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1. Introduction

The title ¢of the contract is "Two-Stage Slurry
Fischer-Tropsch/ZSM~5 Process of Converting Syngas to High Octane
Gasoline". This contract began on October 1, 1980 and will end
on April 1, 1983. The overall objective of the contract is to
develop a two-stage slurry FP-T/ZSM-5 process for direct
conversion of syngas to high octane gasoline (Slide #1). To
achieve this objective, specific tasks are the design,
construction, and operation of a two—stage bench-scale pilot
plant, and the acquisition of necessary process information for
the evaluation of the technical and economic potential of the
process.

II. Simplified Process Scheme and
Present Status of the Project

Slide #2 illustrates a simplified scheme for this
process concept. The syngas will be fed into a slurzy F-T
reactor, and the total product from that reactor will go to the

second-stage ZSM-5 reactor. The products from the ZSM-5 reactor
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F-T/25M-5 Process

will contain unconverted H; and CO, CO,, some C3 and C4, and high

octane gasoline.

Slide #3 summarizes the status of the project to date.
The design phase of the bench-scale unit is complete. The
fabrication of BSU components in the machine shop has begun, and
purchase orders for all mzjor BSU components have been issued.
Finally, a preliminary mathematical model of a slurry F-T
bubble-column reactor is being developed. Both the desigg of the

BSU and the mathematical model will ke described in this paper.

111. Advantages of This Two-Stage Process

Slide #4 explains the advantages of using a slurry F-T
reactor for direct syngas conversion. Good reactor temperature
control is the most important feature of a slurry reactor. Since

the rate of the carbon formation due to the Boudouard reaction
2 CO - C + COZ

increases drastically with catalyst temperature, good temperature
control will minimize carbon formation on the catalyst and
improve long-term catalyst stability. With lower carbon
formation, one can afford to use low H,/CO ratio syngas, as
opposed to those used in the conventional vapor-phase F-T
processes; i.e., SASOL'S fixed-bed tubular and entrained
fluid-bed processéé. This is an important advantage since it

avoids substantial costs associated with the shifting of a low
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H,/CO syngas to a high H3/CO one. Good reactor temperature
control with a low H;/CO ratio syngas will reduce the methane and
ethane yields. Since the methane and ethane are lower value
products in comparison with gasoline, the reduced yields of
methane and ethane are economically very important. The second
major advantage of a slurry P-T operation is high single-pass
syngas conversion. With this high single-pass conversion,
substantial cost savings can result from not using a gas recycle
operation and an efficient reacticn heat recovery. The last
major advantage of a slurry F-T reactor is its high toleration of

carbon formation and catalyst disintegration.

The major disadvantages of a slurry P-T reactor are iow
gasoline yield and quality. The low gasoline yield results from
the fact that large amounts of light olefins, hydrocarbons
heavier than gasoline, and oxygenates are produced along with the
gasoline. The second-stage ZSM-5 reactor can convert a major
portion of these by-products into gaseoline. Furthermore, the
final gasoline has a high octane rating since it contains a large
amount of arcmatics and iso-paraffins. This concept was
demonstrated in laboratory using a stirred-tank reactor as
first-stage and a fixed-bed micro-reactor as second-stage. Slide
$5 shows data indicating high single—-pass syngas conversion, and

a high yield of high guality Cg* gasoline.

iv. Bench-Scale Pilot Plant Design
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F-T/ZSM-5 Process

Slide #6 shows a simplified flow diagram of the planned
bench-scale unit. The syngas is formed by mixing H; and CO, and
is then sent through a pre-heater and into the bubble-column
reactor. As shown in Slide #7, the reactor has an inside
diameter of 2" and a maximum slurry height of 25'. The normw=_
gas feed rate is 70 SCPFH with a design range from 35 to 140 SCFH.
Slide #7 alsoc gives the feed H,/CO ratio a~d the Hy+CO
conversion. The slurry reactor is jacketed with a c¢irculating
cooling-medium for proper reactor temperature control. It alse
has a drain-pipe to take out excess liquid and a hot container to
add make-up catalyst or reactor liguid. Immediately downstream
from the reactor, a vartial condenser will be used in the case of
a drop of the reactor liquid level. The condenser will condense
out the heavier fraction of the F-T product to be sent back to
the reactor through the hot container. There is an inter-reactor
sampling line that can be used to sample the products from the
F-T reactor. The whole product of the FP-T reactor will be sent,
after passage through a pre-heater, into one of the two ZSM-5
reactors. As shown in Slide #7, the dimensions of these ZSM-5
reactors are 2" ID and 18" maximum height. Since the ZSM-5
reactor will require occasional regeneration, two reactors will
be used to maintain a continuous operation while the reactor with
the aged catalyst is under regeneration. The total product from
the ZSM-5 reactor will be sent to a hot condenser and separator
iﬁ which a heavy hydrocarbon stream, if any, will be separated.

The remaining vapor stream will be fed into a cold condenser and
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separator in which a hydrocarbon, an agueous, and a vapoxr stream
will be separated. The vapcr is sent to a chilled condenser to
minimize the amount of C5+ hydrocarbon loss in the light gas.

All the hydrocarbon lig=-d streams will be sent to a distillation
column for proper product separation. The hot condenser and
separator are expected to be useful only if the effluent from the
F-T reactor by-passes the ZSM-5 reactor or the ZsM-5 reactor is

not run properly.

Slide #8 summarizes the major design basis for the
operation of both the slurry F-T and the ZSM-5 reactors. These
data are required for the detailed mechanical design of the

bench-scale unit.

V. Slurry F-T Reactor Mathematical Model

The design and operation of the second-stage ZSM-5
reactor are rather straight forward. Cn the other hand, the
slurry F-T reactor is unconventional and involves complicated
transport phenomena. A mathematical model of such a system would
be extremely useful in aiding the design and the operation of the
reactor. For the rest of this presentation the emphasis will be
on the description and application of a preliminary slurxry P-T
reactor mathematical model. Slide #9 shows the major transport
phenomena inveolved in such a three-phase catalytic reaction
system. A reactant in a gas bubble must be diffused through the

gas film adjacent to the gas-liguid interface, then through the
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liguid film there, then through the bulk liguid, and then through
the liquid film adjacent to the liguid-catalyst interface. In
the catalyst phase, the reactant is finally converted to F-T
products. The resistances for these transports and the
conversion are represented by the equations given on Slide #9.
The nomenclatures are given in Appendix A. Typical values of
these resistances in (sec) are given directly underneath these
equations. These values were obtained with the assumptions of
0.7 mm gas bubble size and 2.5 mm catalyst size. The total
resistance is simply a summation of all these resistances. The
resistance values indicate that the major ones are contributed by
the masz transfer across the liguid film at the gas-liquid
interface and the catalytic conversion in the catalyst. Pox
simplicity, only these two resistances are considered in the

current model.

Slide #10 summarizes the major assumptioné for the
current model. They are similar to those adopted by othexs for
more detailed models described in open literature. These
assumptions will be examined and the critical ones will be
eliminated in the future. FPor the moment, the single component
first—-order kinetics makes the analysis simple. This assumption
is reasonable when the conversion is low and when the feed H,/CO
ratio is closed to the H,/CO usage ratio. All other assumptions
are rather conventional. Two extreme liguid mixing states were

used in the current model to bracket the actual state of the
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liquid phase in a bubble-column, i.e., no-mixing and

perfect-mixing in the axial direction.

Since the kinetic resistance is expected to be the
major resistance in a slurry P-T system, kinetic rate constants
for Fe-based slurry F-T catalysts were estimated from data in the
open literature. Only bubble-column reactor data on Fe-catalyst
were founded; they are summarized in Slide #11. References of
these data are given as Appendix B. There are three things on
this slide that should be emphasized. The first data set is from
Koelbel's Rheinsprussen demonstration plant which has a large
size reactor (1.29m inside diametexr). The data from Schlesinger
are for fused-Fe catalyst, all others involved precipitated-Fe
catalysts. The Kunugi data were obtaineé using a relatively low
catalyst leading. 2All these data contain the mass—transfer
resistance which must be separated out before the kinetic rate
constant can be estimated. Assuming an axially non-mixing liquid
phase, the current model was used for the mass-transfer
resistance. The kinetic rate constants were then determined and
are summarized in Slide #12. Note that the assumption of
non-mixing liguid phase may not be proper for the first data set
because a large reactor may allow a substantial axial dispersion
of the liquid phase. If one assumes that the liquid phase is
perfectly-mixed in the axial direction, the estimated kinetic
rate constant will be more than double the value given on Slide

#12. Purther investigation of this set of data is needed. The
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kinetic rate constant estimatel from Schlesinger's data is
relatively low. The fused-Fe catalyst used there may be less
active than the precipitated-Fe catalysts given on this slide.
Kunugi's catalyst has a very high activity level. It is not
clear if this high activity is the result of a better catalyst orx
of a low catalyst loading. 1If we adopt the kinetic rate
constants from Koelbel and Ralek (1980) and Mitra and Roy (1963),
the precipitated-Fe catalysts will have a kinetic rate constant
of about 0.85-1.1 mL liquid/s-gFe. A value of 1.1 is adopted for

the current model calculations.

Slide #13 shows the model eguations for the case of
non-mixing liguid phase. The nomenclature is given in Appendix
A. The LHS of the first egquation represents the disappearance of
Hy over a differential height of.the bubble-column; while the RHS
of the equation represents its disappearance due to both
diffusion across the liqud film at the gas-liquid interface and
the catalytic conversion. The second equation relates the H,.
concentration in the gas phase to the H, conversion. By
substituting the second equation into the first equation, the
resulting differential equation on H; conversion is integrable in

a closed-form.

Slides #14 and 15 show some results using the current
model. Slide £#14 shows the effect of the kinetic rate and the
ligquid phase mixing on the H; conversion. An active catalyst is

essential to obtain a high conversion within a reasonable reactor
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height. Furthermore, the states of the liquid mixing in the
axial direction will drastically reduce the conversion for the
same reactor volume at the high conversion region. The last
slide (Slide #15) shows the effect of the bubble size on the H)
conversion. In order to achieve 90% conversion, the column
height has to increase by 30-40% if the gas bubble size increases
by four times. Also shown on this slide ars the calculated
results for infinite catalyst activity. These results are the

best one can achieve by improving the catalyst.
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APPENDIX A, NOMENCLATURE

Column cross—sectional area, (cmz)

Catalyst particle external surface area per slurry
volume, 6C ¢ (1-V)/pdc., (cm? solid-liquid

area/mL slurry).

Gas bubble interfacial area, 6eg/dB, (cm2 gas-
liquid area/mL expanded slurry)

Catalyst loading, (gCat/mL liguiad)

Iron loading, (gFe/mL liquid)

Gas phase H; concentration, (mol/mL gas)

CHg in eguilibrium with Cyxy, (mol/mL gas)

Liquid phase H, concentration, (mol/mL ligquid)

Reactor diameter, (cm)

Bubble diameter, (cm)

Catalyst particle diameter, (cm)

H; solubility coefficient, Cag/CHL' (mL liguid/mL gas)

Intrinsic kinetic rate constant for H, conversion,
ry/(1-€g) (1-v)Cyr, Cpe, (mL liquid/s—gFe)

Liguid-particle mass transfer coefficient, (cm/s)

Gas side mass transfer coefficient, (mL gas/s-cm2
gas—-liquid area)

Liguid side mass transfer coefficient, (mL
liquid/s-(cm2 gas-liquid area))

Bubble column length, (cm)
H, molar flow rate, (mol/s)
Pressure, (MPa)

H; transport resistance, from bulk liguid phase to
liquid-solid intexrface, Ky/kcac(l-€g). (s)

H, transport resistance from gas-liquid interface to
bulk liquid phase, KH/k!ag, (s-mL expanded
slurry/mL gas)
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Greek Letter

Gas law constant, 8.2, (MPa-mL/mol-°K)

Kinetic resistance, KH/kﬁcFe(l-eg)(l-v),
(s—-mL expanded slurry/mlL gas)

H, transport resistance, from_bulk gas phase to
gas—-liguid interface, (kgag)'l, (s)

H,; conversion rate, (mol/s-mL expanded slurry)
Temperature, (°K)

Volumetric fraction of catalysts in slurry,
pgW/(prtw(pg-pr)), (mL catalyst/mL slurry)

Weight fraction of catalysts in slurry, (gCat/g slurzy)
Hy conversion
Hy; mole fraction

Reactor vertical distance from its entrance, (cm)

S

B8

k4

g
Pc

Superscripts

CO/H, mole ratio in P-T reaction

Moles product per mole of H, converted in F-T reaction
Gas hold-up, (mL gas/mL expanded slurry)

Catalyst particle density, (gCat/mL catalyst particle)
Liquid density, (g/mL liguid)

Catalyst solid density, (gCat/mL catalyst solid)

e

i

At reactor exit

At reactor inlet
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