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INTRODUCTION

This paper describes work that is being undertaken as part of a ‘three year
cbntract, which began in October 1980, between the United States Department of
Energy and -Iiir Products and Chemicals, Inc 1. The objective of the contract is
stated concisely by the following extract: "To evaluate catalysts and slurry
reactor systems for the selective conversion cf synthe.sis' gas imto transporta-
tion fuels via a single stage liquid phase process”.

Current activities are divided into two major areas, as illustrated in ‘

Figure 1. These are:

1) Slurry catalyst development using stirred test reactors to optimize
selectivity and activity. The aim is to maximize the space time yield
of hydrccarbons in the transportation fuels ranéé-;::ayd to overcome the
1imitations of the standard Schulz-Flory distributibn\dﬁ“"p::o;duct yield.
Diesel fuel istheprimary objective because of the suitability of the
Fischer-Tropsch product, with its high n-alkane content, for this type
of fuel with minimal or no further refining., -

2) Slurry reactor modelling using cold flow techniques to study the hydro-

. dynamics of three phase, bubble column reactors and obtain scale-up )
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correlations. Apart from its -excellent temperature control -and the
ability to. operate at high conversions with.direct utilization of CO
rich syngas, the slurry reactor system -also-enables ‘continuous opera-

. tion-of the Fischer-Tropsch synthesis with maximum-product in the
diesel fuel range, without the plugging or pressure drop prob’l ens
experienced with other types of reactors: ot

In an optional final stage of the contract, the resuits from these

two major program areas will be combined to produce a design for a pilot

plant, single stage, slurry phase Fischer-Tropsch ‘process.

'SUIRRY CATALYST DEVELOPMENT ' !

_a)

Status

The current status of the slurry catalyst testing program is shown in
Table 1. Three slurry reactor systems have been constructed and success-
fully operated continuously for-a minimum period of 21 days. Carbon and
hydrcgen material balances to within 1-3%.are routinely obtained by a total
analysis of the product stream for hydrocarbons. from ‘C;~C4q, €0p, Hy0,-
oxygenates and unreacted syngas, and by the inclusion of any products that
may accumulate within the reactor. Details of ‘the analytical and computer-
1zed data handling systems have been published 2_.

Under the contract schedule, 20 "modified converitional® Fischer-Tropsch
catalysts will be tested in the s'lurry phase for up to 21 davs each. Four
of these have been carried out so far along with two tests using a sintered
Fep03 catalyst. e :

An additional mod‘if'lcatmn ‘was obtamed during the year for parametric

. gas phase screening in. order.to ‘optimize ‘the preparation of this type of

catalyst prior to slurry phase testing.” The parameters studied include

= ‘loadinq, calcination and act'lvation'procedu'res, all.of which influence cat-

alyst se'lectiv‘lty and activity.
. .. Novel supported metal cluster catalysts have also been synthesized, and

46 out of the 50 scheduled in the -program have been screened in the gas phase.
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Twe‘lve slurry_tests of this type of catalyst have alsoc been .carried out.
Frorn "he :total of slurry phase tests, up to four catalysts- will be chasen
for further long. tern testing.

-: Figure-2- -illustrates diagramatically the continuous stirred reactors

ised for the slurry phase tests. The level of slurry is continuously mon-
"itored by a differential pressure gauge, and any buildup can be detected
-of -higher molecular weight -products that are not removed from the ;eactor

with the exit gas flow. When this occurs, hydrocarbon product is removed
from the reactor via a filtered side stream and subjected to analysis. By
monitoring the rate of buildup of slurry, and determining the amount of
slurry 01l withdrawn to maintain a constant level at a particular set of
process conditions, the higher molecular:weight hydrocarbons can be quantx-
tatively included in the material balance.

The results presented in this paper are all obtained durmg a 21 day
continuous test period, and=therefore are not transient jnitial phenomena.
After a change in process parameters, the reactor system is allowed to equil-
ibrate for 14-16 hours before obtaining carbon and hydrogen material balances
over-an -additional 8 hour .period. :

- Baseline Slurry Tests - Sintered Fe203

Initial slurry phase tests were made using an amaonia synthesis catalyst,
sintered Fey03 promoted with 2% Al03, 0.5% K30 anc 0.7% Ca0, reduced ia Hp

‘before being slurried in 0il. The range of conditions used in these baseline

tests is listed in Table 2.
The tests fulfilled three functions:
=(1) to-establish a baseline catalyst activity,
7:(2). . to.thoroughly test the analytical -and ‘data handling systems, ~ ’
. cand. . . o : ‘
{3) - to determine the mass transfer ‘limitations. of ‘the stirred
three phase reactors. ' )

The . third function is wvery important in any expermenta'l slurry cata'l yst test-

_ ing system, because the effects of gas to 1iguid diffusional limitations must
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be avoided or substracted from the observed results to obtain meamngfu]
-and reproducible - kinetic- parameters.
. -The results of the ‘baseline tests-can-be -summarized as follows. Firstly,
~hydrocarbon products closely approximating a straight-line -Schulz-Flory
distribution were obtained with all but very CO rich syngas, fe. for CO/H>
< 2.8. A typical hydrocarbon . stribution obtatned with CO/Hp = 0.5 is
shown in Figure 3, and the resulting statistical plot closely approximates
a straight -1line, standard Schulz-Flory distribution with o = 0.78, Figure
4. wuhen the CO/Hz ratio was increased to 1.4 under similar operating con-
ditions, the yield of methane was significantly reduced to 6.8 wt%, while -
the amount of C20+ products increased, as fllustrated in Figure 5. However, -
2 statistical plot of the hydrocarbon distribution still closely approxxmated
a standard Schulz-Flory distribution up to C5, with again a = 0.78, Figure 7.
When the CO/Hp ratio was increased to 2.8 at the same temperature and
pressure, however, the conversion decreased to 28%. The hydrocarbon product
showed a Tower methane yield of 4.7 wt% and a significant increase in Cyg+
and higher molecular weight material, resulting in a Schulz-Flory distribution
with a distinct break at Cig» and a value of o = 0.93 in the g+ region,
Figure 6.and 7. Therefore the -baseline, sintered Fez03 catalyst operated in
the slurry phase can give a hydrocarbon product that is characterized on a
Schulz-Flory distribution plot, either by a single or a dual value of a,
depending on the .operating conditions. This type of effect may be due to rein-
_ corporation of less volatile olefins induced by -the 1iquid phase surrounding
the catalyst, or be the result of a multi-site catalyst. Howevef-, not enough
information is presently avaﬂab’le to distinguist Lztween these and ‘other
possibi 11t1es : .- S
During the baseline tests, the space- ve‘loc1ty and stir speed were varied
as a function of tenperature. With CO/H2 > 1 and T > 280°C, evidence was ob-
tained of a significant mass transfer limftation of the observed overail con-
version. A model of the stirred reactor system utilizing the baseline results
is currently being derived to incorporate this. Initial results indicate that
the mass transfer limitations in the slurry reactor system are comparable to
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“to fthoie-pre_dicted by standard two-phase stirred reactor corre'la_‘_ﬁions.

Utilizing the model it has been possible. to deconvolute the mass transfer
and kinetic resistances; and obtain activation energi~s.and kinetic para-
meters. The kinetic-activation energy was determined to ‘be-108.4 kJ/mol,

in good agreement with the value obtained by W. D. Deckwer in his analysis
of the published results from bubble column:slurry reactors 3. The rate
constant is also in agreement with that derived by Deckwer from Schlesinger's
data 4.

Modified Conventional Catalysts ,
Several slurry tests have produced evidence that the limitations on Fischer-

- Tropsch -product selectivity imposed by the Schulz-Flory distribution can be
" overcome, and these represent stages in the development of a selective diesel

fuel catal yst. The results obtained from one test of catalyst A, using 1:1
CO/Hp syngas, are illustrated in Figure 8, which indicates a buildup of pro-
duct around the Cjg region. This jis also illustrated in ‘the hydrocarbon Schulz-
Flory distribution, Figure 9, which further shows how the product selectivity

. is a function of operating conditions such as temperature and space velocity.

The positive gradient observ d in Figure 9 is fmpossible for a standard Schulz-
Flory distribution, since log = < 0. In terms of hydrocarbon fractions, the
product contained 30.4 wt% Cy-Cz, 41.3 wtZ C5-Cj1, and 50.8 wt% Cg-Cp2. For
the same yield of methane (9.5 wt%), a standard Schulz-Flory distribution would
produce 47.3 , 44.2 and 20.0 wt% respectively.

. A very selective product distribution was obtained from a slurry test of

. another cata‘l_yst ‘B, and is illustrated in Figure 10. The distribution was

essentially bi-modal with 25 wt% CHg, and 64 wt% q O’CZSs but the catalyst was

relatively: mactwe, and conversions were low.

Results such as this <indicate that product selectivity can be enhanced in
the diesel .fuel range, and work is contmumg towards contro‘lhng selectivity
while increasing catalyst activity.
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d) Supported Metal Cluster Catalysts-

The extensive gas phase screening of supported metal c'luster cata'lysts
for Fischer-Tropsch synthesis carried out under the coatract, .has. produced
'many examples 6f modification of the type of product by support metal. inter-
actions. It has also been possible to carry over these effects into slurry
phase :operation. and -.obtain high-activity. Two examples of slurry phase tests

" of .this type of catalyst are illustrated in Figures 11-and 12.--With catalyst
C, 1t-was possible to produce a non-Schulz-Flory product distribution with a
molecular weight cutoff at around C2g by variation of operating parameters ~
such as CO/H2 ratio and pressure. Cataiyst D produc'ed a similar product
cutoff, but maintained 40-50 wt% T1-alkene in.the hydrocarbor product, irres-,

- pective of the process conditions that were used. - - - PR

. SLURRY REACTOR MODELLING Sl .

a) Status ) .

Table -3 shows the current status of this-portion of fhe contract. Two
cold flow models have been util ized; a 5' x 5" P1 ex:g]aﬁc_o‘lfumn .and a
15' x 32" -glass column. The range of dependent and independent varjables
studied in the 5" column was described previously -5, and the study is nearly
finished with gas holdup and solids dispersion 'measurei:ent_s complete.

Another modification to the contract was .obtained during the year to ‘
measure directly gas bubble diameters in three phase systems using a hot

- wire anemometer probe. This study will provide information about the infiu-
ence of ‘three phase phase operation.on gas/liquid interfacial area, which is
- expected to be a critical factor in ohtimizin'g space time yield and conversion. -
b} Gas Ho'ldug R -- T -

Two of the correlations derived from gas. ho’ldup studies in the 5“ cclumn
are listed in Table 4 for the isoparaffin/silicaand 1soparaff1n/1-ron oxide
systems. The ranges of particle size utilized were 1-5ym, 45-53 um and
-90-106 um, while the -superficial gas and liquid ~ve’l_.:_:_c.*‘i'i:;ie's; were: varied from
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0.05-0.5 ft/sec and 0-0.1 ft/sec respectively. The carrelations show that

" ‘gas ‘holdup is a function of “superficial gas velocity, but essentially

)

d)

independent of net slurry velocity.  Gas ho‘ldup does, however, depend on
solid ‘particle size and ‘slurry loading.
"~ &Gas-'holdup as a function of superficial gas velocity is illustrated in

Fugure 13 for @ 1-5 uw-silica/isoparaffin slurry, together with standard

Titerature -correlations for comparison 68 as the loading of the slurry
was. ‘increa"sed, gas holdup at a particular superficial gas velocity decreased.

Solids Dispers1on

" General .results and conclusions from the measurements of sohds dispersion
in the 5" column are Tisted in Table 5. ‘Non-uniform dispersions of solid ir
the column were commonly observed for particles > 50 um. The degree of sus-
pension of particles was more dependent on superficial l1iquid velocity than
on superficial -gas velocity, as might be expected fromthe higher kinetic
energy of the denser phase. However, an anomalous result was observed with

- hydrocarbon slurries of 100 um particles, where the dispersion of iron oxide

was found to be more uniform than the less denmse silica.
" The non-uniformity of the dispersion of 100 um silica/isoparaffin at zero
superficial liquid velocity is illustrated in Figure 14, where solid weight

fraction is plotted as a function of column height. A- companson ‘'of the nominal

~ sTurry Toading with the-weight fraction determined at various pos1t1ons in the

column indicates that much of the solid was undispersed 3 above the distributor
plate at low gas velocities. Silica is much more easily dispersed in water than

in isoparaffin, and requires a longer time to settle -in water after agitation
is stopped. This Tllustrates :the importance-in -cold flow modelling of using. .
materials that resemble the real reactor not onl y in physical propert1es such
as dens1ty, velocity, surface tenswn etc but also in chemical type because
‘of ‘sol 1d/hqu1d interaction effects.

12" X T5' Column
- The12" ‘column (figure 15) has been -constructed and s -currently in a
shakedown phase. The column is made of 5' x 12" glass.process pipe sections,

and is situated in a continuously ventilated Plexiglas™ hood to prevent
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potential hazards due to use of hydrocarbon based slurries. Access and
sampling points are available between the flanges of the process pipe as

:illustrated.

The range of dependent and independent variables to be measuréd in the
12" cold flow model are listed in Table 6. In addition to those studied in
the 5* column, the dependent variables include bubbie diameter and heat
transfer coefficients. As already mentioned bubble djameter will be measured
directly. Variations in the perforated distributor plate hole size will be
made as shown in Table 6, and heat transfer coefficients will be measured.
in the three phase slurry with two types of heat transfer internals; seven
symmetrically arranged, plain and finned vertical tubes. The finned tube .
configuration may help to stabilize bubble dispersion, facilitating reactor
scaleup.

CONCLUSIONS

a)

b)

c)

Baseline slurry phase tests utilizing an ammonia synthesis catalyst have
verified the slurry reactor design and operation, indicated standard Schulz-
Flory hydrocarbon product distributions for CO/Hz < 1.4, and served as the
bS;'i; for a preliminary reactor model. -Significant mass transfer limitation
of conversion was observed at T > 280°C. . ,
Slurry phase tests of "modified conventional® Fischer-Tropsch catalysts have

shown that it is possible to overcome the Timitations on the yield of fuel

product fractions, previously thought to be imposed by the standard Schulz-

Flory distribution. Work is in progress to maximize the activity of selective . -
catalysts. for the production of diesel fuel range hydrocarbons.

Gas phase screening tests of supported metal cluster catalysts have shown ..
that metal-support interactions can alter the product type. Slurry phase

" tests of selected, supported metal cluster catalysts have indicated the

maintenance of activity, and confirmed the variation of product selectivity.
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The potential exists therefore to design catalysts incorporating both pro-
duct type and carbon number selectivity.

d) Cold flow modelling studies have indicated a decrease in gas holdup with
decreasing particle size and increasing slurry solids loading, and non-
uniform solids dispersions for particle size > 50 pm, under conditions
that would be utilized with internal heat transfer.

e) The slurry phase Fischer-Tropsch reactor is ideall y suited for producing
enhanced yields of material in the Cig-Czg range without encountering
conditions, such as plugging due to wax buildup, that would inhibit the
use of a fixed bed or gas entrained solid reactor. High product yfelds
in this range can be successfully accomodated without any 1nterru!pt‘ion
in operation and with the use of CO rich syngas. Any higher molecular
weight product buildup that does occur can be controlied by the withdrawal
of a small side stream directly from the reactor.
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FIGURE 8
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FIGURE 11
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