

conversions of CO between 11 wund 73%. The rate of synthesis
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followed the expression: -Ruz.co = a PcoPu_/{l+bPco)?. The

N

weight fraction of Cior increased and that of methane decreased
with decreasing Hz2/CO ratio in the reactor. Both selectivities
were relatively insensitive to reactor pressure or temperature.

The hydrecarbon products from a cobalt catalyst, a fused
iron catalvst, and a potassium- and copper-promoted, precipitated
iron catalrst were compared. Although differences exist in the
CI-C6 fraction, the Cm+ fraction is somewhat similar for these
catalysts.

The 1l-alkene/n-alkane ratio decreased with 1increasing carbon
number. Hydrogenation modelling revealed that a large fraction
of n-alkanes which were synthesized were formed via the
hydrogenation of 1-alkenes, a primery synthesis product.
Increasing the reactor H,/CO ratio decreased the l-alkene/n-
alkane ratio, while increased- concentraticngs of CO in the reactoer
were seen to inkibit the isomerization of l-aikenes to 2-alkenes.
INTRODUCTION

The work repcrted at this tiwe was directed primarily to
characterize the carbon number distribution of avdrocarbon
products of the Fischer-Tropsch synthesis on a cobalt catalyst
over a wide range of industrially-relevant conditinrne.
Particular attention is paid to wunderstanding the effects of
process variables on the vield of desirea high-molecular weight
products. The reactor used in this study behaves as a CSTR and
thus provides data at ‘niform temperature and composition which
are easily interpreted.

Because incorporation or secondary reactions of alkenes may
be responsible for the sensitivity of the p-~duct distributions
on cobalt to operating conditions, the secondary reactioas of
synthesized l-alkenes were also examined. Incorporation has been
observed on cobalt in 14¢ tracer studies %Yy Schulz, Rso and
Elstner (1970) and in alkene addition s«tudies by Kibby =t al.
(1984}, This wmay make the hydincarbon selectivity on cobalt more

sensilive to secondary reactions such as alkene hydrogenation and
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isomeriz~tion.

BACKGROUND
Studies of hydrocarbon  distributions on <obalt catalysts

date back to the early days of Fischer~Tror=sch synthesis in

Germany. The results from this work are well summarized by
Stsirch et al. (1951). Data are reported fer different product
fractions, but not in the form of a. On  the

Co/ThOz/MgO/kieselguhr catalysts studied, the selectivity to
heavy products is seen to increszse with decreasing H,/CO ratios,
go through a wmaxinum with respect to pressure betwe;n 0.5 and
0.85 MPa and remai: unaffected by ccnversion.

In a study of opLian ThO, and MgO loadings on Co catalysts,
Shah and Perrotta (1976) descri;e hydrocarbon distributions from
cobalt catalysts operated in f ixed-bed reactors operated at
around 200°C with a HZ/CO feed ratio of 2. A series of pressures
from 0.79 to 3.04 MPa are examined. Although only limited datx
are provided, it can be inferred that selectivity to high-
molecular weight products goes ‘throuzh a maximum with respect to
pressuie at around 0.5 MPs. Although this mac<imum with respect
to total pressure seems somewhat anomalous, it does indicate that
variq}ions in reactant or product pressure nay change the
hvdrocarhor distribuctions on cobalt catslysts.

Borgh#rd and Bennot: (1979) studied a (4% Po/SiCZ catalyst
at 2.03 MPa and 250°C with a 2 to |1 HZ/CO teed ratio and found
essentially the same hydrocarbon distribuilze between C15 ana C30
as with a precipitated Fe-Cu catalyst containing 25.4% Fe and
- 0.6% K. Becauze this type of Fe cataiyst has been shown to
exhibit a double-a <(Donnelly and Satterfield, 1989), this would
imply the existence of an ay around 0.9 on this cobalt catalyst.
The first a can be esatiosated by regression of the C3 Lo C7 mole
fractions from the reported das chromatography data to be
approximately 0.8, This ay decreases with increasing H2/C0
ratio, The products are highly paraffinic and very low in

oxygenates, with &0% of the hydrocarbons being n-alkanes and up
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to 99X of the liquid aqueous products being water,

From experiments periormed on a Co/ThOz/kieselguhr and
similar catalysis at 0.1 to 3.3 MPa and 175 to 210°C, Ho/CO of
1.8 to 2, Schulz (1980} mnakes some generalizations ahout éroduct
distributions. He describes two trends in the  product
selectivity to alkenes, one relating to hydrogerstion, tle other
isomerization. First, the alkene %o alkane rcatio of prodnucts
decreases with increasing carbon nuaber, increases with
inci~asing pressure and decreasss with decreasing space velocicy.
Second, the ratio «of 1-alkenes tc total alkenes decreases with
increasing carbon umber, increases with increasing pressure, and
decreases with increasing contact time.

Methane selectivity 1s reported to be in the 7 to 14 C%
ranie and increases with increasing temperature, A double-a is
reporiead with the break in the CIO regian, Schulz concludes that
incorporation of olefinic priwary products causes the double~a on
cobalt catalysts. An ay is calculated to be 0.82 at 180°C and
0.2 MPa for a 100 Co:QThOZ:SHgO:IDO kiegelguhr catalysat,
Although values of a, and a, ave not direct}y reported for ail
se’s -of data, weight fractions of hydrocarbons between various
carbon numbesrs are seer to vary dramatically with operating
conditions.

In differential reactor studies performed  at 250°C and
armnspheric pressure, Rautavuoma and van der Baan (1281} report
single chain x.-wth probabilitiez as high as 0.82, The a, is

seen to increase with increauing H,/CO ratio which contradicts

the previcuszly-mentioned work of Storch el 2l {1951) and
Borghard and Bennett {1979}. At low conversions ne
concentration of \-alkenes is 80 low that negligibie
reincorporation of alkenes into growing chains can occur. If

alkene reincorporation is an important mechanise for production
of high-solecular weight hydrocarbons on c¢ebalt catalysts, then
data from differ=ntial reactors may shaw different trends from
dat.a taken at higher conversions.

Rautavuoma and van der Baan (1981} also repoct that alkene
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to alkane ratios decrease with carbsn number snd increasing H,/CO
ratio. The derrease of alkene to alkane with increuasing H;/CO
ratio could be explained by an increase in hydrodenation du; to
increased H2 peri.ial pressures in the reactor.

Beuther et al. (1983a and 1983b) describe Fischer-Tropsch
synthesiz on 100 Co: 18Th02 T 200A1203 and 21.9% Co: ©.3% Ru:
2.2% ThOQ: 74,5% Alzo3 catalysts. Although the data from these
patents are somewhat difficult to interpret, one trend in produc:
distrihutions canr be inferred: selectivity to higher hydrocarbons
decreases with increasing temperature. This trend ocould be a
result of increased formeticn of methane at higher temperatures
which would coniradict Schulz et al. (1982) who found that the
averade molecular weight of *he rroducte increased with
temperature.

'n A paper summarizing wuch =f his work on cobalt Fischer-

Trepsch synchesas, Schulz (1983) draws a number of conclusions

abou* product seiectivity. Threz trends wn alkene hydrcgenation

are detailed. First, alke2nes are seen to hydrogenate moré

r.pidly at low% space velociries, prezumably becausc of thé'
greater concenira*ion of hydrogen at low conversion, Second,

hydrogenation of alkenes s seen  to cecreanse with increasing
pressure. Schulz speculates that this =may be «<nue to inhibition
of the aikena adsorption Ly increased adscrption of OO at higher
pregsures Last, the production of alkanes {rem alkenes i3 seen
to increcse with ipcreasing temperature. This temperature tread
can also explained in terms of cowpetitive ndsorption which would
be expected to decrease et nuigher  ctemperatures, with little
supportiag evidence, Schulz spaculates that, Lhe site for
hydrogenation is diffsrent from the site for primary synthesis.

in further, more detailed anaiysis of alkene selectivities,
Schulz divi les the prnduced alkenes into - and "2-alkeres.
although les: conclusive trends occur thas in  the data with the
alkeres exam.ned az a whole, the following «eneral trends are
mentioned: {o.rmation of 2-alkenes decreases with increasing space

velocity, [pressire and temperature. Mure 2-alkeres are produced



at higher carbon  numbers, possibly &3 a result of longer
residence times of higher-molecular weight l-alkenes.

Schulz also provides information about selectivity to
hydrocarbons, particularly methane. He vreports that increzsing
temperature increases the average molecular weight of the
products, but increases the selectivity to methane, which seems
somewhat contradictory. At a fixed temperature, increzsing
pressure decreases the seleciivity to methane, while the average
molecular weight of the products is seen to go through a waximum.
The presence of large quantities of Hz increases the production
of low aolecular weigzht products, particularly methane.

[ncreasing the HZ/CO ratio would, therefore, decrease a.

For catalyst with a low Co loading on Alzas, Vanhove et al.
(1984) gave single-a values that ranged from 0.89 (Co wtX=3) to
0.8 (Co wtX%X=19) in experiments at 0.1 bar and 200°C. Because the
hydrocarbon  distribution appears to hgve becn changed by

interactions with the acidic support, this work provides only
qualitative inforsation about potential product distributions aon
industrially viable catalysts. '
In a study of a novel catalyst comprised of Co-Fe clusters
on aaine-wodified silica in a fixed-bed, Roper et al. (198%)
report selectivity affects at a temperature of 240°C, a HZ/CO
1

ratio of 1 and pressures from 0.1 to 4.0 MPa, decause of the

presence of the Fe and apparent catplyst deactivation during a

given run, the results are difficult to interpret. At a fived
temperature and pressure, the chain growth probability, a,
remains constant over a wide range of space velocities. By

claiming that au constant fraction of alkenes will be readscrbed
into growing chains, Roper and co-workers explain this
conversion-insengitive a in terns of alkene reincorporation.
This contention o. alkene reincorporatiun was not justified by
further erperimentation and is somewhat speculative.

Kibby et al. (1984) performed experiments with a 30 wtX Co,
3 wtX ThO2 on Alzﬂ3 catalyst at 1935°C and 0.8 MPa. Although the

work was primarily focused on alkene addition, information about
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hydrocarbon distributions with_ an inlet Hz/co ratio of 2 s
given. From analysis of products up to C20’ ay and a, were
determined to be 0.5 and 0.84, respectively. When about 10 molX
C2H4 was added to the feed, +ihe value of a increased to 0.8 and

1
a, decreassd slightly to 0.81. It appears clear that alkene

rzincorpuration does occur, althcugh it is hard to conclude
an-thing dirzctly from values for @ that are soc close. 25 to 35
molX of the Fischer-Tropsch products was reported to be derived
from the 10 molX C2H4 that was added to the fead. A small
fraction, about 2 mol%, of the product was ethanol from the added
CoH,.

Operating ia a Berty :ieactor at 250°C ant 0.45 MPa, Sarup
and Wojciechowski (i989) examined the effect of HZ/CO ratic on
product distribution over a Co on 3i0 catalvat. Products from

2 v
C to C30 were identified as predominantiy linear alkanes,

IéhOlethyl isomers and some 1- and 2- alkenes. The C3+ products
were reportes to [ollow a single-a Schulz-Flory distribution.
However, graphr of the data taken after a significant time-on-
stream shce a possible second a beginning in the C10 range. The
chain growth probability is reported to decrease +vith increasing
HZ/CO ratio. This trend is potentially due to reduced alkene
reincorporation at high H2 concentrations caused by rapid alkene
hydrogenation on the cobalt catalyst, Unfortunately, Sarup and
Wojciechowskil do not directly report any changes in relative
alkane selectivity to clarify this issue.

Fu, Rankin and Bartholomew (1986) itidied 15 wtX% Co omn A1203
at atmospheric pressure in a differential reactor. Temperature
was varied from 200°C to 2359C, iniet H,/C0 ratio from 1 to J and
a small range of space velocities wa3 exaained. Data only at low
carbon numbers were obtéined. The resulting ay values are in the

0.5 to 0.7 ‘range. Probability of chain grcwth decreased with

increasing inlet HZ/CO ratio and increasing temperature.

131



EXPERIMENTAL

Iu our study, the experiments were performed in a
continuoous, mechanircally-stirred, one~liter autoclave. The
slurry reactor and ancillary equipment are described in detail
alsewhere (Huff and Satterfield, 1982). The reactor and its
contents are well-mixed and the reactor has been shown to operate
free of heat and mass transfer limitations (Huff, 1982; Huff and
Satterfield., 1982; Huff and Satterfield, 1984b).

The reacter was initially charged with 400 g of n-octacosane
(>99% purity, Humphrey Chemical, Inc.). The n-octacosane had
been previously recrvstallized in tetrahydrofuran (>99.9% purity,
Malinkrodt. Inc.) to remove a bromine impurity.

The cobalt catalyst used is a Co/MgO on Sibz_ This catalyst
was prepared for us by an outside laboratory and is of the
approxiuate composition of the cobalt catciysts used at
Rukrchemie (Storch et al., 1951). Supplied as an extrudate, the
catalyst was ground and sieved to 52 to 92 um (170 to 270 ASTM
Mesh). Following sieving, 17 grams of tﬁe catalyst were placed
in an external reduction vessel, The catalyst was held in ‘this
reduction unit with pym stainless-steel sintered frits while
hydrogen (prepurified, MedTech Gases, Inc.) was brought on-stream
at & flow of 1.36 Nl/min (approximately 10,00C V/V/hr). At this
flow r=ie, the pressure in the vessel was 0.79 MPa. The
temperature of the reduction tube was increased steadiiy from
25°C to 330°C over 4 hours while the inlet flow rate was heid
congtant. During this period the pressure in the reaction v.ssel
increased to 0.97 MPa. The reduction unit wus then held at 330°C
for 1.5 hours. The unit was then pressured with helium and
rapidly cooled The unit with the catalyst was weighed, and
ccmparison with the initial weight indicated thar the ;atalyst
lost 18 wt.X during reductionfr The reduced catalyst was added to
the one-liter autoclave reactor which contained m. lten a-
octacosane under helium.

The reactor was brought on-stream at 0.79 MPa, 1879C, and
HZ/CO=2.0 at a flow rate of 2.0 Nl/win. The CO vused in these
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experiments was CP grade (Granite State Oxygen, Inc.) and the H,
was prepurified grade {MedTecti Gases, Inc.}. These gases pas;
through a 13 X molecular sieve, an activated carbon trap, and a 2
pm filter before entering the base of the reactor.

The reactor conditions were held constant for the 1tirst 65
hovrs and then the reactor temperature was increased to 240°C
over a period of 7 hecurs. The reactor was theh kept at 0.79 MPa,
2409C, and H,/CO:Z.O at a flow rate of 2.0 Nl/min for 72 hours to
allow the catalyst to achieve steady-state acuivity and (o ensare
that the overhead products were representative of those being
synthesized.

Material balances at a wide range of conditiona were
performed over periods of 6 to 24 hours, with at least 10 hours
al lowed between material balances to ensure steady-state
operation. when the reactor temperature or pressure was changed,
at least 48 hours were allowed between material talances.

Products, liquid hydrocarbons and wates, are condensed in
two traps, one kept at B85°C and reactor pressure, the other at
1°C and 0.34 MP.. Material balances, including analyses of all
condensed ard non-condensed products, closed between 97 and 103%
on oxygen, which was chosen as the wmaterial balance closure
critecria becanse carbton and hydrogen accumulate in tle reactor in
the fora of high molecular weight hydrocarbons {Auff, 1982,
Donnelly et al., 1988). Reactor temperature was varied
between 220 and 240°C. Pressures were varied from 0.5 to 1.8 MPa
and HZ/CD feed ratios from 1.5 to 3.3, Total synthesis ias
conversiony w2re varied from 11 to 70X by changing space ve.ocity
between 0.085 «nd 0.008 Nl/ain/gcat (unreduced basis].

Products vers analyzed with three gas chromatographs, as
described bv Huff et &al. (1933). A Hewlett-Packard 5380 with a
dimethyl 3il.cone capillary column and flame icnization detector
(FID) was 3ed [or hydrocarbon analyses of non-condensable yases
and the organic pihases from the hot and cold traps. Agqueous
liquid sarples frow the hot ami cold traps, and non-condensed

water and oxygenated hydrocarbons were analyzed with a Hewlett-
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Packard 5710 using a glass coluen packed with 60/80 wme=zh Tenax
and a thermal conductivity detector (TCD). A Carie/Hach refinery
gas analyzer Series S AGC 111-H was used for the analysis of non-
condensable gases, particularly HZ' €0, and CO,. Tie components,

2

COZ’ CH4, and C2 and C3 compounds, were used to match the
analyses from the three gas chromatographs and provide complete

product distributions for each material balance.

RESULTS AND DISCUSSION

Cobalt catalysts form mostly straight chain hydrocarbons.
In the range of 010 to CZG’ such products are of value as diesel
and jet fuele. Heavier waxy products, in the Czo+ range, can be
hydrocracked back to lower aolecular weight fuels. Thus, yield
of high-molecular weight products is desirable.

The results presented here focus on the effects of process

variables on the  hydrocarbon product distributions of the

synthesis. . Particular attention is paid to the selectivity ¢to
the desired Clo+ fraction and the undesired C1 fraction. Because
incorporation or secondary reactions of alkenes 1may be

responsible for the sensitivity of the product distributions on
cobalt to operating conditions, the secondary reactions of
synthesized l-alkenes are also examined.

Figures 1 and 2 show representative Schulz-Flory diagraas of
volatile products from the cobalt catalyst, A single=a model
zannot fit the Ca+ data, which seem tc be well described by a
modified Schulz-Flory wmodel, w«with wmore than one chain growth
probability. The solid line in Figures 1 and 2 indicates the
best-fit ronlinear regression of a double-a mocel as developed by
Donnelly et al. (1983). Although the =model of Donnelly et al.
does not account for alkere incorporation and thus may be
inappropriage for data from cobalt catalysts, this model was used
as a basis for comparison of the data from this study with data
from gprevious studies on iron catalysts, For the two material

balances shown, ¢ is calculated to be around 0.54 and a, near

1
0.89. The "break' carbon number, the carbon nusber at which tte
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contributions of Dboth a; and a, are equal, 1is near 5, which is
lower than is typically observed on iron catalysts. Regression of
data from other material baiances gave a, even lower than this
and "break" carbon numbers as low as 2, which would correspond t»
a large fraction of products produced by the a, "gite" or
mechanism.

Figure 3 shows a Schulz-Flory diagran of a wax sample taken
from the end-of-run slurry. The value of a, estimated by linear
regression of the data between C30 and 053 was 0.87, wh.ch is
close to that calculated by nonlinear regression abdove. The
asymptotic linesr relationship appears to huld over a wide rarnge
of carbon numbers, indicating that chain growth probability does
reach a constant value at high carbon numbers.

During & material balance, analysis of data between C1 and
C15 provides information about the rate of synthesis of the
products in this range (Huff, 1982). Because of vapor-liquid
equilibrium, pooducts at higher  carbon numbers rewain in the
slurry liquid. Therefore, to develop a '"complete” distribution
of the prouducts being synthesized, the mole fractions above C15
must be estimated. Az  discussed above, the values of a,
calculated by nonlinear regression of volatile products were
close to that calculated from the regression of non-volatile
products. Thus, a, was regressed for each set of volatile
product data and used to estimate the total mole fraction of
products in the C15+ range which, for computational simplicity,
~was taken to be C16 to C100‘ By assuming products to be all
alkanes, the yield to various weight fractions of interest can be
estimated, To ensure that the estimate: were reasonable, only
those material balances with a carbon bzlance, based on estimated
C1 to C100 producta, between 95 and 105 were used. Products were
divided into four weight fractiomns Cl, Cz-C4, C5-Cg, and C10+
To simplify presentation of the results, ‘e will report only C1

and CIO’ products as representative of undesirable and desirable
products, respectively.
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The Effect of Operating Parameters on Hydrocarbon
Selectivity
The effect of operating parameteras on the weight fractions

nf products at C1 and in the range Clo+ are presentad below.

Space Velucity

Figure 4 shows the effect of space velocity on the yield of
products at 0.79 MPa, 240°C, and H,/CO feed ratio of 2. This
H

of cobalt and therefore, at this feed ratio, decreasing space

2,/CO feed ratio is selected bhecause it is near the usage ratio

velocity will have ne effeat on reactor HZ/CO. Figure 4 shows
that increasing space velonity or decreasing conversion increases
the fraction of .C10+, while decreasing the yield of C1 products.
Cne possible interpretation of this is that, at higher
conversions, preducts, such as water or alkenes, readsorb onto

the surface of the catalyst and innibit chain growth.

Pressure

Cver the range of conditiongs studied, the pressure was seen
to have very little effect on the selectivity of the synthesis to
various product cuts, Figure 5 shows thet, at 220°C and 0.0G17-
0.018 Ml/min/gcat (unreduced basis) of HZ/CO=2 synthesis gas, the
selectivity to C1 and Cm+ products remains constant over a range
of total reactor pressure of 0.5 to 1.5 MPa, This tends to
indicate that the <trend observed in space velocity is related to
t..e ratio of pruducts to reactants, rather ithan to total product
concencration.,

The conclusion that pressure has no effect on the
selectivity of the synthesis contradicts Storch et al. (1951) and
Shah and Perrotta (1976) who found that selectivity to kigh-
aolecular weight hyd-ocarbons went through a maximum with respect
to temperature in fixed-bed reactors. The data for these studies
were collected, for the most part, at a fixed irlet Hz/Co ratio
and varying space velocities. Thus, product--to-reactznt ratios

varied down the length of the bed, waking any conclusion about
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the effect of pressure difficult to de-convolute from the effect

of space velocity.

Temperature
Figure & shows the dependence of th~ weight fractions of C1

and ClO} for total syrthesis gas conversions in the range 31 to

33, As indicated by the figure no real trend is observed for
_ comparable conversions. The temperature data are presented at
comparable conversion, rather than space velocity, because the

ratio of product to reactant concentration appears to have a
parked effect (Figure 4). Thus, in order tc compare comparable
product to reactant ratios, data at similar total synthesis gas
conversions were used. Within the scatter at each temperature,
it is reasonable to conclude that no trend exists.

The conclusinn that temperature has little overall effect on
the synthesis is not inconsistent th the contradictory
conclusions of Schulz (1982) and {1983) that increasing
temperature increases methane yield and increases the &average
molecular weight. The data of Schulz are taken over a lower
temperature range from 175 to 210°C, which may account for the
differences in his conclusions. Further, Schulz may not have
compared data at similar conversions, which <could be important as

discussed above.

lleactor H2/CO Ratio

Figure 7a shows the effect of reactor HZ/CO ratio on the

relativg vield of products at C1 at 230°C. Increasing reactor
Hz/CO ratios increases the rglative weight fraction of C1 at all
temperatures, although the trend more  apparent  at lower
temperatures (data not shown). Methane may be formed by a

sechanism separate from chain growth, which may have a positive
dependence on the PH /PCO ratio.
The effect of reactor HZ/CO ratio on the fractional yield of

products in the + range at 220, 230, and 240°C was also

c
10
studied. Increasing  reactor HZ/CD ratio decreases the yield of
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high-molecular weight  products relative to total hydrocarbons
synthesized. This decrease 1in yield of ClOf products can be
primarily attributed to the increase in rate of production of
lighter-avlecular weight products, particularly methane.

Storch et al. (1951), Borghard and Bennett (1979), Schulz
{1983), and Fu et al. (1986) all conclude that increasing the
ratio of HZ/CC increases the yield of undesired lower-molecular
weight products, Cl’ at the expense of desired high-molecular
weight products, CIO*‘ Only Rautavouma and van der Baan (1981),
who operated differentially at atmospheric pressure, conclude
that increasing HZ/CO increases production of high-molecular
weight hydrocarhons. At low conversions and pressures the
concentration of synthesized 1l-alkenes may be so low that
negligible reircorporation of alkenes into growing chains can
occur. If alkene reincorporation is an important mechanism for
production of high-molecular weight hydrocarbdns on cobalt
catalysts as 1s suggested bLy the incorporation studies of Schulz
et al. (1970), then data from differential reactors may show

different trends from data taken at higher conversions.

Selectivity of the Synthesis to Verjous Product Classes

Figure 9 and 10 show Schulz-Flory diagrams including the
distribution of three major  product classes, n-alkanes, 1-
alkenes, and n-alcohols. Three other components were observed in

much lower concentrations than 'these at each carbon number; ia
order of relative abundance in products, they are 2-alkenes,
branched alkanes, and aldehydes {only at C2 and C3 "in very low
concentrations). Methane lies above the line that would be
predicted by a double-a Schulz-Flory mechanism, while C2 products
lie below, as is characteristic of mcst Schulz-Flory diagraas of
hydrocarbon products from the Fischer-Tropsch synthasis. The
reasons for this are detailed elsewhere (Donnelly et al. (1988)).

Both the n-aikanes and n-alcohols exhibit a double-a type
distribution; that is, at low carbon numbers, the mole fraction

of products drops off quickly, while, at higher carbon numbers,
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the mole fraction drops off wore siowly. The 1l-alkenes appear to
follow a single-a type distribution. The extent to which cbserved
products represent the primary synthesis versus secondary
reactions varies depending on reactor conditions. The l-alkene,
which is presumed to be the primary product of the synthesis
Schulz (1983), may subdseguently be hydrogenated to an n~alkane or
isomerized to a 2-alkere. The ratio of 1-alkere/n-alkane and 1-
alkene/2-alkene both decrease with increasingZ carbon number as
was also observed by Schulz (1980) and Rautavuoma and van der
Baan (1981}. As will be shown later, a large fraction ot n-
alkanes appesr to be produced by the hydrogenation of l-alkenes.
Therefore, conclusions made about this type of a component
Schulz-Flory diagrsm, assuming independent zechanisas for the

production of l1-alkenes and alkanes, may be misleading.

Secondarv Reactions of l-Alkenes

A A L L L

In order to understand the effects of operating conditions

on the secondary reactions, the rate of synthesis of ethane, n-" "

butane, and 2-butene were studied. Ethane is examined because it
represents hydrogenation only; the behavior of the C4 compounds
is presented as representative of that of the C3+ products. As
discussed by Hanlon (1985), Henlon and Satterfield (1988), and
Donneliy and Satterfield (1989}, C4 products are the highest
molecular weight products which exist ouly in the vapor phase at
.c3a temperature which @eliminates splitting of products between
vapor and liquid phases in the traps, ]
These analyses of the secondary reactions of the 1-alkenes
ma’ only yield general trends, indicative of the aecondary of 1-
alkenes on the cobalt catalyst. To understand fully the behavior
of 1l-alkenes, it may be necesaary to add 1-alkenes to the
synthesis gas feed. Alkene additions are planned ir future runs

with this catalyst.
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Rate of Ethane Formation from Ethene

Figures 1la and 11b show the dependence of the rate of
formation of ethane .on the ratio of PC2H4PH /PCO in the reictor
at 220 and 240°C respectively. This assumes that the rate of
ethane formation is a simple hydrogenation process which 1is
inhibited by adsorbed CO. While there is considerable scatter in
the dats, both figures imlicate that a considerable amount of the
variance in the rate of ethane formation can he explained by such
a simple model. The vertical axis intercept of these figures
represents the amount of etliane that is produced as primary
product. While this intercept 1is non-zero, over most of the
range of ogerating variables studied, the amount of ethane
produced hy primary synthesis is less than half of the total

amount synthesized.

Rate of n-Butane Formation from l-Butene

Figures- 12a and 12b show the dependence of the rate of
forration of n-butane on the ratio of PC.H PH /PCO in the reactor
at 220 and 249°C respectively. Again? a “simple hydrogenation
process which is inhibited by adsorbed CQ is assumed. While
there is considerable scatter in the d:ta, paticvlarly at 240°C,
both figures indicate that tne rate of n-butane formation

C4H PHz/pCO'
intercept of these figures is re?ated tc the amount of n-butane

increases with increasing p The vertical axis
produced in the primary synthesis, Over the range of operating
variables studied, the amuunt of n-butane produced by primary
synthesis is generally less than half of the total amcunt
synthesized.

The behavior of these two siample hydrogenation wmodels is
congsistent with the .observations of Schulz (1980) and (1983) and
Kautavuoma and van der Baan (1981) that increasing hydrogen to

carbon monoxide ratic decreases the l-alkene/n-alkane ratio,
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<

ale of 2-Butene Formation f-om }1-Butene

2-alkeres are generally not considered to be a product of

the primary syunthesis, but are assumed to be produced solely by
isomerizaticn of 1-alkenes (Schulz, 1983). Thus a mode)l was
developed which accounted for all of the production of Z-butene
in terms of 1-butene. A simple Langmuir-Hinshelwood type
relat.onship of the following form is pruposed:
R2~Dutene = kpl-butene/(1+KCOPCO) (1)

This assumes <that the rate of 2-butene formation is simply
proportional to the ccncentration of 1-butene and inhibited . by

carbon monoxide. Ea 1 can be linearized as followa:

Pl—butene/RZHbutene = Uk ¥ KCO/k PCO (2)
Figures 13a and 13b  depicts the dependence of the rate of
P 3 2 ) ;
formation of ll-butene/az-butene on P, at 220 and 240°C
respectively. Both figures  show that increasing PCO will

decrease the rate of 1-butene isomerizaticn.

The conclusion made by 3chulz (1583) that the ratio of 1-
alkenes/total alkene: increases with increasing total pressure
could be explained over tne narcow range of HZ/CO studied (1.8 to

2) by a relationazhip such as eq 1.

Sumpary of Secondary Reaction Stucies

As discussed above, these analyses represent only a
preliminary examination of :he secondary reactions of the -
alkenes on cobalt catalystis. However, three interesting
conclusions can te drawn from this study.

First, & large fraction ol synthesizaed alkanes &and all 2=~
alkenes appear to be produced by secodary reactions, Ag
discussed earlier, this makes interpretation of coaponen’. Schulz-
Flory diagrams difficult.

Second, increasing the reactor szCD ratio increases the
ratio . of alkane *to 1l-alkene &L each carbon number. If
synthesized 1-alkenes re-adsorb onto tae catalyst surface and
incorporate into growing chains, then the decresse in 1-alkerne

roncentration (relative to n-alkane concentration) at increasad
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PH /PCo may explain the decrease 152 higzh-mclecular weight
products at high PH /PCO‘ »

Finally, increasing the concentration of carbon monoxide maxr
decreesse the amount of 2-alkene formstion. If 1-alkene
incorporation plays a role in hydrocarbon production, then again
the decrease in 1l-alkere coacentration ({relative to 2-zlkene
concentration} at low values of PCO may explain the decrease in

high-molecular weight products at high P, /P...
H2 co

COMPARISON OF C»RBON NUMBER DiI3STRIBUTION WITH ITRON-BASED
CATALYSTS

Figure 14 shows Schuiz-Flory disgrams from three catalysts

s* ied .n this laboratory. The oobuls catalvst is trom th: data
preserted here at 240¢C, G.51 MPa, and 0.02% Nl‘min/gcat of
H,/20=1.86 synthesis L8 {material balance LAY TN The

potassium~ and copper-prowntrl, miewipitated iron catalyst is the
so-called Ruhrchemie catalyst» atudied in detail by Donnelly and
Sautterfield {19%3}. The dezta shown here were taken at 2639C, 2.47
MPa, and 0.034 N /ain/gcat of HZ/CO=0;73 synthesis gas (materizl]
balance RCJ.16) 'Donnelly, 19£9). The fused nagnetite catalyst
is the triply~-promoted anlénia synthesis catalyst dJdesignated C-73
by United {atalys:s. The data shown here were f{rom a material
balance et 16320, (0.3 MPa, and 0.015 Nl/win‘gcat of HZ/CO=G.55

gynthesis gas {mater: .l balance rE£53.46 {Huff, 1982).

Figure 14 indicates that the three catalysts synthesize
ccmparable amount s of the desired high-moiecular waight
hydrocarbens, The <cobalt cautalyst aynthesizes a far iarger

amount of C1 product and far less of C2 to C5 products,

a, of 0.8, ay of
0.91, and a  "break” carbon number, 2, of 7.5 for the Rulr¢hewic
catalyst (Twmpnelly, 1989), a, of 0.59, g of 0.9, and Q=7 for the
fused wmagnetite (Donpnelly et al., 1988}, and ay of U.4, 4, of
0.83, and Q=2 for the cobalt catalyst. While the idouble-a

fermulation may not be appropriate tor cobalt catalysts 1% does

Monlinear regression of the data yields an

provide a benchmark for understanding why the catalysts -~xhibit
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such diffeying behavior at low molecular weights yet simiiar
behavior at aigh moiecular welghts. Thie cobalt catalyst appears
v, have 21 atch lower first chain growth probability, as evidenced
by the sharp crop off in C:3 to CS’ but the ai contributes far
less to the total product distribution, as indicated by the

extrema)y low value of Q. See 2lso Table 1.

KINETICS
A detailed study of the kinetics was also made and is
presentzd elsewhere. The best kinetic expression 1s given on

Tabie 2 ana compared to two for iron.

CONCLUSTONS

The effects of selected process variables on the hydrocarbon
product distr-ibution have been determined. Increasing space
velncity or decreasing reactor HZ/CO ratio is seen to decrease
the relative yield of vundesired C1 while increasing the yield of
desired C10+ products. Reactor temperature and pressure have
liitle effect on the product distribution.

The selectivity the catalyst to 1-alkanes, n-alkanes, and 2-
alkenes is shown to depend on reactor HZ/CO ratio and on total CO
concentratioa. These |-alkene and weight f-action yield data are
consistent with a model which would account f>r the re-adsorntion
of i-alkenes into growing chainz on the catalyst surface. A
study of the reactions of selected l1-alkenes added to the
synthesis gas feed could proviue information on the propensity

for i-alkenes to incorporate.
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TaBLe 1

CoMPARISON OF HYDROCARBON SELECTIVITIES

UATALYST. CopaLT PRec1PivATED [ron Fuses_[roN
W, % (g 0,13 0.07 0,07
T, % CymCy 0.17 0.25 0,27
W, C5-Cq 0.27 0,30 0,24
Wt Cig* 0.3 0,38 0,42
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TABLE 2

KINETIC EXPRESSIONS

[rRON:
A Py, o
ANDERSON: -R = :
(Pep *+ 8 Py n)
s’ Py ? Py
HuFF : -R = P

For ConvERSIONS Berow Arout 60%, BotH Pepuce To:

- = A PH7
; CoBALT:
. Peo Py

! ) (1 +8 Pco)z
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