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DEDICATION

The Brookhaven Station of the MIT School of Chemical Engineering Prac-
tice was established in the summer of 1983. It represents a new direction
for the Laboratory which could mnot have been implemented without the strong
support and encouragement of our former Deputy Director, the late Dr. Warren
E. Winsche. Establishment of the statieon at BNL embodies three of Dr.
Winsche's interests during his long and notable career in chemical engineer-
ing and research management. These are the continued pursuit of the high
standards of professional chemical engineering practice; the role of the
National Laboratories in providing both facilities and staff to assist in
the training of engineers and scientists; and thirdly, and perhaps most
important, an appreciation for the stimulus and fresh ideas often provided
by students and those still in a "learning" mode, as an essential to the
well being of any research organization.

These reports amply demonstrate the above characteristics and represent
only a portion of the success of the first year of operation of the station.

We expect this cooperative effort between BNL and MIT to continue well
into the future and for this we gratefully dedicate these reports to the
memory of Dr. Winsche.
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ABSTRACT

The performance of an iron-copper Fischer-Tropsch catalyst was studied
in a slurry CSTR at 227°C and 790 kPa (100 psig). Catalyst performance was
similar to other iren—based catalysts studied previougly with respect to
conversion of €O, conversion of CO + Hp, and to the product distribution.
CO conversion increased with decreasing space velocity, ranging from approx-
imately 60% at 1570 hr~! to over 90% at 488 hrl. The Hy to CO usage ratio
was approximately 0.7, indicating that the catalyst is a good water-gas

shift catalyst as well as a Fischer-Tropsch catalyst. Reaction products
could be described by a Flory distribution with a chain growth probability
{(a) of 0.67, which is in the gasoline range. In some runs, methanol was

added continuously to the reactor feed, but instead of being incorporated
into the reaction, the methanol oxidized and deactivated the catalyst.
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1 SUMMARY

The performance of an iron-copper Fischer-Tropsch catalyst was studied
in a slurry continuous stirred tamk reactor (CSTR) at 227°C and 790 kPa (100
psig). While extensive Fischer—Tropsch studies have been published with
iron-based catalysts in fixed-bed, fluldized-bed, and slurry reactors
[Anderson (1956), Schlesinger (1951), Huff (1982)), no published work was
found for an iron—copper catalyst in a slurry CSTR. The objectives of this
study were to evaluate the catalyst performance on the basis of carbon
monoxide conversion and product distribution, and to determine if methanol
could be incorporated into the Fischer-Tropsch reaction by adding it contin-
uously to the feed.

Conversion and product distribution data were obtained from gas chro-
matography and muclear magnetic resonance {(NMR) analysis, flow contraction
measurements, and mass bhalances. The conversions and product distributions
obtained with the 1iron-copper catalyst were within the range reported by
other investigators using Iron-based catalysts [Huff (1982), Satterfield
(1982)]. Overall mass balance closures were between 88% and 94% for carbon
and 91% and 99% for oxygen.

Carbon monoxide conversion decreased from 927% to 58% when the flowrate
was increased from 0.3 to 0.9 liters/minute, corresponding to an increase in
space velocity from 488 to 1570 htl.  The decrease in CO conversion was
caused by a decrease in the average residence time of the gas in the
reactor. Product distributions were 1dentical for both 1l:l1 and 2:1 hydrogen
to carbon monoxide ratios in the feed gas, and could be described by a Flory
model with an average chain-growth probability (&) of 0.67 £ 0.02, indicat-
ing that wmost of the products (on a weight basis) were in the gasoline
range.

While changing the hydrogen to carbon monoxide feed ratio frem 2:1 to
1:1 did not affect the product distribution, this change did decrease the CO
conversion from 77% to 50% at a space velocity of approximately 950 hr—l.
We postulated that the decrease in CO conversion was caused by the lower
hydrogen partlal pressure in the reactor, but this could not be confirmed
due to a partial catalyst deactivation, possibly during the change over from
1:1 back to 2:1 H/CO feed gas.

To determine if Fischer-Tropsch reaction products could be incorporated
into the production of higher molecular weight products, methanol was added
continuously to the reactor feed at a rate of 0.072 ml/min. No noticeable
incorporation was observed, and the methanol slowly oxidized and deactivated
the catalyst over a period of approximately 12 hours.

Future Fischer-Tropsch studies using this iron-copper catalyst should
be carried out over a range of different temperatures and pressures to fully
characterize catalyst performance in the slurry reactor. In addition, the
reactor should be operated for longer periods of time (over 50 hours) to
allow the larger molecular weight products to come to vapor-liquid equilib-
riuh Iin the slurry phase, thus preventing product accumulation in the
reactor and creating fewer errors in product analysis.

-1 -



2 INTRODUCTION

2.1 Background

Hydrocarbon fuels such as gasoline and diesel fuel can be synthesized
by reacting carbon monoxide and hydrogen gas over a metal catalyst. This
reaction, known as the Fischer-Tropsch {(F-T) synthesis, 1s an attractive
future source of hydrocarbon fuel since the carbon monoxide and hydrogen
feed (synthesis gas) can be made directly by coal gasification. Currently,
Fischer-Tropsch synthesis is carried out commercially at two plants in South
Africa, operated by South African Synthetic 0il Limited (SASOL).

The nominal stoichiometry of the F-T reaction is

etal

m
2Hy + CO 2 — CHp - + H30 (2-1)
Water produced by this reaction can then participate in the water—gas shift
reaction,

o + Hyo Z2EEL oy + Hy, (2-2)

which is advantageous because water 1s consumed. Water is known to inhibit
hydrocarbon formation ([Huff (1982)]. Also, the water-gas shift consumes
carbon monoxide and produces hydrogen, thereby reducing the overall ratioc of
Hy used to CO used {usage ratio).

The Boudouard reaction, in which carbon monoxide disproportionates to
produce carbon dioxide and carbon, may lead to catalyst deactivation due to
coke formation on the metal surface:

2C0(g) —_— COZ(g) + C(B) (2-3)

To reduce carbon deposition, the fixed and entrained-bed reactors run
by SASOL are operated at H2/CO ratios of 1.8 and 6.0, respectively [Satter-—
field (1980)]. Lurgi coal gasifiers, which produce synthesis gas with Hy/CO
ratios greater than 2.0, are used to achieve the high feed ratios required
[Probstein and Hicks (1982)]. Based on thermal efficiency calculations, the
most economical production of synthesis gas yields a Hp/CO ratic well below
1.0 (Shinnar (1978)]. Thus, additional costs are incurred by operating at
the H2/CO ratios used in the SASOL F-T synthesis.

The SASOL fixed-bed reactors suffer from poor temperature control and
low conversion per pass. The catalyst must be pelletized to mirnimize crush-
ing. Also, despite the H3/CO feed ratio of 1.8, carbon deposition and
subsequent catalyst deactivation is still a problem. In the entrained-bed
reactors, high gas velocities cause attrition of the catalyst. The Hp/CO
ratio of 6.0 makes it necessary to have recycle streams 2-3 times the volume
of the feed stream, resulting in large cdpital and energy costs.



An alternative type of reactor which may be used for F-T synthesis is
the slurry reactor, 1n which the reacting gases are bubbled through a
paraffin wax containing a suspension of fine catalyst particles. Agitation
may be achieved with wechanlical stirring in a continuous stirred tank
reactor (CSTR) or by the motlon of the pgas bubbles moving up through a
slurry-filled tube in a bubble column reactor {BCR).

The paraffin solvent in the slurry reactor has a thermazl mass over 500
times greater than that of the gas in the fixed or entrained-bed reactors,
resulting in excellent temperature control (¥ 19C) and more efficient heat
Trecovery. Compared to fixed or fluidized-bed reactors, slurry reactors
achieve high conversions per pass and high rates of reaction per unit welght
of catalyst [Deckwer et al. (1980)]. In raddition, slurry reactors can
process synthesis gas of low Hy to CO ratios (0.6 - 0.8) which are typical
of coal gasification products [Huff (1982)].

2.2 Previous Work

2.2.1 Fischer-Tropsch Synthesis in Slurry Reactors. The study of the
F-T reaction in a slurry phase reactor began in the late 1940's. Ké&lbel et
al. (1955) used an Fe—Cu catalyst in a bubble column reactor and obtained CO
conversions in excess of 90%Z (for certain reaction conditions). A summary
of F-T synthesis in bubble columns is shown in Table (2-1).

Huff (1982) performed an extensive F-T study with an iron ammonia-
synthesils catalyst in a slurry CSTR. The range of experimental conditions
and conversions achieved in his study is presented in Table (2-2). Huff
reported CO conversions ranging from 16% to 98% with no evidence of catalyst
deactivation. He also reported that analysis of the liquid carrier, octa-
cosane, showed that the heavier, less volatile reaction products accumulated
in the reactor until vapor-liquid equilibrium was reached, this effect still
being noticeable after 100 hours of operation. In addition, Huff found that
the water—gas—-shift reaction proceeded to equilibrium at temperatures above
2609°C.

Kern et al. (1960) and Raymond et al. (1980) added water to the synthe-
sis gas feed and found that the rate of the water—gas-shift reaction
increased while the rate of F-T synthesis nearly stopped, suggesting that
the water—-gas—-shift reaction is much faster than the F-T reaction and that
water inhibits F-T synthesis. Feiner et al. (1981) determined that the rate
of CO2 production by water—gas—shift 1s first order with respect to CO
concentration.

2.2.2 PFischer—Tropsch Reaction Kinetiecs. Although extensive work has
been done on Fischer—Tropsch synthesis, the reaction is complicated and
involves many unknown intermediates and the exact intrinsic rate expression
has yet to be discovered. A detalled discussion of previcus work will not
be presented here; for a summary of the many proposed intrinsic rate expres-
sions the reader is referred to Huff (1982). In general, however, the rate
of F-T synthesis is approximately first order with respect to hydrogen, zero
order with respect to carbon monoxide, and inhibited by water. A commonly

-4 -
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used rate expression exhibiting these characteristics was proposed by Dry
(1976) who used a Langmuir-Hinshelwood kinetic model and assumed that
hydrogen reacts with adsorbed reaction intermediates and that CO and Hy0 are
the major surface intermediates. The following expression resulted:

_ d[co + Hp] _ d[-CH2"] _ k Keo Pco PHy (2-4)
dt de [1 + Keo pco * Kpyo PH,Ol
where
k = intrinsic rate constant
K = adsorption equilibrium constant
p = partial pressure

For large values of the Kgg pgog term, Eq. (2-4) reduces to the simple
expression proposed by Andersen (1956):

_ d[co + Hp] _ d[-CHz-]
at dt

= k’PHz (2-5)

While Eqs. (2-4) and (2-5) were derived for gas-solid reactions, they may
also be applied to slurry reactors in which no mass transfer limitations
exist.

2.2.3 Product Selectivity. Although the exact mechanism of the F-T
reaction is wunknown, a statistical polymerization model derived by Flory
(1936) often represents the product distributions obtained. The Flory
model, given in Eq. (2-6) assumes that the products are formed by the
addition of one carbon unit at a time to the end of a growing chain and that
the probability of the addition of a carbon atom to a chain, represented by
a, is independent of chain length:

My = (1-o) ol¥-1) (2-6)
where
N = number of carbon units
My = mole fraction of mpolecules with carbon number N
@ = chain growth probability given by
o= 2o (2-7)
Rp + Re

where Rp and Ry are the rates of propagation and termination respectively.



Equation (2-8) 1is obtained by taking the natural logarithm of both
sides of Eq. (2-6): :

l -«

In (My) = Nln a + 1n (2-8)

A plot of 1n (My) vs. N gives a slope of 1lno and an intercept of
In{(1l-a)/a].

Under the assumptions of this model, the entire product distribution is
determined by one parameter, a. If o is known the distribution can be
calculated or, given a product distribution, o can be determined empirically
from the slope of the line givenm by Eq. (2-8). The relationship between a
and the product selectivity is shown in Fig. (2-1). As shown 1In this
figure, as « increases, the amount of higher molecular weight products
increases, and there are optimum a's for each desired product range (e.g.,
0.75 for gasoline and 0.85 for diesel). Figure (2-2) shows the carbon
number distributions obtained using Eq. (2-8) for a's at the optimum gaso-
line and diesel ranges.

An excellent review of previous studies of product distributicn behav-—
lor is found in Satterfield et al. (1982), who found that Fischer-Tropsch
products fit a Flory distribution if all the organic products produced at
each carbon number are considered. Chaln growth probabilities calculated by
Satterfield from other published data ranged from 0.55 to 0.94 and are
summarized in Table 2.3. Many of these a's were calculated based on the C]
and €2 fractions, since, in most cases, total product distributions were not
reported. 1In these studies, @ was insensitive to changes in space velocity
(ratio of the volumetric gas feed at STP to the volume of catalyst), but
decreased with increasing temperature and decreasing pressure.

There are several reports in the literature describing Flory distribu~
tions with different wa's for different carbon number ranges. Huff (1982)
reported a's of 0.68 and 0.77 for the C} to C9 and the Co7 products, respec-—
tively. Huff also found that o values of 0.69 and 0.81 fit the C] to Cg and
the Cg+ fractions reported by Atwood and Bennett (1979). This behavior has
been observed by other researchers under a wide variety of reaction condi-
tions [Weingaertner (1956)].

A possible explanation of a double @ on a Flory plot is that two dif-—
ferent types of catalyst sites are present [Huff (1982)]. On one kind of
site, molecules are strongly adsorbed, and consequently Ilonger chained
molecules are produced. On the second type, the molecules are not as
strongly adsorbed, thus shorter molecules are produced. Anderson (1956)
found that higher alkali iron catalysts produce heavier products, suggesting
that the double @ results from the heterogenous distribution of alkali on
the catalyst surface.

2.2.4 Product Incorporation. Product incorporation studies are per-
formed by adding hydrocarbons or oxygenates to the F-T feed and observing
changes in the products. A shift in product distribution may provide mecha-
nistic information about the F~T reaction and may also result in important
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