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TWO-STAGE SLURRY FISCHER-~TROPSCH/ZSM—-5 PROCESS
OF CONVERTING SYNGAS TO HIGH OCTANE GASOLINE

Presented by Dr. James C. W. Xuo T
Mobil Research and Development Corporation z
Paulsboro, NJ 08066 -

1. Introduction

The title of the contract is, "Slurry
Fischer-Tropsch/Mobil Two-Stage Process of Converting Syngas to
High Octane Gasoline."” This contract began on October 1, 1980 and
will end on April 1, 1983. The overall ocbjective of the'c;ntract
is to develop a two-stage slurxy FP-T/ZSM-5 process for direct
conversion of syngas tc high octane gasoline tSIide #1). To
achieve this objective, specific tasks are the design,
construction, and operation of a two-stage bench—scaie pilot
plant, and the acquisition of necessary process information for
the evaluation of the technical and economic potential of‘the
process. In last yéﬁr;s pioject review meeting, this piloé plaﬁt
was in thes construction phase. This time, I am very happy tc

report the completion and smooth operation of the pilot plant.

In last year's meeting, I also took the opportunity to
explain the reasons for which Mobil is undertaking the task of
developing this two-stage synthesis gas conversion process
concept. I am not going to repeat this here, except to mention

that this process concept can directly convert low-cost low H,/CO . i
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ratio synthesis gas into high quality hydrocarbon fuels.

II. Present Status of the Project

Slide #2 summarizes the status of this project to date.
The design and construction phases of the pilot plant are now
complete. The pilot plant has also been successfully shaken down
and is now fully operational. One slurry F=T catalyst,
designated I-A (Fe/Cu/K,CO3), has been evaluated using the pilot
plant. Currently. a second 7—-T catalyst, designated I-B
(Fe/Cu/X,C03), is being evaluated and has demonstrated high ‘
activity and stability over forty days. The cperational resu}bé
of the later run will be reported here. We also significantly
improved the slurry F-T reactor mathematical model since my last
report. Some details of this model and its application will also
be reoported here. My presentation today will follow the order
given in this slide.

I1I1. The Slurry Fischer—-Tropsch/ZSM-5 Two-Stage
Bench—-Scale Pilot Plant

Slide #3 shows a simplified flow diagram of the
bench-scale pilot plant. This same slide was shown in last
yYear's meeting. Basically, the pilot plant is divided into four
sections:

1. Feed Gas

II. First-Stage Slurry F-T Bubble—Column

III. Second-Stage Fixed-Bed ZSM-5 Reactors
(two in parallel) and Product Recovery
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IV. Liquid Hydrocarbon Product Distillation

Slide #4 shows the physical appearances of the pilot plant. The
tall white column embedded in a steel structure on the right-side
of the picture is the 5.2 cm(D) x 760 cm(L) slurry F-T
bubble-column reactor. The instrumental panel is on the
left-side of the picture. The Gas Feed, Product Recovery, and
Liquid Hydrocarbon Product Distillation Sections are in the
middle. Two second-stage 2SM-5 reactors are on the left side of

the steel structure housing the slurry bubble-column. ,
/

IV. A Slurxry Fischer-Tropsch Reactor Mathematical Model -

Since the slurry F-T reactor is rather unconventional
and involves complicated transport phenomena, a mathematical
model of such a system was developed to assist the design and the
operation of the pilot plant slurxy reactor. Since the beginning
of this project, we have gone through several develcpmental
stages for the mathematical model. 1In last Year's meeting, a
preliminary model and its application were reported. This éime,l
I would like to report the latest version of the model. Slide &5
summarizes the major assumptions used in this latest model. The

major improvements over the preliminary model that 1 presented

last year are the following three changes:
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1. A multiple-component system (H;, CO, CO,;, Hy0) instead

of a single—component system (Hy)-.

2. A non-linear P-T kinetic expression of
Langmuir-Hinshelwood-type instead of a linear kinetic

expression.

3. A water—gaa shift reaction.

The new non-linear F-T kinetic expression is consistent with the
hypothesis of competitive adsorption of active species on ¢/the
same catalytic active—site. Only the [CO] and [H;0] appgaring iﬁ
the denominator indicate that both species are strongly adsorbed
on the catalyst active sites. This expression was first proposed
by Dry (1976). The strongest implication of this expression on
the model application is that the apparent kinetics approaches a
second-order reaction when the CO concentration becomes small,
while it maintains a first-order reaction when the CO
concentration is largzs. The inclusion of the water-—gas shift ,
reaction enables the model to estimate the H,/CO usage ratio
instead of using a predetermined value. It has been shown that
the H,/CO usage ratio varies substantially over the reaction
path. The kinetic expression for the water—gas shift reaction is
consistent with the mass—action law with a denominator identical
to that used in the F-T kinetic expression. The constant kg is
the thermodynamic equilibrium constant for the water—gas shift

reaction.
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Slide #6 summarizes the material-balance eguations
based on the assumptions given in the previous slide. These
equations are self-explanatory. Together with the inlet
conditions, this set of non-linear equations is solved
humerically using the orthogonal collocation method (Villadsen

and Michelsen, 1978).

The physical parameters used in the mathematical model,
such as the gas solubilities, the liquid-phase diffusivities, and
others, were all obtained or estimated from published sources.
However, the kinetic parameters (k3, kX3, and k3) were estimated
based on a set of literature data obtained from a bench—écale P-T
bﬁbble—column reported by Koelbel and Ralek (1980). The best
values of the parameters were estimaﬁed by using a methbd of
parametric regression to minimize a predetermined target

function.

This model, and the previous preliminary models, were
used to assist the design and the operation of the pilot ptant -
slurry F-T reactor. The major conclusions are summarized in
Slide #7. We have found that, in order to get high synthesis gas
conversion at the design gas flow rate of the pilot plant F-T
reactor, an active catalyst and a small gas-bubble size are
essential. The axial liguid mixing in the long, slim pilot plant
F~-T réactoz'is small and has little effect on the reactor
perxformance. The axial catalyst distribution depends strongly on

the catalyst size. 1Its effect on reactor'performance is small if
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the catalyst size is less than 40 xm. The large effects due-to
both the superficial gas velocity and the catalyst loading are
not unexpected since both directly affect the space velocity of
the operation. I would like to examine the last conclusion more
closely in the next two slides. These will show you, as
examples, our efforts in this direction. As shown in Slide #8,
the effect due to varying feed Hp/CO ratio on the pilot plant F-T
reactor performance is rather small, except in the high synthesis
gas conversion region. 1In that region, the use of a more
stcicheometrically balanced H,/CO feed gas may strongly incregse
+he conversion. However, the catalyst is exposed to a very"'
different atmosphere as indicated in Slide #9. The hydrogen-poor
atmosphere associated with the low H,/CO feed gas may
significantly affect the aging characteristics of the catalyst.

This has yet to be evaluated experimentally.

V. Pilot Plant Operation

Pilot plant construction was ccmpleted in late
December, 1981. Its shakedown operation was carried out
immediately afterward. The first trial-run of the pilot plant
was initiated on March 16 this year. Since then, more than 120
days on-stream—-time have been accumulated in the operation of the
pilot plant. Slide §10 summarizes the major conclusions obtained
from all the pilot plant runs. Currently, the pilot plant is in
Run 3. The operation of the pilot plant has been very smooth. A

high catalyst locading, together with long-term high synthesiﬁ gas
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conversion at the designed high feed gas flow rate, has been
achieved. We are currently evaluating an active gasoline-mode
F-T catalyst. So far, more than fourty days on—-stream—-tiame has
been accumulated on this catalyst. The conversion of the F-T
products into high octane gasoline usiﬁg a second-stage ZSM-5
reactor has also been demonstrated. We are currently searching
for a policy to maintain the optimum gasoline yield in the
operation orf the 2ZSM-5 reactor. It has also been observed that,
when the methane and ethane yield is low, the yield of the

reactor-wax (the heavy hydrocarbons retained in the reactor at

the operating conditions) increases substantially. A reactor—wéx‘

Yield of 33 wt % of the total hydrocarbon product with a 7 wt %
yYield of methane and ethane was observed. In the next few

slides, some details of the pilot plant runs will be given.

Slide #11 illustrates the excellent temperature control
exhibited by the slurry F-T reactor of the pilot plant. The
circles are the temperature readings by the thermocouples located
at the center of the bubble-column reactor. The temperatuie at’
the 8 cm location is purposefully maintained at 1-2°£ jower by

adjusting the feed-gas temperature. This is a precaution

procedure that may not be necessary. The temperature reading at

the 750 cm location is about 16°C below the expected sluxry
temperature when there is no slurry presented there. However,
its reading will gquickly reach the slurry temperature when the

slurry reaches that location. We use this temperature change as
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an additional indicator for the slurzy level in the reactor.
After some theoretical examination of this problem, we think that
the actual temperature of the gas not far from the thzarmocouple
shall be very close to the slurry temperature. The lower reading
of the thermocouples results from a heat loss to the flange where
a lower temperature is purposefully maintained. The two points
in square are the inlet and exit temperatures of the Mobiltherm*
flowing through the cooling Jacket. They are about S—G'c‘colder
than the slurry temperature in order to remove the heat of the
reactisns. Also, the exit Mobiltherm temperature is hsuallﬂ
1-2°C higher than the inlet Mobiltherm temperature, the '

difference representing the reaction heat carried out by the

Mobiltherm.

At the current stage, the operation of the second-stage
2SM—5 reactors is not a crucial matter, since we do not expect
any major difficulties in their operation. However, we took this
opportunity to search for a policy to operate the ZsM-5 reactor
at a desired but constant severity of the catalytic activity.
Currently, we try to use the inlet temperature as the parameter
to control the catalytic severity. Slide #12 shows two
temperature profiles in a fixed-bed ZSM-5 reactor (TOS = 579 anad
777 hours, respectively). The catalysﬁ severities at these two
times were approximately the same. The higher inlet temperature
required for the 777 hours TOS was to compensate the catalyst

aging. The yardstick used to monitor the catalyst severity in
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this case was the i1-C4/(C37+C4™) ratio in the off-gas from a

downstream separator. The catalyst temperature increases shown

here are 45-59°C, very close to what we expected to be the

adiabatic temperature increase.

Slide #13 summarizes the latest run of the pilot plant

(CT-256-3) up to the end of last month. The run was being

continued at that time. The results shown here demonstrate a

very stable operatior with high catalyst loading, high synthesis

gas throughput, and high synthesis gas conversion. The P7T

catalyst pretreatment was carried out at a temperature about 20°C

higher than the synthesis temperature and was completed within

9.5 hours. The synthesis operation was very stable and smooth

except for two minor emergency shutdowns, one caused by a false

alarm and the other by leaks at the flange 305 cm above the

feed—-gas distributor. In both emergency shutdown cases, the

reactor was immediately purged with nitrogen and brought back to

synthesis operation as soon

resolved. However, in both cases a slight drop in the synthesis

gas conversion was observed

synthesis gas conversion to

as the emergency problems were

after the restartup. To restore the

the same level as before the

shutdowns, thé feed-gas velocity was decreased by 4% in both

cases. OQtherwise, this run was uneventful and the catalyst

showed great stability. The operation of the second-stage

reactor followed closely with the first-stage reactox operation.

To compensate for the aging

of the ZsSM-5 catalyst, it was found
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that a daily increase of the reactor inlet temperature by 4-~6°C

was needed.

Slide #14 illustrates the pretreatment of a F-T
catalyst, desigrated I-A (Fe/Cu/K;CO03), in the pilot plant‘slurry
reactor. The variables that were monitored during this
pretreatment were synthesis gas contraction and conversion, and
the CO; and methane concentrations in the off-gas from a
downstream separator. Except for the initial transient period of
the run, the run was very steady up to the sixteenth day, when
the unit was shut down due to a false alarm. When the unit was
back on normal operation, it took more than one day for the
conversion to become stabilized. At that time, the feed-gas flow
rate was decreased by about 4% in ordex to maintain the same
conversion level as that before the shutdown. Innthis plot, the
triangular points represent the data obtained with inter-reactor
sampling when the second-stage reactor was in operation. One can
conclude that the second-stage reactor contributed nothing to’thé
synthesis gas conversion aﬁd insignificantly to the formation of
the methane and ethane. There was practically little change of
the ethane yield, but a slight d£ifting upward of the methane
yield with increasing time-on-stream. There was definitely a

step increase of the methane yield aftex the emergency shutdown.
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As far as the bench-scale slurry bubble-column
operation is concerned, there is a set of yardstick data that
people often use for comparison. That is the data irom a
bench-scale unit reported by Koelbel and Rﬁlek (1980). These
data are given in Slide #16 and are compared against our current
run CT-256-3. Two runs have almost identical space velocities,
although our run was operated at a somewhat higher pressure.
However, the temperature of our run is 6°C lower. In terms of
the conversion, we have a slightly higher CO conversion and a
somewhat lower H; conversion. This may indicate that outr
catalyst has a relatively higher water-gas shift activity thanf
the Koelbel's catalyst has. In general, these two runs are very
similar except for their methane + ethane yield, and their
reactor-wax selectivities. A comparison of these selectivities
will require further studies. We were never able to generate the
Koelbel's low methane + ethane yield with our catalyst I-B. We
were also very surprised by our large reactor-wax yield since
Koelbel never reported any reactor-wax formation during the .
gasoliﬁe—mode operation. I strongly suspect that when we are
able to substantially lower the methane and ethane Yield, then
the reactor-wax Yield will be drastically increased as consistent

to the Schulz-Flory distribution of the F-T hydrocarbon products.

The performance of the second-stage ZSM-5 reactor is
illustrated in Slide #17. The first column shows the product

yields before the ZSM~5 reactor, while the second column shows
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those after the ZSM-5 reactor. This comparison clearly shows the

functions of the ZISM-5 catalyst, as given in the following:
@ Conversion of light olefins to heavier hydrocarbons.

® Conversion of heavy hydrocarbons to lightex

hydrocarbons.
e TFormation of a large quantity of aromatics.

e TFormation of large quantities of propane and i-butanes.
;

The potential total gasoline and heavier hydrocarbon yield aﬁﬁer
the alkylation of the i—-butanes and light olefins is about‘80 wt
%- Additional gascline can be obtained by coﬁve;ting the -
remaining light olefins to gasoline fraction. AThié yield is
given as an example only. Further optimization of the liguid

fuel yield shall be performed in the future.

The raw liquid -hydrocarbons cocllected after the
second-stage ZSM-5 reactor were analyzed -to evaluate its quality
as a gasoline fraction product. The properties of a typical
product are given in Slide #18. Not surpzrisingly, it has a high
octané number. The ASTM distillation curve seems to be
reasonable except for the endpoint and the small amounc of
residue which are slightly higher thaq:the specification of

conventional gasoline.
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- The properties given in Slide #17, however, do not
'represent those of the total final gasoline. In a commezciﬁl
plant, the total gasoline would be consisted of three major
sources; i.e., the liquid hydrocarbons collected from the product
separators, the C4+ hydrocarbons collected from gaseous product
stream of the prcduct separators, and the alkylate obtained from -

the alkylation of the i-butane and the propylene and butenes in

the final product.

Vi. PFuture Work ) --

My last slide (Slide #19) shows the remaining work for
this Contract. We would like to evaluate a low methane/ethane
F-T catalyst. From the‘pﬁocess economic point of wview, this -
catalyst makes a lot of sense. However, we need to quantify its
reactor-wax yield, activity, and stability. We also pian to run
a2 long-term aging run of a gasoline-mode operation. Finally, we
will perform a scoping-type process economic study using the -

design data obtained from our current opezation- - . -

8
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Appendix A - Nomenclature

3z Gas bubble interfacial area, SEg/d_B, (cm2 gas-liquid
area/mL expanded slurry)

C Concentration, (mol/mL liquid or gas)

d’B Bubble diameter, {(cm) .

K Solubility coefficient, (mL liquid/mL gas)

kl,kz Intrinsic kipetic rate con'sta;nts for F-T and water-gas

shift reactions, respectively, (mL liquid/s-gFe)

k k4 Constants used in the rate expressions for F-T‘'and /
water-gas snift reactioms

?

Liquid side mass transfer coefficient, (mL liquid/é—

ky
(cm¢ gas-liquid area))
L Bubble-columm height, (cm)
Average H/C atomic ratio of F-T products
n Average carbon-number of F-T products
Ty Kinetic rate of F-T reaction, (mol/s-gFe) .
T,. Kinetic rate of water-gas shift reaction, (mol/s-gFe)
S Elements of stoichiometic matrix, 1 = 1,...,4; and
1] j=1,2 )
Superficial velocitj, (cm/s)
v Volumetric fraction of catalysts in slurry,.
Dg_w/ (ps""’(p!fps))' (mL catalyst/mL slurxy)
w Weight fraction 76f catalysts in slurry, (gCat/g slurry)
Greek Letters
- Sg Gas hold-up, (mlL gas/mL expanded slurry}
p Deasity, (g/mL) =
Pg Catalyst solid density, (g/mL)

N 10-15
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Superscripts

At reactor inlet

Subscripts

Gas

Components, i = 1,2,3,4 for Hz,
respectively

Liquid

10-15
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SLIDE #8

PREDICTED EFFECT OF FEED H2/CO RATIO ON
H2 + CO CONVERSION

4+ C O CONVERSION (%)

H

Feed Ho/CO Ratio

Reactor Length (cm)

10-25

A .6
B g
C .8
1 | 1 | .
0 200 400 600 800 1000



!

USRI S - . ]

——— ——— . - e e e —————— e e

SLIDE #9

PREDICTED EFFECT OF FEED H, / CO RATIO ON
H2 [ CO RATIO IN GZAS PHASE

125 -

10

1.5 |-

: C —
f Feed Hy / CO Ratio

o A 6

f B 7

- c g

H2+ CO Conversion (%)
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Conversion, Mole %

Stipe #14

RUN CT-256-1, PRETREATMENT OF F-T CATALYST I-A
(CATALYST T-A. Ppted. Fe / Cu/ K2C03)

COZ' Mole % of Comb. Gas (Nz-Free)

100 50
© Mol Cont., %
x CO Conv., %
i s 440
80 a H2 + CO Conv., %
60 30
40 L = 20
N - Hp/CO = 0.7
N  1.135 MPa, 280°C -
20 | . 7.9 NL/Hr - gFe 710
-
Ug 2.2 cmls
0 —1 1 1 [ 3 1 0
0 1 2 3 . 4 5 6 7
50 ’
40 44
30 F 13
20 L 12
10 | -1
0 | L 1 ] 2 ] 0
0 1 2 3 4 5 6 7

Pretreziment Hours
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Mol. Cbntraction. % {No-Free)

C), Mole % of Comb. Gas (N,-Free)
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