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1. ABSTRACT

Six fixed bed runs and a single slurry reactor run have‘ been completed during the last reporting
period. In fixed bed reactors, process variable studies using 100 Fe/5 Cu/4.2 K/20 Al.Os, 100 Fe/5
Cu/42 K, and Ruhrchemie LP 33/81 catalysts were made. The alumina—containing catalyst com-
Pletes the series of supported catalysts planned to be tested. The activity of the supported catalysts
decreases as the binder/support concentration increases for both alumina— and silica—containing
talysts, and the decline in activity exceeds that expected from the dilution of active metal with
support alone. The unsupported catalyst containing 100 Fe/5 Cu/4.2 K was tested to distinguish
clearly between support and promoter effects. The unsupported catalyst had similar activity as
the catalvsts containing 8 parts support, but produced greater amounts of lower molecular weight
products. The Ruhrchemie catalyst was tested after calcination, while in the previous fixed bed
tests, the catalyst was uncalcined. Calcination did not have a significant effect on activity, but the

calcined catalyst produced more high molecular weight products than the uncalcined catalyst.
Three of the fixed bed tests were long term stability runs. The 100 Fe/5 Cu/4.2 K/8 SiO»
catalyst was tested at 235 °C, 1.48 M Pa, 2.0 N1/g—cat-h, using both (H,/CO) = 1.0 (up to 270
h) and 0.67 feed gas (270-552 h). The catalyst deactivated during the test, with a faster rate of
deactivation using (H2/CO) = 1.0 feed than with (H»/CO) = 0.67. A 100 Fe/1.0 Cu/02 K catalyst
bas also been subjected to a stability test, and the catalyst deactivated rapidly during the initial
period of the run. The run was terminated after the first balance due to excessive deactivation,
and 2 retest of this catalyst is currently in progress. In the retest, the deactivation of the catalyst
is also significant. The Ruhrchemie LP 33/81 catalyst was also evaluated in a long term stability
test. A power failure at 382 A interrupted the run, but prior to the interruption the catalyst was
stable. From the beginning of che first mass balance 2t 58.5 h to immediately before the power
failure 342.5 &, the (H2+CO) conversion dropped from 60.6 to 53.6 %. Following the power outage,
the catalyst was stable at a Jower activity, and gave an (H,+CO) conversion of about 50 %. After
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the fifth balance, the feed ratio was increased to 1.0 and the (H2+CO) conversion' increased to 57.2
%. The catalyst remained stable with the (H»/CO) = 1.0 feed.

The Ruhrchemie LP 33/81 catalyst was also tested in a slurry reactor run which incorporated
both a stability test and a process varable study. Five balances were completed at a fixed set of
conditions (250 °C, 1.48 M Pq, 2.0 N1/g—cat-h, H» /CO = 0.67) up to about 340 k. The (H.+CO)
com'ex;sion was steady, dropping from an initial Jevel of 46.0 % to 44.2 %. Following the stability
portion of the run, process variables were varied in 8 balances over 235265 °C, 1.48-2.96 M Pq,
1.0-4.0 Nl/g-cat-h, (H2/CO) = 0.67 and 1.0 to determine their effect on catalyst activity and
selectivity. Varying the process conditions accelerated catalyst deactivation, and by 619 2 the
conversion at the oﬁginal process conditions dropped to 35.9 %. As the catalyst deactivated,
selectivity shifted towards production of lower molecular weight compounds.

Metal exposures (dispersions) of selected precipitated iron catalysts, both unsupported and
silica-supported, were determined by temperature-programmed desorption of adsorbed Ha, follow-
ing redunction treatment in either H, or CO at 300 °C. Calculated metal exposures showed little
dependence on either the presence of potassium and/or copper promoter or the support identity,
and varied within the range 2to0 5 %. Both the isothermal and temperature-prograzamed reduction
behaviors of 2 commercial Ruhrchemie iron catalyst in H, and in CO closely resembled those of the
100 Fe/5 Cu/4.2 K/25 SiO, catalyst prepared during the present investigation. Reduction of the
calcined catalyst occurred in two steps: Fe; 03 — Fe;O4 — Fe, and the SiO, support inhibited the
second step of the process, compared to the behavior of 100 Fe/5 Cu/4.2 K. X-ray photoelectron
spectroscopic data revealed that, unlike the behavior observed for 100 Fe/5 Cu/4.2 K/25 SiO.,
treatment of the Ruhrchemie catalyst in H, at 300 °C leads to substantially mc;re zero—valent sur-
face iron than does reduction in CO at the same temperature. Tnfrared spectroscopic studies of
25 wt % Fe[SiO2, using NO as a probe adsorbate, have demonstrated the marked susceptibility of
surfzce Fe?t and Fe® toward reoxidation by O, at 25 °C.
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II. OBJECTIVE AND SCOPE OF WORK
The objective of this contract is to develop a consistent technical data base on the use of iron-
based catalysts in Fischer-Tropsch (F-T) synthesis reactions. This data base will be developed
to allow the unambiguous comparison of the performance of these catalysts with each other and
with state-of-the-art iron catalyst compositions. Particular attention will be devoted to gener-
ating reproducible kinetic and selectivity data and to developing reproducible improved catalyst
compositions. To accomplish these objectives, the following specific tasks will be undertaken.

TASK 1 - Project Work Plan -

The objective of this task is to establish a detailed project work plan covering the entire period
of performance of the contract. This includes estimated costs and manhours expended by month

for each task.

TASK 2 - Slurry Catalvst Improvement

The primary purpose of this task is to develop improved iron—based catalysts, both precipitated
and supported, that show enhanced activity and selectivity in slurry phase testing. This will be
accomplished by gaining systematic understanding of the role of promoters, binders, supports and
activation procedures in determining the activity and selectivity of iron-based catalysts. The
catalyst development program will incorporate extensive physical and chemical characterization of
these materials with the objective to establish correlations between the physical/chemical properties
of these catalysts and the corresponding catalytic behavior for synthesis gas conversion.

TASK 3 — Process Evaluation Research

The purpose of this task is to subject the most improved catalysts (based on activity and
selectivity) to a thorough process evaluation. This involves long term stability studies, investigation
of a wide range of process variables, and determination of kinetic parameters.

Task 4 - Economic Evaluation

The aim ¢f this task is to develop the relative economic impact for each
improved ctatlyst composition and. compare these economics with the economics
of using the base case catalyst.



1. SUMMARY OF PROGRESS

The initial sesies of tests of supported catalysts has been completed. The remaining alumina-
containing catalyst, 100 Fe/5 Cu/4.2 K,’20 Al>O3, was tested in run FA~76-0968. An unsupported
catalvst containing the same promoter concentrations as the supported catalysts (5 Cu/4.2 K) was
also tested to determine the undisguised effect of supports and promoters (run FA-31-1118). A
total of six different catalysts have now been tested in the binder/support effect series: unsupported,
silica—containing with 8, 25, and 100 parts 5i02/100 parts Fe, and alumina—containing with 8 and
20 parts Al;03/100 parts Fe. Each catalyst was tested using the same set of nominal process
conditions: 220, 235, and 250 °C, 148 and 2.96 (1 balance) MPa, 2 and 4 NI/g-cat-h, with
(Hz/CO) = 1.0 synthesis gas. Catalyst activity decreased as the support concentration increased
for both alumina- and silica—containing catalysts, even when differences in the metal content of
catalysts was accounted for. The unsupported catalyst and 8 parts SiO, catalyst were the most
active tested, followed by the 8§ parts Al»O, catalyst. These support levels also increased selectivity
towards high molecular weight products (Ci2+). The 100 Fe/5 Cuf4.2 K/8 S5i02 catalyst is among
the most active catalyst tested to date, and has desirable selectivity behavior (low methane, high
Ciz+) as well.

A fixed bed test of calcined Ruhrchemie LP 33/81 catalyst was made. In previous tests of
this catalyst, the catalyst was not calcined. The activity of the calcined and uncalcined catalyst
were very similar at the same nominal process conditions. The (H2+CO) conversion with caleined
catalyst was slightly greater than uncalcined at 235 °C, 1.48 M Pa, 2 N1/g—cat-k, 49.1 % compared
to 43.7 %, but at higher temperature (250 °C) or space velocity (4.0 N!/g—cat-k) the conversions
were virtually the same. The selectivities of the calcined and uncalcined catalysts were different.
Calcination seemed to shift the produect distribution towards higher molecular weight compounds,
with less methane and more Cya+ products formed using the calcined catalvst. The selectivity
of the calcined catalyst was similar to the high potassium promoted (supported promoter level)
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catalvsts ts‘:ed in the current study, while our supported catalysts containing 25 or less parts
support were significantly more active than Ruhrchemie LP 33/81, whose composition, 100 Fe45
Cu/4 K/25 Si02 ic similar to our 235 parts Si0; catalyst.

Three stability runs in fixed bed reactors have been completed, and a single fixed bed run is
currently in progress. The 100 Fe/5 Cu/4.2 K/8 SiO, catalyst was tested in run FA-63~1308 at
235 °C, 1.48 M Pag, 2.0 N1/g-cat-k using (H;/CO) = 0.67 and 1.0 feed gas, and 8 mass balances
were made in over 550 % on stream. The catalyst deactivated steadily during the run, with a faster
rate of deactivation using (H2/CO) = 1.0 synthesis gas as opposed to (H,/CO) = 0.87. More CH,
and C;-C, products were formed as the catalyst deactivated. A predipitated, unsupported catalyst
(100 Fe/1.0 Cu/0.2 K) was tested in run FA-15-1698, which had been tested previously at varied
process conditions, and was found to be the most active of the unsupported, promoted catalysts.
The catalyst deactivated rapidly during the first stability test, with the conversion dropping from
an initial 78.0 % (H2+CO) conversion to 51.1 % over a 45 h interval. This run was terminated after
the first mass balance, and a new test of the same catalyst was initiated in ran FA-15-1768. This
run is still in progress, however, the catalyst has again undergone significant deactivation. At 235
°C, 1.48 M Pa, 2.0 Nl/g—cat-h, with (H2/CO) = 0.67 feed gas, the initial (H;+CO) conversion at
23.0 1 wes 3.1 %, but at 174 h, the (H2+CO) conversion has dropped to 31.2 %. A stability test
of Ruhrchemie LP 33/81 catalyst, run FB-99-1588, was a'so made. The catalvst was stable, and
al 230 °C, 1.43 M Fe, 2.0 Ni/g—cat-h, using (H,/CO) = 0.67 feed gas the (H24+CO) conversions
was 58.3 % at 100 k, dropping to 53.6 % by 340 . A power failure at 382 A caused an immediate
decrease in conversion, dropping to about 50 %, but the catalyst continued to be stable at lower
activity. After the fifth balance, the feed gas was switched to a (H2/CO) = 1.0 ratio, and the
conversion increased to 57.2 % (479 k). The catalyst activity remained nearly constant with the
higher feed ratio gas, dropping to 55.7 % by 630 k.

A slurry reactor test of the Rukrchemie LP 33/81 catalyst has been completed. The run was
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made as both a stability test and 2 process variable study. In the first part of the run, con&itio-ns
were held constant at 250 °C, 1.48 A Pa, 2.0 Ni/g—cat-k, (H,/CO) = 0.67 for 5 mass balances
(abont 340 h on stream). Catalyst activity was stable during this period, with the (H.4+CO)
conversions measured in the range 42.6-46.4 %. Following the stability test, process conditions were
varied to determine their effect on catalyst activity and selectivity. The conditions ranged from 235-
265 °C, 1.48-2.96 M Pa, 1.0-4.0 Nl/g—cat-k, (H2/CO) = 0.67-1.0, and 8 mass balances, including
a repeat of the initial conditions, were completed. Changing of process conditions increased the
rate of catalyst deactivation, and during the repeat of conditions at 619 k the (H2+CO) conversion
was 359 %.

Three precipitated iron catalyst compositions were selected for resynthesis, on the basis of
overall catalytic performance for the Fischer-Tropsch reaction. Approximately 100 g batches of
each of the following compositions were prepared, using the controlled—pH, continuous precipitation
technique thai has been detailed previously and employed for all prior catalyst syntheses:

100 Fe/1 Cuf0.2 K

100 Fe/3 Cu/f0.2 K

100 Fe/5 Cu/4.2K/8 SiO,
Elemental analvses v:é:e performed by atomic absorption spectroscopy for each material, and were
found to be within acceptable limits. -

Metal exposures (dispersions) are an indication of the fraction of total reduced metal that
is available for adsorption or reaction at the surface of precipitate crystallites. Exposures were
determined for 12 representative catalyst compositions by temperature-programmed desorption
of adsorbed Hj, following calcination at 300 °C and subsequent reduction in either Hy or CO
at the same temperature. Assuming dissodative adsorption of Hj, fractional metal exposures
were calculated from the total amount of desorbed H; in each case. The observed values showed
relatively little variation. Most were within the range H/Fe = 0.02 to 0.05 and appeared to be
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largely independent of the presence of either copper or potassium promoter or, surprisingly, SiO,
and Al-Oj supports. Resulting exposures were, in general, somewhat higher for samples reduced
in CO than for those treated in H..

Reduction and surface properties of a commercial Ruhrchemie iron catalyst were characterized
using isothermal and temperature-programmed reduction and X-ray photoelectron spectroscopic
techniques. Both temperature-programmed and isothermal (300 °C) reduction behaviors of this
material closely resembled those of the 100 Fe/5 Cu/4.2 K/25 SiO; catalyst that has been synthe-
sized and characterized previously during this investigation. Reduction of the precalcined catalvst

in either Hy or CO occurs in two consecutive steps:
Fe203 — Fes O — Fe

Compared to the behavior of the unsupported 100 Fe/5 Cu/4.2 K composition prepared during
this study, the presence of S102 significantly decreased the rate of reduction of the Ruhrchemie
catalyst at 300 °C in both H» and CO. In marked contrast to the bebavior observed previously for
100 Fe/5 Cu/4.2 K/25 SiO;, however, XPS measurements indicated that reduction in Ha at 300
°C was more effective at producing zero—valent surface iron species than was treatment in CO at
the same temperature.

Infrared spectroscopic studies have been made to investigate the effect of potassium promoter
in influencing the susceptibility of reduced, silica-supported iron to reoxidation by 02 at 25 °C.
Using NO as a probe adsorbate, these measurements have demonstrated that reoxidation occurs
rapidly at ambient temperature inv a two—step process that eliminates surface adsorption sites. The
presence of potassium promoter or the use of high (730 °C) reduction temberaxures greatly increase
the tendency toward reoxidation.

We have continued our analysis of fixed bed reactor hot trap products collected in previous
runs. Our results for the activation/reduction study runs show the presence of at least two chain
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growth probabilities (a's) in the hydrocarbon distribution. The values for low molecular products
ranged from 0.66-0.74 while for higher products the range was 0.84-0.94. The analysis of the wax
had little effect on the lumped hydrocarbon distribution for these rums, with only minor shifts

between the Cs~Cy; and Cjo+ products.



IV. DETAILED DESCRIPTION OF TECHNICAL PROGRESS
TASK 1 — Project Work Plan

The project work plan was completed during the first quarter of this project and the detailed

work plan was submitted to APCL

TASK 2 — Slurry Catalyst Improvement

2.1. Wax Analysis Results.

We have continued our work on analyzing the products collected in the hot trap of the fixed
bed reactor systems during previous runs. These results are incorporated into the existing data to
extend the range of carbon numbers included in the mass balances and se.lectivi;y calculations. The
results for selected reduction/activation study fixed bed catalyst tests are summarized in Table 1.

Our analysis of the higher molecular weight products clearly shows that at least two chain
growth probabilities (a’s) are needed to characterize the product distribution. Anderson-Schulz-
Flory (ASF) plots are shown in Figs. 1 and 2 for runs FA-25-2737 and FA-25-3077 (reported in
the Technical Progress Report for 1 October - 31 December 1987). High methane and C,~Cy yields
were obtained in run FA-25-2737, while run FA-25-3077 produced large amount of Cy2+ products.
Both runs showed product distributions which did not fit the simple, single a, ASF model. Huff
aud Sarterfield (1984) and Stenger (1985) bave discussed multiple—a product distributions, and we

have used the two—a model described by Huff and Satterfield to represent our data:
m, = B(1 ~ ar)a} ™ +(1- )1 - Do (1)

where my, is the mole fraction of products containing » carbon atoms (hydrocarbon and axygenate),
B is the fraction of type I sites on the catalyst, and ar and ajy are the chain growth probabilities
associated with the type J and type I sites, respectively.

The constants appearing in Eq. (1) are obtained in the following manner: at low carbon

number, the product distribution is dominated by the type I site, and «; is calculated from the
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slope of the log-linear plot in the usual manner as ay = exp (slope). Similarly, at highér carbon
numbers the product disiribution is dominated by the type II site, and oy can be calculated from
the slope at large n. B is calculated using these known values of a, and the best estimate of 5, in

the least squares sense, is given by:

N . . .
2 iz (my + myr)(m] — mipjw;

B= ~

=1

@)

(m} ~ mir)w;
where m? = (1 — a)a?™? for the type I or II site, N is the maximum carbon number in the
distribution, and w; is the weighting factor associated with carbon number j. The weighting factor
is needed to account for the large range of mole fractions, which typically span several orders of
magnitude in any one sample; without weighting, the estimate of £ is based almost entirely on the
first few carbon numbers. The values of 8 appearing in Table 1 were obtained using a weight given

by =€l

The reduction conditions effect both the nature of the sites (i.e., a7 and ;) and the number
of sites (or the relative activity of the sites), 8. The use of H reductant, runs FA-25-3237 (250 °C)
and FB-25-3227 (280 °C), has little effect on ay, but compared to CO reductant (FB~25-0098 and
FA~25-2967), Ha decreases arr and increases 3, causing more lower molecular weight products to be
formed. High reduction pressure (run FA-25-3517) decreased § significantly to 0.68, although this
reduction procedure had a detrimental effect on catalyst stability. The remaining CO reductions
resulted in S ranging from 0.81 to 0.92. In the presence of Hy reductant, § was always high
(0.91-0.92) including the Hp+CO reduction (run FB-25-3377).

Deviations between the model (Eq. 1) and the experimental data occur for several reasons. In

Fig. 1, the negative deviations in the C;—Cyg range are cansed by errors in fitting the parameters
{es, ar1,2nd B) separately. Overprediction of the mole fractions arise in the region where the type
I and IT contributions overlap, while our estimation technique assumes that the parameters can be
evaluated individually. These errors are typically small. Negative deviations in the C;—Cjo mole
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fractiors apparent in Fig. 2 are caused by product loss to evaporation during sample handling.
The disparity in the C;2—~C2o carbon number products may be due to product losses as well, and
we have also found that errors in this range of carbon numbers result from overestimation of the
amount of analyzed wax. By erroneously including more wax than was analyzed into the product
distribution, the mole fractions of higher carbon numbers are higher than expected. The result
is a negative deviation in the distribution where the organic liquid and wax analyses overlap. An
underestimation of the organic liquid analyzed caused by less than 100 % recovery in the organic
analysis or sample weight error, should give the same type of deviations.

The addition of the wax analysis results into the product distribution had little effect on the
lumped hydrocarbon distributions, which are also shown in Table 1. Only minor shifts in the Cg—
C11 2nd Cj3+ fractions occurred, due to the redistribution of C9—Cy; products from the wax to
the Cs—Cj; fraction. The fixed bed reactor wax is primarily C;2+. Small amounts of oxygenates
are usually present in the wax, and after analysis, they are reclassified and no longer counted as
bydrocarbons. This reclassification decreases the fraction of total hydrocarbons formed, which
changes the methane and C;-C, fractions slightly.

2.2. Fixed Bed Catalyst Studies.

Tisee auwinonal fixed bed catalyst process variable studies using our standard testing pro-
cedure have been completed. A calcined sample of the Ruhrchemie LP 33/81 catalyst has been
lesied (iun 10-55-1348) for comparison with previous tests of uncalcined LP 33/81 catalyst. A
supported catalyst containing a nominal 20 parts Al»03/100 parts Fe has also been tested (run
FA-76-0968) to complete the series of Al;05 ~2talysts. An unsupported catalyst containing the
same promoter concentrations as the Al;O3- and SiO;—containing catalysts (5 Cu/4.2 K nominal)
was run to determine the undisguised effect of support on catalyst performance (run FA-31-1118).

22.1. Run FB-99-1348 (Calcined Ruhrchemie LP 33/81).
Six mass balances were performed in ran FB-99-1348, and the results are summarized in Table

11



2. This ran wa.s made to test Ruhrchemie LP 33/81 catalyst after calcination, and the 30/60 mesh
catalyst was reduced with pure CO for 12 k at 280 °C prior to exposure to synthesis gas. The
Ruhrchemie catalyst has 2 nominal composition of 100 Fe/4 Cu/4 K /25 SiO2 (weight basis), which
is similar to our 100 Fe/5 Cu/4.2 K/25 SiO2 catalyst. A test of uncalcined Ruhrchemie LP 33/81
catalyst was made in run FB-99-3477, reported in the Technical Progress Report for 1 October-31
December 1988, and selected activity and selectivity aspects of these two runs are compared in
Table 3.

During the first balance at 235 °C, 1.48 M Pa, and 2 N1/g-cat-h, the mass closure was low and
the conditions were repeated again during balance 3. The activity of the catalyst between the two
balances was essentially constant, and during balance 3 the (H.+CO) conversion was 49.1 %. At
higher space velocity, 4 N'I/g—cat-k, the conversion dropped to 33.8 %. The effact of temperature
at 220, 235, and 250 °C at 2 NI/g~cat-h and 1.48 M Pa, showed the expected increase in (H24+CO)
conversion: 25.9 (balance 5), 49.1 (balance 3), and 60.3 % (balance 4). The convession at 220 °C
was lower than expected, and partial deactivation apparently occurred during the test at 250 °C.
Catalyst deactivation was evident during balance 6 at 235 °C and 2.96 M Pa, at constant (P/SV)
as balances 1 and 3. At the higher pressure, the (H+CO) conversion dropped to 36.7 %, while at
the lower pressure the conversion was 49.1 %. .

The activity of both calcined and uncalcined catalysts was ve;y similar. At 235 °C and 2
Nifg—cat-h, the calcined catalyst was slightly more active, giving an (H,+CO) conversion of 49.1
% compared to the 43.7 % conversion for the uncaleined catalyst. At higher space velocity {4
Nlfg—cat-h) or higher temperature (250 °C) the calcined and uncalcined catalyst gave the same
conversions (Table 3). Catalyst deactivation in run FB-99-1348 (calcined) during balances 5 and
6 (220 °C, 1.48 M Pa and 235 °C, 2.96 M Pa) cansed the (H,+CO) conversions to be lower than
expected at these conditions. At the same conditions, the uncalcined catalyst was not deactivated,
thus the lower activity of the calcined catalyst was due to deactivation as opposed to calcination.
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Before deactivation ;>ccurred, the calcined catalyst produced smaller amounts of methane, Cy-
Cq, and Cs—Cj; products than the uncalcined catalyst. At 233 °C, 2 Nlfg-cat-h, the calcined
catalyst formed roughly half the CH, and C>~C, products as the uncalcined catalyst, 4.3 versus
7.9 % (CH¢) and 17.6 and 36.4 % (C2-C,), while the amount of C;;+ products increased from 29.4
to 61.1 %. Similar differences in the selectivity occurred at 235 °C, 4 Nl/g-cat-h and at 250 °C,
2 Nl/g—cat-h, and are compared in Table 3. We had difficulties during the test of the uncalcined
catalyst with atomic closures (the H balance was consistently low) which may have some impact
on selectivity, however, large errors in the hydrocarbon distribution are not expected.

The ASF plots for the calcined Ruhrchemie LP 33/81 catalyst showed a strong break in the
distribution at about C;o, which reflects the tendency of the calcined catalyst to produce large
amounts of high molecular weight products. ASF plots for the balances at 235 and 250 °C (2
N1/g—cat-h, 1.48 M Pa) are shown in Figs. 3 and 4. Temperature had only a slight effect on the
parameters, decreasing «; from 0.64 to 0.63 and 3 from 0.82 to 0.80, and a;; remained unchanged
at 0.92; the weight % hydrocarbon distributions at the two temperatures are also similar.

2.2.2. Run FA~76-0968 (100 Fe/5 Cu/4.2 K/20 Al,O3).

Run FA-76-0958 was the test of 100 Fe/5 Cu/4.2 K/20 Al.O; catalyst, and the results of the
six mass balances performed are summarized in Tab.: 4. The catalyst was ground to 30/60 mesh
before charging the reactor, and reduced using CO at 280 °C for 12 A."During the first two balances,
at 235 °C, 1.46 M Pa, 2 (balance 1) and 4 N1/g—cat-h (balance 2), the (H2+CO) conversions were
68.3 and 35.3 %, increasing to 73.4 % in balance 3 at 230 °C and 2 Nl/g-cat-h. The conversions are
lower than the conversions obtained using the 8 parts Al,O; catalyst (run FA-73-0828, reported
in the Technical Progress Report for 1 Jannary — 31 March 1988). The conversions obtained are
higher than or comparable to the conversions using 25 parts SiO2: 55.0 (balance 1), 38.5 (balance 2),
and 67.6 % (balance 3) which were run at the same nominal conditions as the alumina—containing

catalyst.
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Catalyst deactivation occurred before the fourth balance at 220 °C, 2 Nl/g—cat-h. The
(H2+CO) conversion obtained during this balance was lower than expected, 22.1 % a5 compared to
31.1 % for the si.lii:a—conta.ining catalyst (25 parts S10;) and 31.7 % for the 8 parts Al>Oj3 catalyst.
A repeat of the conditions of balance 1 in balance 5 showed that the (H+CO) conversion had
dropped from the original 68.3 % conversion to only 31.5 % over a 96 & time interval. Balance 6

was made at high pressure, 2.96 M Pa, at constant (P/SV) as balances 1 and 5. The (H,+CO)

was 30.5 %, which is comparable to the balance 5 conversion, thus the high pressure did not further

deactivate the catalyst.
This catalyst was selective towards high molecular weight products, with a maximum of 61.9

% Cja+ products at 235 °C, 4 Nl/g~cat-k in balance 2. The space velocity had little effect on

selectivity as the weight % hydrocarbon distribution and the olefin /paraffin ratios were comparable

between balances 1 and 2 (2 and 4 N'1/g—cat-h, respectively). Higher temperature (250 °C, balance
3) increased the percentages of CHy, C2—Cy4, and C;s~Cy; products as is normally expected, from
3.72, 16.6, and 19.2 % (235 °C, balance 1) to 4.84, 21.0, and 21.5 % (250 °C). The C;+ fraction
decreased from 60.5 to 52.7 %. The deactivated catalyst produced more of the gaseous hydrocarbons
~ than the fresh catalyst. In balance 5, the catalyst produced 5.02 % CH, and 21.5 % C2—Cq, an
increase from balance 1 at the same conditions, and the Cya2+ products decreased to 53.2 %. Higher
pressure (comparing balances 5 and 6) had little effect on the weight % hydrocarbon distribution.
22.3. Run FA-31-1118 (100 Fe/5 Cu/4.2 K).

Six mass balances were performed during run FA-31-1118, and the results are summarized
in Table 5. The catalyst was ground to 30/60 mesh and teduced, after loading, at 280 °C for
12 h with CO reductant. The 100 Fe/5 Cu/4.2 K catalyst was tested to determine precipitated
catalvst behavior in the absence of support, at the high potassium and copper promoter levels
used in the supported catalysts. The initial activity of the catalyst was high and comparable
to the 100 Fe/5 Cu/4.2 K/8 SiO2 catalyst (run FA-63-0418, reported in the Technical Progress
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Report for 1 January - 31 March 1988), giving (H2+CO) conversions of 78.3 (235 °C, 1.48 A Pa,

2 Nl/g-cat-h), 34.8 (235 °C, 4 Nl/g—cat-h), and 65.4 % (250 °C, 4 Ni/g—cat-h) during balances
1-3. At the same nominal conditions, the silica—containing catalyst achieved 76.7, 52.8,-and 65.1 %
conversions. Balance 3 at 250 °C deactivated the catalyst, and the (H,+CO) conversion dropped
t0 33.0 % during balance 4 at 220 °C, while compared to the silica—containing catalyst, a conversion
of approximately 60 % was expected. Balance 5 was run at the same conditions as balance 1, and
the conversion was found to have dropped from 78.3 to 47.2 %.

The unsupported catalyst showed a greater tendency to produce low molecular weight products
(CHy, C2-Cy, and Cs5-Cy;) than either the alumina- or silica—containing catalysts with 8 parts
support per 100 parts iron. At 235 and 250 °C (4 Ni/g—cat-h) the weight % of methane was 4.84
and 5.74 %, while the 8 parts SiO. catalvst produced 3.27 and 3.69 % and the Al203 catalyst
produced 4.19 and 4.91 % at the same nominal conditions. As the catalyst deactivated, the Co—
Cq and Cs-Cy; percentages remained constant: 21.8 and 22.2 % (balance 2) to 23.6 and 24.4 %
(balance 5). The increase in pressure during balance 6 to 2.96 M Pa decreased methane and shifted
some Cs—C;; products to Cja+. Between balances 5 and 6 (1.48 and 2.96 Af Pg, 235 °C), CH,
decreased from 5.96 to 4.62 % and Cs—C;, decreased from 24.4 to 19.5 %. The Ci>+ products
increased from 46.0 to 52.8 % with the increase in pressure.

22.4. Discussion and Comparison of Supported Catalysts.

A summary of the selectivity and activity results is given in Table 6 for the three silica—
containing catalysts (runs FA-63-0418, FA-66-0548, and FA-69-0668, reported in the Technical
Progress Report for 1 Japuary - 31 March 1988), the two alumina-containing cagalysts, (runs
FA-73-0828, reported in the Technical Progress Report for 1 January - 31 March 1988, and FA-
76-0968), the unsupported catalyst using supported catalyst promoter levels (run FA-31-1118),
and the calcined Ruhrchemie LP 33/81 catalyst (run FB-99-1348). The effect of support concen-
tration can be studied over the range 0-100 parts SiO. and 0-20 parts Ala03/100 parts Fe. The
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impregnation technique used to prepare the alumina—containing catalysts was li;nited to 2 maxi-
mum support concentration of about 30 parts Al>03/100 parts Fe, so a catalyst with high alumina
concentration (i.e., 100 parts) was not available for testing.

Catalyst activity, as measured by (H2+CO) conversion, decreases as the support concentration
increases. The (H2+CO) conversions obtained at 235 °C at the two space velocities used in the
tests are compared in Figure 5. The § parts SiO; and the unsupported catalysts had the highest
activities, and on a per Fe basis, gave essentially the same (H,+CO) conversions. The 8 parts
Al, 03 catalyst also had high activity. The similarity in conversions for the unsupported and 8
parts supported catalysts show that the high activity is not due to surface areas alone. The very
high potassium concentrations are responsible for the increase in catalyst activity over previous
unsupported catalyst tﬁts While the BET surface areas of the Si0,—containing catalysts increase
from 94, 148, and 250 m?/g at §, 25, and 100 parts Si0O. /100 parts Fe, the (H2+COQ) conversions
decrease at all conditions tested. The unsupported catalyst has a BET surface area of 38 m?/g.
The increased BET surface areas are caused by the addition of high surface area support and do
not necessarily reflect a large increased active metal surface area in the presence of a support. Our
measurements (Sect. 2.3.2 of this report) show that the fractional metal exposures for CO reduced,
silica—containing catalysts are the same as for unsupported with the same promoter concentrations,
thus crystallite size is constant. When alumina is added to the catalyst, the exposure roughly
doubles. Egiebor and Cooper (1985) measured the BET surface areas of both fresh and used
silica supported catalysts, with compositions of 100 Fe/4.2 Cu/6.7 K with 21, 50, and 73 parts
SiO2. Prior to use, these catalysts had surface areas of 151, 252, and 275 m?/g, which agree
with our values, but after nuse the surface areas decreased to 71, 17, and 28 m?/g, respectively.
The authors attributed the decrease in surface areas to carbon deposition on the catalyst during
synthesis. Wax accumulation in catalyst pores may also contribute to low used catalyst surface
areas. The high surface areas of fresh catalyst may not be representative of the actual area of the
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activated ~aralyst. The high surface area catalysts have smaller pore diameters (Technical Progress

Report for 1 October — 31 December 1988), increasing intraparticle diffusional limitations. Aiso,
the catalysts with high support concentrations show stronger resistance to reduction and may not
be fully activated.

The weight % hydrocarbon distributions of the supported catalysts and Ruhrchemie LP 33/81
(run FB-99-1348) are compared in Figs. 6 (235 °C, 1.48 M Pag, 2 Nl/g—cat-k) and 7 (250 °C,
1.48 M Pa, 2 or 4 Ni/g—cat-h). The addition of a small amount of support (8 parts/100 parts Fe)
had a minor effect on conversion, but improves the selectivity by decreasing methane and C,-C,
formation, increasing the amount of C;2+ products. The calcined Ruhrchemie catalyst showed
good C, 2+ selectivity as well. An increase in the alumina concentration from 8 to 20 parts/100
parts Fe had no significant effect on the hydrocarbon distribution at any of the conditions tested.
The selectivity of the catalyst with 8 parts SiO, /100 parts Fe was better than (low mettane, high
Ci2+) or comparable to the selectivities of all the supported catalysts, calcined Ruhrchemie LP
33/81, and unsupported catalyst. This catalyst is also one of the most active of the catalysts tested
to date.

- Our 100 Fe/5 Cu/4.2 K/25 SiO. catalyst and the Rubrchemie LP 33/81 catalyst (100 Fe/4
Cu/4a K/25 $102) have nearly the same compositions, yet behaved differently at similar operating
conditions. Our catalyst was more active than the Ruhrchemie cataly;t, but produced more gaseous
hydrocarbons. At 235 °C, 2.0 Nl/g—cat-h, the (H,+CO) conversions were 55.0 % for our catalyst
and 49.1 % for the Ruhrchemie catalyst, while the methane was 5.7 and 4.3 % and the Cr~C, was
22.7 and 17.6 %, respectively. Similar differences were present at other conditions, which can be
seen in Table 6. The 25 parts SiO; catalyst was also more selective towards lighter products than
either of our 8 or 100 parts SiO, catalysts, regardless of differences in catalyst activity. We have
noticed that higher support concentrations increase catalyst stability, in that more balances can
be completed before catalyst deactivation becomes apparent. The 25 and 100 parts SiO, catalysts
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were stable during the process variable studies, while the 8 parts Si0, and unsupported catalysts
deactivated. All of these catalysts appeared robust at the single high pressure (2.96 A Pc) mass
balance. The Ruhrchemie catalyst has also been found to be a stable catalyst.

Dry {1981) discusses the results obtained at Sasol with supported catalysts. It is not possible
to make quantitative comparisons between our work and that at Sasol, as Dry reports only relative
values for potassium content, activity and hard wax selectivity, but some qualitative comparisons
can be made. Using an Fef/Cu catalyst containing 2 relative KO concentration of 10 with 24
parts Si02/100 parts Fe (by weight), he reported a relative activity of 45 and a relative hard wax
selectivity {ie., high molecular weight products) of 34. This was the most active catalysts of the
series reported and had the highest hard wax selectivity. With an alumina supported catalyst (100
parts Al»Oa) with a similar potassium loading (12), the activity decreased to 18 while the hard wax
selectivity remained constant. With a second alumina catalyst, containing 23 parts Al203 and a
potassium level of 3, activity increased to 35 and hard wax selectivity decreased to 10. Since higher
potassium loading should increase activity at the levels reported, the decrease in activity with 23.
and 100 parts Al-03 can be attributed to the increase in support concentration, which is-what we
have observed for both alumina and silica supported catalysts. (Dry shows that high potassium
concentrations, above 12, cause decreases in activity for SiO; supported iron). The de‘crease in
hard wax selectivity is due to the change in potassium loading, where we have found that high
potassium loadings give high selectivity to Cy2+ products regardless of support.

The work of Egiebor and Cooper (1985) with 100 Fe/4.2 Cu/6.7 K and 21, 50, and 73 parts
§i0, ratalystﬁ can also be compared to our results. They did not report their hydrocarbon distri-
bution per se, but they noticed that the Cs—C;; fraction remained constant regardless of support
concentration at a fixed set of conditions (300 °C, 0.71 MPa, H2/TO = 1.0, 240 2~?) and was
40-50 weight % of the total condensed products. They found that the reactant conversions changed
only slightly as the sﬁpport concentration increased, with no significant difference between the three
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catalysts, which is not what we have experienced in our studies of supported catalysts.
2.3. Catalyst Preparation and Characterization.

We have completed the catalyst preparation and physical/chemical characterization portions
of this investigation. Based on overall performances exhibited for the Fischer-Tropsch reaction, we
resynthesized three of the precipitated iron catalysts, and have completed elemental analyses of their
composiiions. We have also determined metal exposures (dispersions) for several representative
catalysts, in order to evaluate the effect of copper and potassium promoters and of silica and alumina
supports on reduced iron crystallite size. Assessment of the reduction behavior of a commercial
Ruhrchemie precipitated iron catalyst has been completed and compared to those of catalvsts
synthesized during this project. Infrared spectroscopic studies have been used to determine the
effect of potassium promoter on the susceptibility of reduced silica—supported iron surfaces to
reoxidation. Details of research results in each of these areas are provided in the following sections.

2.3.1. Catalyst Resyntheses.

Based on overall performances exhibited for the Fischer-Tropsch reaction during the catalyst
testing phase of the project, three catalyst compositions were selected for resynthesis, in order to
provide additional quantities of catalyst for further testing and to assess the reproducibility of the
cataly:e preparation method. Using the controlled-pH, continuous precipitation technique that has
been described in previous reports, approximately 100 g (dry weight) of each catalyst was prepared.
Elemenatal anzlyses of each material were performed using atomic absorption spectroscopy. Nominal
and actual compositions (normalized to 100 parts Fe by weight) of the three resynthesized catalysts

are summarized below:
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Nominal Composition Actual Composition

100 Fe/1 Cu/02 X 100 Fe/1.1 Cu/0.19 K
100 Fe/3 Cu/0.2 K 100 Fe/32 Cu/0.22 K
100 Fe/5 Cu/4.2 K/8 Si0; 100 Fe/6.3 Cu/5.2 K/8 SiO2

Although the analyzed copper and potassinm contents of the silica—supported catalyst were some-
what higher than those of the previously synthesized catalyst baving the same nominal composition
(100 Fe/5.1 Cu/4.0 K/7.8 S§i02), all elemental analyses were within acceptable limits.

2.3.2. Metal Exposure and Phase Identity Determinations.

In order to assess the infiuence of copper and potassium promoters and of silica and alumina
supports on crystallite size in the reduced catalysts, metal exposure determinations were made
for 12 selected catalyst compositions. Using the apparatus emploved previously for temperature—
programmed and isothermal reduction studies, samples of each calcined (16 & in air at 300 °C)
catalyst were reduced for 16 & in either H; or CO (GHSV =~ 120,000) at 300 °C. Following
an He purge for 1 2, the samples were cooled in flowing H; to 25 °C, in order to saturate all
available reduced surface sites with the adsorbate. The sample temperature was then ramped at 20
°C/min in flowing N> to 800 °C, and the quantity of desorbed H; was measured by monitoring the
thermal conductivity of the effluent carrier gas. Assuming that H» adsorbs dissociatively and only
on reduced Fe? sites, the concentration of the latter can be calculated. The results are summarized
in Table 7. B

In an attempt to determine the identity of bulk phases that are present in both precipitated and
silica~supported iron catalyst, we performed X~ray powder diffraction (XRPD) measurements on
selected catalysts. Prior to calcination, an unpromoted precipitated iron sample gave no discernible
diffraction peaks, indicating that the material was either amorphous or contained very small (<
40 A) crystallites. Unpromoted silica—supported catalysts containing 25 wt % Fe, as well as those
containing 0.1 % K, 5 % K, 1 % Cu, and 5 % Cu promoters produced no measurable diffraction peaks
following calcination in air for 16 & at 300 °C. Because of the difficulty experienced in obtaining
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satisfactory diffraction peaks for these catalysts, no further XRPD experiments were performed.

2.3.3. Reduction Behavior of Ruhrchemie Catalyst.

The reduction behavior and resulting surface properties of a commercial Ruhrchemie cata-
lyst were determined by application of the same temperature-programmed (TPR) and isothermal
reduction methods and X-ray photoelectron spectroscopic (XPS) techniques used previously to
characterize the catalysts synthesized during this investigation. The H2 TPR profile of the precal-
cined Ruhrchemie catalyst, determined at a temperature program rate of 20 °C/min, is shown in
Fig. 8. The peak at 340 °C is due to the first step of iron reduction (FezO03 — Fe30y,), while the
st aller peak at ~ 300 °C arises from reduction of copper oxide (CuO — Cu). The broad peak
centered at ~ 650 °C is due to reduction of Fe304 to metallic iron. The shapes and positions
of the TPR peaks closely resemble those reported previously for the 100 Fe/5 Cu/4.2 K /25 Si02
catalyst that was prepared for study during this project (Fig. 9). The isothermal reduction profiles
at 300 °C of the Ruhrchemie catalyst in Hy and in CO are shown in Figs. 10 and 11, respectively.
The results for both reductants are also very similar to those obtained previously for the 100 Fe/3
Cu/42 K/25 SiO2 composition, demonstrating the similarity in reduction behavior of these two
materials. It is apparent that the SiO, support inhibits the rate of the second reduct..ion step in
botk Ha 2nd CO.

The chemical state of the Ruhrchemie catalyst surface following calcination and reduction
trezatments was determined by XPS measurements. Figs. 12-16 contain XPS spectra of this catalyst
in the Fe 2p, Si 2p, K 2p/C 1s, O 1s, and Cu 2p regions, respectively. The Si 2p peak locations
in Fig. 13 were used as references for each of the three series of spectra shown in the five Figures.
The Fe 2pa;» binding energy of 710.5 eV and the 3d — 4s shake-up satellite peak at ~ 719 eV in
Fig. 12(a) confirm that the surface iron in the calcined catalyst was present as Fe;O5. Reduction
in CO for 16 A at 300 °C (Fig. 12(b)) effected partial reduction to zero-valent iron, as shown by
development of the small peak at ~ 707 eV, but most of the surface iron remained in the form of
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vnreduced Fe?+ /Fe3* species. By contrast, reduction in H, under the same corditions resulted in
a much greater percentage of reduced iron, as showxn by the sharp peak at 706-707 €V in Fig. 12(c)
that is characteristic of Fe®. This behavior differs markedly from that observed previously for the
precipitated iron catalysts synthesized during this investigation. For each of the latter, reduction
in CO at 300 °C always leads to a much larger percentage of zero-valent surface iron than does
treatment in Hz under the same conditions. Since the preparation method emploved for the two
catalysts is presumably similar, the reason fo-r these contrasting reduction behaviors is not clear.

Reduction of the Ruhrchemie catalyst in CO at 300 °C results in substantial deposition of
surface carbon, as shown by the large peak at ~ 284 eV in Fig. 14(b). Unlike the case of unsupported
catalysts, little surface enrichment in potassium occurs following reduction in Ha, as demonstrated
by the failure of peaks in the K 2p region (293-296 eV) in Tig. 14(c) to increase as a result of
H- treatment. Similar behavior has been observed previously for the 100Fe/5Cu/4.2K/255i0;
precipitated catalyst; evidently, the SiO; support inhibits the surface migration and spreading of
potassium promoter. Reduction in either Hy or CO at 300 °C results in complete conversion of
surface CuQ (Fig. 16(a)) to the metallic state (Figs. 16(b) and (c)).

2.3.4. Spectroscopic Studies of Catalyst Reduction and Reoxidation.

Previous studies vsing Fourier Transform infrared spectroscopy (FT-IR) have complemented
those by XPS and have provided information about the extent of reduction of surface metal species
on silica-supported iron catalysts. These studies have been extended to include determinations of
the influence of potassium promoter and reduction temperature on the susceptibility of reduced
25 wt % FefS5i0; (prepared by impregnation of SiOz with Fe(NOz)3) toward reoxidation by Oz at
ambient temperature. A sample of this material was treated isotl_uerma]ly at 300 °C in flowing H:
for 15 & (Fig. 17), and the resultiag “reduced” catalyst subsequently subjected to a typical H; TPR
experiment. The TPR profile (Fig. 18) shows only 2 small peak in the region of Fe304 reduction (
~ 400 °C), indicating that reduction of bulkiron had been largely completed by the prior treatment
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in Ha at 300 °C. An XPS spectrum in the Fe 2p region (Fig. 19), however, indicated the presence
of both zero—valent iron (peak at 706.5 eV) and oxidized iron (peak at ~ 710 eV) on the surface of
the catalyst.

The nature and bebavior of surface iron species on this catalyst were further investigated by
TT-IR, using nitric axdde (NO) as a probe adsorbate. Adsorption of NO on iron and iron oxide
surfaces leads to Fe-NO surface species whose N-O stretching frequencies are characteristic of the
valence state and extent of coordination of the metal site. Exp;sure of a sample of the 25 wt %
Fe/SiO; catalyst that had been reduced for 16 A in highly purified H; (containing < 1 ppm of O)
at 300 °C to gaseous NO for 15 min at 25 °C, followed by evacuation of the NO produced the
uppermost spectrum in Fig. 20. The two principal bands at 1735 and 1810 cm™? are due to the
N-O stretch of NO adsorbed on Fe® and Fe™*, respectively, and are consistent with the XPS data
that indicate the presence of both iron species on the surface of the catalyst following treatment
in H, under these conditions. Since exposure of the freshly calcined catalyst (i.e., Fe20,/5i0,)
to NO generates no observable bands due to NO adsorption, it is likely that the oxidized form of
iron is Fe’* in an Fe3O,-type structure. Both bands are asymmetric and broad, suggesting that
energetically heterogeneous arrays of both types of sites exist on the surface. It shoul-d be noted
that if the Ha used for reduction is not rigorously purified of trace amounts of O, the band at 1733
can~?, due tc NO adsorbed on Fe®, is much less intense in comparison to the band at 1810 cmn~?

than that shown in Fig. 20.

Following acquisition of the uppermost spectrum in Fig. 20, 15 torr of O2 was admitted to
the sample at 25 °C and collection of the next lower spectrum (requiring ~ 5 min) was begun
immediately. The remaining six spectra in descending order in the Figure were obtained at 15 min
intervals. It is clear that both bands progressively decrease ir intensity during exposure to O, but
that the band 2t 1735 cm™? diminishes more quickly than the one at 1810 em™?, corresponding to
the Joss of NO adsorption sites via the two-step reoxidation process: Fe — Fe;0, — Fe»03. Both
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bands become sharper and shift to higher frequencies as they decrease in intensity, reflecting the
loss of site heterogeneity during reoxidation. Concomitant with the decrease of the two original
bands is the appearance of three new bands at 1350, 1585, and 1615 cm™! that may be due to
adsorption of NO; (formed by oxidation of NO) on surface metal sites.

The effect of 1 wt % X promoter on the NO adsorption and surface recxidation processes is
shown by the spectra in Fig. 21. The original bands due to adsorption of NO on Fe?* and Fe® are
somewhat sharper and shifted slightly to lower frequencies than those observed on the unpromoted
catalyst. In addition, the rate of reoxidation in O, is approximately twice as great in the presence
of 1 wt % K, and the bands due to adsorbed NO, are not observed. When the potassium content
is increased to 5 wt % (Fig. 22) reoxidation occurs about six times faster than for the unpromoted
catalyst. In this case, although evidence for the formation of adsorbed NO; does not occur, bands
due 1o surface nitrate (NO3) species begin to appear in the frequency range 1300—i450 cm™,

An increase in the severity of H, treatment conditions to § k and 16 & at 730 °C fails to
completely reduce surface iron, as demonstrated by the spectra in Figs. 23 and 24, respectively.
Following such treatment and subsequent exposure to NO, a band at 1810 cm™?, due to NO
adsorbed on Fe?*, is still observed. However, this bard is much sharper and more s‘ymmetrica.l
than that generated on the same catalyst reduced in H» at only 300 °C (¥ig. 20), indicating that
high temperature reduction leads to an energetically more homogeneous array of oxidized sites than
that produced at the lower treatment temperature. Furthermore, two closely spaced bands at 1745
and 1760 em™?, due to NO adsorbed on Fe®, are observed following reduction in H, at 730 °C.
These may be due to the presence of structurally dissimilar iron metal sites that result from a phase
transition occurring during the high temperature treatment. Although these:.two bands decrease
rapidly upon exposure to Oy, the Fe®* species giving rise to the band at 1810 em™?! appears to

decrease to approximately 33 % of its original intensity and then resist further oxidation.
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TASK 3 — Process Evaluation Research

3.1. Slurry Reactor Catalyst Study.
3.3.1. Run SA-99-0888 (Ruhrchemie LP 33/81).

Run SA-99-0888 was a long term test of the commercial, state~of-the-art, Ruhrchemie LP
33/81 catalyst. The calcined catalyst was reduced in situ with CO at 280 °C for 16 A at 0.79 M Pa,
3.0 Nl/g—~cat-h. 34.6 g of the catalyst was charged to the reactor, and purified n-octacosane was
used as the initial slurry liquid. The run was divided into two portions: during the first part of the
run (up to 343 k on stream), catalyst stability was evaluated at a fixed set of conditions: 250 °C,
1.48 M Pa, (H;/CO) = 0.67. 2.0 Nl/g—cat-h; during the last part of the run, process conditions
were varied 1o evaluate their effect on catalyst activity and selectivity: 235-263 °C, 1.48-2.96 M Pa.
(H2/CO) = 0.67-1.0, 1.0-4.0 Nl/g~cat-h. The major events occurring during run SA-99—0888 are
summarized in Table 8, and the wax and solids inventory for the run is shown in Table 9. Five mass
balances were performed during the stability portion of the run and 8 mass balances were performed
curing the process variable studies. The results obtained during these balances are summarized in
Table 10.

A stability plot, (Hz+CO) conversion versus time on stream, is shown in Fig. 25 for the
stability portion of the run. The catalyst was very stable, and no significant deactivation occurred
during 343 k on stream. At 46 k, the (H2+CO) conversion was 46.0 %, and at 338 A, the conversion
was 44.2 %. The conversions obtained during the stability test varied between 42.6-46.4 %, which
has a range of 3.8 %. Wax was withdrawn after the catalyst activation and at the end of balances
2,3, 4, and 5 using the external settling tank system described in the Technical Progress Report
for 1 January-31 March 1988, and this procedure did not canse deactivation of the catalyst. The
s'electivity of the catalyst changed with time on stream, with more gaseous products formed as the
catalyst aged. The effect of time on catalyst selectivity is shown in Fig. 26. During balance 1 (49
h) the weight % hydrocarbon distribution was 4.3 CHy, 17.8 C;—C,, 22.1 C5~Cy;, and 55.8 % Cya+
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while during ba]an::e 5 (336 h ) the distribution was 4.6 CHy, 21.3 C2—Cy, 29.5 C5—C;y;1, and 44.6
% Ci2+. The olefin/paraffin ratios decreased with time, for example, the G, ratio decreased from
1.82 in balance 1 to 1.45 in balance 5. A repeat of the conditions was made in balance 11 (619 k),
after 5 balances at different process conditions. The (H,+CO) conversion dropped to 35.9 % in
balance 11, showing that the process variable studies had accelerated deactivation of the catalyst.
The trends in selectivity seen in balances 1-5 were also evident during balance 11. The weight
% of methane increased to 7.0 % and C;2+ decreased to 31.5 %. The weak trend in decreasing
olefin/paraffin ratios continued as well.

During the process variable studies, the effect of temperature was studied at 2.0 NIl/g-cat-h
in balances 8 (235 °C), 5 (230 °C), and 10 (265 °C), and at 1.0 Ni/g—cat-h in balances 9 (235
°C) and 7 (250 °C), with all ba]a.ﬁces at 1.48 MPa and (H2/CO) = 0.67. A comparison of
catalyst selectivity at these conditions appears in Fig. 27. Conversion increases as expected with
temperature: 23.0 (235 °C), 44.4 (250 °C), and 36.9 % (265 °C) at 2.0 Nl/g-cat-k, and 35.8
(235 °C) and 56.1 % (250 °C) at 1.0 Ni/g—cat-h. Temperature had little effect on the weight %
bydrocarbon distribution between 235 and 265 °C (2 Ni/g-cat-k) and 235 and 250 °C (1.0 N1/g~
cat-h), whick is unexpected since selectivity typically shifts towards lower molecular weight products
with increased temperature. Olefin/paraffin ratios decreased with temperature, presumably as
bydrogenation activity increases with temperature. )

The feed gas space velocity was varied at 235 °C in balances 9 (1.0 N1/g-cat-k) and 8 (2.0 Ni/g-
cat-h), and at 250 °C in balances 7 (1.0 Nl/g—-cat-k), 5 (2.0 Nl/g~cat-k) and 6 (4.0 Nl/g-cat-k).
Space velocity has a minimal effect on the weight % hydrocarbon distribution, as shown in Fig.
28. A space velocity of 1.0 Nl/g—cat-k at 250 °C tended to produce more lower molecular weight
products than at higher space velocities, but this trend was as strong at 235 °C. Olefin/paraffin
ratios increased with space velocity at both temperatures. A higher (Ha/CO) feed ratio, 1.0 (balance
12) increased the (H,+CO) conversion from 35.9 % (H2/CO = 0.67, balance 11) to 45.4 %. The
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(H./CO) = 1.0 {feed also increased the amount of methane formed from 7.0 t0 9.4 % and decreased

the percentage of Cy2+ products, as shown in Fig. 29. An increase in pressure to 2.96 M Pg in
balance 13 showed a decrease in (Ha+CO) conversion to 39.8 % which indicates that some catalyst
deactivation occurred at the higher pressure. The higher pressure suppressed the formation of
gaseous hydrocarbons, and the selectivities at the two pressures are also compared in Fig. 29.
The results obtained in slurry can be compared to the results obtained in the fixed bed reactors
at 250 °C, 148 M Pa, 2.0 Nl/g—cat-h, Hy/CO = 1 in balance 12 and in balances 4 of the fixed
bed runs FB-99-1348 and FB~99-3477, and balance 6 of the stability run FB~99-1588 (Sect. 3.2.3
of this report). Comparisons can be made using (H2/CO) = 0.67 feed between balances 1-5 and
11 of the slurry run and balance 6 of run FB-99-1588. The (H2+CO) conversion obtained in
runs FB-99-1348 and FB-99-3477 was approximately 60 %, and was 56 % in run FB-99-1388,
compared to the 43.4 % conversion obtained in slurry (balance 12). The selectivity in the slurry
reactor run favored more lighter hydrocarbons than in fixed bed when the higher feed ratio (1.0)
was employed. The slurry test produced 9.4 (CHy), 34.5 (Ca-C4), 33.2 (Cs—C11), 2nd 23.0 %
(Ci2+) at these conditions, compared to 7.5 (CHy), 32.0 (C2-Cy), 28.1 (Cs—C11), and 324 %
(Cy2+) for the uncalcined Ruhrchemie catalyst in run FB-99-3477. The calcined catalyst tested in
run FB-98-1348 produced even less gaseous hydrocarbons. With the 0.67 feed gas, the (H.+CO)
conversion declined from 58.6 to 50.2 % between 71 and 426.5 k i fixed bed (balances 1-5, run
FB-99-1588) while in the slurry run the conversions were lower but more stable, decreasing from
45.9 10 44.4 between 49 and 336 & (balances 1-5). The selectivity with the (H2/CO) = 0.67 feed
for fixed bed and slurry were comparable in the first 5 balances of both runs. Comparing balance
2 in fixed bed (FB-99-1588) and balance 3 in the slurry at approximately 170 k for both runs,
the weight % hydrocarbon distributions were 5.34 (CH,), 21.1 (C,~Cy), 18.8 (Cs—C; ) and 54.7 %

(C12+) in fixed bed and 5.09, 20.8, 21.9, and 52.2 %, respectively, in slurry.
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3.2. Fixed Bed Catalyst Studies.
3.2.1. Run FA-63-1308 (100 Fe/5 Cu/4.2 K/8 Si0,).

Run FA-63-1308 was made as a long term fixed bed stability test of the catalyst containing §
parts 5102 /100 parts Fe, which is among the most active of the catalysts tested to date and also
shows desirable selectivity behavior. This catalyst was previously tested at a variety of process
conditions in run FA-63-0418, reported in the Technical Progress Report for 1 January-31 March
1988. The catalyst was reduced in situ at 280 °C for 16 &, 3 NI/g—cat-h with a pure CO reductant.
Stability testing was conducted over a 552 k period, at 235 °C, 1.48 M Pa, 2.0 N1/g—cat-k, using
(H2/CO) = 1.0 synthesis gas (up to 271 k) and (H2/CO) = 0.67 synthesis gas (up to 552 k). Three
mass balances were completed with each feed ratio tested. A single mass balance was made at 250
°C during balance 7, and a repeat of the original conditions was made in balance 8. The results
obtained during these balances are summarized in Table 11.

A stability plot of the (H2+CO) conversion versus time on stream is given in Fig. 30. The
catalyst deactivated steadily with the (H2/CO) = 1.0 synthesis gas, with the (H+CO) conversion
dropping from an initial value of 77.4 % (24.5 k) to a final value of 55.0 % (264 h). Deactivation
continued after the switch to (H2/CO) = 0.67 feed gas, but the rate of deactivation decreased.
Between 294.5 and 552 k, the (H»+CO) conversion dropped from 47.5 to 39.0 %. The average
deactivation rates (average change in conversion/unit time) were 0.094 and 0.033 %/& with (H./CO)
= 1.0 and 0.67, respectively.

The difference in deactivation behavior with feed ratio is difficult to explain as we do not know
with any certainty the cause of deactivation in the fixed bed reactors. Decreasing the (H2/CO) feed
ratio from 1.0 to 0.67 between balances 3 and 4 caused the CO partial pressure to increase from
0.36 to 0.64 M Pg and the H» partial pressure to decrease from 0.63 to 0.49 M Pa (exit values). The
higher CO partial pressure drives the water-gas shift (WGS) reaction to the right, thus the CO,
and H,O partial pres;sur&s change from 0.34 and 0.09 M Pa to 0.27 and 0.05 M Pa, respectively. If
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the primary cause of deactivation is carbon fouling, higher CO partial pressﬁre should increase the
rate of deactivation (Dry, 1981), which is not what is observed. If the primary cause of deactivation
is catalyst reoxidation, the higher CO partial pressures can explain the decreased deactivation in
several ways: (1) as we have found that CO is a more effective reductant than Ha (e.g., Technical
Progress Report for 1 July-30 September 1987), a lower feed ratio will lend to a stronger reducing
environment in the reactor to offset oxidation, (2) the excess CO consumes oxidizing H,0 via
the WGS a.nd. decreases the rate of axidation, or (3) higher CO partial pressures compete more
effectively with water for surface sites on the catalyst, inhibiting oxidation.

The effect of time on stream on the selectivity of the silica—containing catalyst is shown in
Fig. 31 for both feed ratios. The lower (H2/CO) feed ratio decreases CHy and Co-C, selectivity,
increasing the amount of Cy2+ products formed. The olefin/paraffin ratios using (H2/CO) = 0.67
synthesis gas are higher than or comparable to those using (H2/CO) = 1.0 feed. Little change in
selectivity with time is seen in the first three balances with (H./CO) = 1.0 or the balances using
(H2/CO) = 0.67 feed gas. However, after the catalyst was beavily deactivated at the repeat of
the original process conditions (balance 8, 662 &, H/CO = 1.0), the product distribution shifted
towards lighter products (CH4 and C2-C,) at the expense of C;2+. The same effect was observed
dvring the <lnrrv reactor stability test of the Ruhrchemie LP 33/81 catalyst. There was no definite
trend in the olefin/paraffin ratios with catalyst deactivation. -

The ASF plots for active catalyst at 235 °C, (H,/CO) = 1.0 (balance 1), (H,/CO) = 0.67
(balance 4). and deactivated catalyst at (H2/CO) = 1.0 (balance 8) are shown in Figs. 32-34. The
feed ratio had lLittle effect on a7, which varied between 0.90 and 0.91 for the three balances. a;
increased from 0.74 to 0.79 and f decreased from 0.80 to 0.62 as the feed ratio decreased from
1.0 to 0.67, which are representative of the higher hydrocarbon selectivity of the lower feed ratio.
Deactivation caused a decrease in a;, from 0.74 to 0.62, with minimal change in either 8 or aj;.
thus the gaseous bydrocarbons are the most strongly influenced by deactivation.
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In the first balance of the run before deactivation, the catalyst activity and selectivity was
similar to the previous test of this catalyst (run FA-63-0418) at the same conditions (235 °C,
1.48 MPa, 2.0 Nlfg—cat-h). The (Ha+CO) conversion at these conditions in the most recent
Tun was 77.9 % as compared to the 76.7 % obtained previously. The weight % hydrocarbon
distribution during ran FA-63-0418 was 3.47 (CHy), 16.4 (C2-C,), 20.1 ( Cs—Cp1), and 60.0 %
(Ci2+), compared to 4.25, 17.8, 21.4, and 56.5 % obtained in this run. At 250 °C (balance 7) the -
catalyst was deactivated and the (H>+CO) conversion was only 46.4 %, while in the previous run
the (Ha+CO) conversion at the same temperature and double the space velocity (4 NI/g-cat-h,
balance 3) was 65.1 %. The hydrocarbon selectivity did not change significantly with deactivation
at these conditions.

3.2.2. Runs FA-15-1698/FA-15-1768 (100 Fe/1.0 Cu/0.2 K).
| Runs TA-15-1698 and FA-15-1768 were made to evaluate the performance of a precipitated
catalyst (100 Fe/1.0 Cu/0.2 K) over the long term in a fixed bed reactor. For both runs, 30/60 mesh
catalysts were employed and the catalysts were reduced with CO at 280 °C for 16 k. This catalyst
was tested previounsly in a fixed bed reactor during runs FA-15-2097 (Technical Progress Report for
1 July-30 September 1987) and FA-15-0278 (Technical Progress Report for 1 January-31 March
1988). |

During run FA~15-1698, the catalyst rapidly deactivated upon‘reac'hing the desired synthesis
corditions (235 °C, 1.48 MPa, 2.0 Nl/g—cat-h, H»/CO = 0.71), with the (H,+4-CO) conversion
decreasing from 78.0 % at 0.5 k to 51.1 % at 46.0 2. During run FA-15-2097 at the same tem-
perature, pressure, and space v;alocity with an (H2/CQO) = 1.0 feed ratio, the (H,+CO) conversion
was measured at 72.9 %. In run FA-15-0278 the (H2+CO) conversion was 44.7 % at these con-
ditions but this result was obtained with deactivated catalyst (balance 2). Run FA-15-1698 was
terminated voluntarily after the first balance, and 2 retest was made in run FA-15-1768, which
is currently in prograss. Catalyst deactivation has also occurred in the mosi recent run, and the
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stzbility plot for both stability runs is show;x in Fig. 35. At approximately 50 &, the (H2+CO)
conversions were 53.7 and 47.5 % in runs FA-15-1698 and FA-15-1768, which are much lower than
the conversion obtained in run FA-15-2097.

Based on these results, it appears that the 100 Fe/1.0 Cu/0.2 K catalyst, is not sufficiently
stable. While in run FA-15-2097 the catalyst did not deactivate until a high pressure (2.96 M Pa)
was employed, in all subsequent tests deactivation occurred rapidly during synthesis testing. In the
two recent stability tests, the deactivation is apparent from the stability plot (Fig. 35) and in run
TA-15-0278 deactivation occurred after the first balance at 250 °C, 1°.48 M Pe, 2 Ni/g-cat-h. The
only difference between runs was the reduction duration, which was 8 k in FA-15-2097 and 16 A in
runs FA-15-0278 and the stability runs, although we found that a longer CO reduction duration
at 280 °C improves stability during the activation/reduction task of this project (e.g., Technical
Progress Report for 1 October-31 December 1987). We have also improved our zbility to contradl
reactor temperatures and hot spots since the original test, thus it seems that run FA-15-2097 was
an anomaly. The results of the stability tests of the 100 Fe/1.C Cu /0.2 K catalyst will be discussed
in the next quarterly report.

32.3. Run FB-99-1588 (Ruhrchemie LP 33/81).

Run FB-99-1588 was a long term stability test of the Ruhrchemie LP 33/81 commercial
catalvst, and was made to complement the slurry run SA—QQ—OSSSfThe initial process conditions
for the stability test were 250 °C, 1.48 M Pg, (H2/C?) = 0.67, 2.0 N1/g—cat-k, which are the same
as those during the first five balances of slurry run SA-99-0888. The results of the seven balances
of run FB-99-1588 are summarized in Table 12. Balance 7 was made after the end of the reporting
period, but was included in the current report for completeness. The calcined Ruhrchemie catalyst
was reduced in situ at 280 °C, using CO reductant for 12 &, and 30/60 mesh catalyst particles were
used. The stability plqt of (H2+CO) conversion versus time is shown in Fig. 36. After an initial

rapid decline in catalyst activity, the catalyst was relatively stable, with the conversion dropping

31




from 38.3 % to 53.6 % between about 100 and 340 k. At 382 k, a power failure occurred, interrupting
the run for approximately 50 mir, which caused an immediate decrease in the (H2+CO) conversion
1o 50 % after the process conditions were reestablished. The catalyst was stable, at lower activity,
after the interruption. After the fifth mass balance was completed the feed ratio was changed to
1.0 (nominal) at the same temperature, pressure, and space velocity. The (H,+CO) conversion
increased to 57.2 % at 478.5 h and declined slightly to 55.7 % at 629.5 h. Catalyst activity was
stable with the higher feed ratio.

Catalyst selectivity as a function of time on stream is shown in Fig. 37 for ran FB-99-1588.
The first five balances are with (H>/CCO) = 0.67 and balances 6 and 7 are with (H,/CO) = 1.0.
The selactivity was not strongly affected by time on stream, and neither the weight % hydrocarbon
distribution nor the olefin/paraffin ratios show any specific trends as the catalyst aged. At higher
feed ratio, more gaseous hydrocarbons were formed, increasing from 6.38 (CH) and 25.0 % (Co—
C4) in balance 5 (H2/CO = 0.67) to 8.54 and 29.6 %, respectively, in balance 6 (H,/CO = 1.0).
The olefin/parafiin ratios decreased 2s well when the concentration of H» in the feed was increased.

The fixed bed run shows higher catalyst activity than slurry, with a conversion of 53.2 % in
the fixed bed (balance 4) before the power failure compared to the 44.4 % conversion obtained
in the slurry reactor (balance 5) at approximately the same time on stream with the (H./CO) =
0.67 feed gas. With the (H,/CO) = 1.0 feed gas, the fixed bed run gave a conversion of 56.0 % in
balance 6 (230 °C, 1.48 M Pa, 2.0 Nl/g~cat-k) while during balance 12 of run SA—-99-0888 at the
same conditions, the conversion was 45.4 %, although catalyst deactivation occurred before this
measurement was made.

The selectivities of the fixed bed and slurry runs are compared in Fig. 38. The hydrocarbon
selectivity of the two ruans using (H2/CO) = 0.67 are similar, with the weight % of hydrocarbons
in fixed bed (balance 2) at 5.3 (CH,), 21.1 (C.—Cy), 18.8 (C5~Cy1), and 54.7 % (C;2+) while in
slurry (balance 3) the distribution was 5.1, 20.8, 21.9, and 52.2 %, respectively. Witk (Hz/CO) =
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1.0, the slun.—y reactor produced more CH and C,-C, products than fixed bed. The preference of
the slurry run towards lighter products may be due to catalyst deactivation since the catalyst was
deactivated during the balance usicg (H2/CO) = 1.0 in slurry. We observed that the deactivated
catalyst produced more lower molecular weight products than fresh catalyst. Also, the differences
in the Cs—C;; and C;>+ fractions may be due to differences in the product collection procedures
for the two systems, and the Cs+ fractions are not as dissimilar. The olefin/paraffin ratios, which
are also compared in Fig. 38, are lower in slurry than in the fixed bed, which may be due to the

different mixing behavior (i.e., plug flow and completely backmixed) of the two reactors.

Task 4 - Economic Evaluation

No work on this task was scheduled during this quarter.
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Table 1. Summary of wax analysis results and hydrocarhon distributions for selected Reduction/Activation study fixed hed runs.

Run/Balance Reduction Conditlons® ASF Results® W1 % of Hydrocarbons®

ay agq A CH, C-Cy Cs-Chy Cn-{-d Wax"
FA-256-2737-1 CO, 260 °C,8 h 0.68 087 0.92 13.0/13.0 37.0/37.0 34.5/34.6 15.5/16.4 9.0/3.9
FB-25-0098-2 CO0, 260°C, 24 h 0.71 0.89 0.8t 8.4/8.4 31.5/31.5 35.8/35.9 24.3/24.2 18.1/6.8
FA-26-3077-2 CO, 280 °C, 8 h 0.74 0.90 0.84 6.8/6.8 20.8/26.8 32.0/33.2 33.5/33.2 25.4/9.4
FA-26-2967-1 CO0, 280°C, 24 h 0.66 0.94 0.806 TA/7.0  25.8/26.8 22.7/23.0 44.4/44.1 40.8/21.1
TFA-25-3517-2 CO, 280°C, 24 h, 1.48 M Pa 0,70 0.92 0.68 58/5.9  26.0/26.1 24.5/24.9 43.7/43.1 40.6/2.6
Irp-26-3377-2 H,4+CO =1,280°C, 244 073 092 0.92 6.5/6.5 27.0/27.0 32.7/32.8 331.8/33.8 24.3/13.]
I'A-25-3237-1 H;, 250 °C, 24 h 0.69 0.84 0.91 12.4/12.4 38.9/38.9 42.0/42.2 G.7/6.6 6.0/3.0
FB-26-3227-2 H,,280°C,24h - 0.66 0.88 0.9t 11.7/11.7 38.3/38.4 34.2/34.3 15.8/16.7 12.3/8.6

o Atmospheric pressure, 3.0 N1/g -cat-h cxccpt where shown.

b my = B(1 - ay)a}” '+(l—m(1—on)n,, .

¢ (Before wax analysls)/(Following WAx annlysis).

1 Includes wax.
* Prior to analysls, wax Is defined as the unanalyzed products collected in the hot trap. Following analysis, wax is redefined

as the weight of sample unrecovered during the analysis.
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Table 2. Sumunry of resulls for fixed hed rnn FD-09-1348.

Catalyst: 3,10 g, Ruhrchemie LP 33/81 Diluent: 35.5 g, Glnss heads
Cnlalyst volume: 5,40 e Diluent Yolume: 23.0 ce
T Peried T T T T 2 A ] 5 6
Dale 5/16/88 5/18/88 5/16/88 5/18/88 h/10/8R 5/20/88
Time on Stremm (h) 418.0 48.0 06.0 114.0 141.0 168.5
Balance Duration (/) 6.0 6.0 6.0 6.0 7.0 5.6
Average Temperatore (°7) 235, 235, 234, 250, 220. 235,
Maximum A Temperature (°C) 3.40 5.00 4.00 4.00 3.00 3.00
Pressure (M Pa) 1.48 .48 1.48 1.48 148 2.04
H3/CO Feed Ratio 080 080 .080 N80 80 080
Space Veloeity (N1/g-enl-h) 1.00 4.00 1.90 1.99 .00 3.09
Space Veloeity (N1/g-Fe-h) 3.56 7.24 3.5 3.05 3.55 1.1
GUSV (h-") 238. 484, 238. 238, 238, 476.
CO Conversion (%) 47.0 an.8 16.0 64.5 22.9 34
H2 +CO Conversion (%) 19,5 33.8 40.1 60.3 25.9 36.7
13/CO Usage 1.05 1.18 1.07 850 1.24 117
STY (mols N3-4-CO/g-cat-h)® 044 061 044 054 023 005
Pco, * P,/ ’co * Pu,0 2.21 704 800 2.51 Als 487
Weight % of Outlet
H, d.41 4.20 337 3.01 4,856 4.50
H,0 .45 h.66 8.46 1.24 5.86 6.51
co 53.1 46.3 h2.0 KL 1.6 70.7
€O, 21.5 10,0 20.5 6.5 0,57 8.76
Hydeocarbons 0.26 4.02 10.6 14.2 5.4t 3.50
Oxygenales S 5706 187 805 o7 A13
Wnx? | 812 1.39 4.32 3.88 2.10 b.43
Yield (g/Nm® 1l; { CO Converted) .
il ) 8.08 .96 8.46 10.4 8.00 5.74
C3-C4 Nydrocarhons 4.0 31.6 34.3 10.6 5.4 24.7
Cs-Cqy Hydroeathons 65.7 40,9 3.2 375 37.0 23.3
Cya+ Hydrocarhons 10, 155, 120, 107, 1071, al.0
Wax? 1. 144. 56.8 11.9 52.7 8R.0
Oxygenates 9.14 11.2 10.3 9.67 15.6 9.94
Total 228, 261, 200. 200, 204. 165.
1+2 Olefins/n-Paraflin Ralio
Ca 1.73 2.18 1.04 1.04 3.13 2,80
Ca 5.7 5.84 5.9 6.13 5.17 4,20
Cy 4.68 4.86 4.76 4.84 A.12 3.26
Ca 41.8% 2.08 3.00 2.47 J.at 3.03
Cio 4.1 2.60 2.25 1.60 2.0 2.24
* Based on unreduced calalyst » Maximum axinl temperature difference ¢ DBased on tenctor volume

d Nalances 1,2,0: Unanalyzed praducts callected from hot teap; balances 3-5: Unrecovered producls from wax analysis.
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Table 2 (cont’l). Summnry of results for fixcdl hed run I'B-00-1348.

N Teriod i T2 [ 3 [+ T & o
~ " Weight % of Hydrocarhons ' ]

ci 1,11 3. 4.32 5.33 4.12 3.97
Ethane 1.62 1.30 1.67 2.82 1.30 1.20
Fthylene 2.63 2.05 3.0l 2.76 3.07 3.1R8
Propane Mn27 827 003 1.10 1.19 1.20
Peopylene 5.00 4.01 5.02 6.17 5.88 5.24
n-Bulane 002 A0 1.04 1.20 1.10 1.a7
142 Dutenes 4.32 1.85 4.18 6.59 4.76 4.32
C4 Isomers 400 11 452 510 A7 464
n-Pentane 1.31 1.0R 1.37 1.61 1.40 1.54
142 Penlenes 4.16 .55 4.45 6.08 4.4R 4.04
C'g lvonters .270 222 .282 381 283 321
n-Hexane Jq0a 181 852 002 878 28]
112 Hexenes 2.08 2.31 2.51 2.72 3.26 2.8
Cp Isomers A6 349 435 AR0 521 .06
n-Heplane 570 542 570 638 .087 043
1 12 lleptenes 2.02 1.54 1.01 1.64 2.38 1.90
C'y Isomers 290 605 268 .265 A1 A1t
n-Oclane 070 376 .300 437 401 382
112 Octenes 3.19 1.10 .88s 1.00 1.50 1.14
Cy Isomers Am 0780 0394 1056 A18 0316
n -Nonane 8390 321 244 372 208 130
142 Nonenes 307 .808 643 .7158 44d 206
Cp Tsomers 27 0383 0372 0527 .0382 0262
n-Decane .815 442 .62 A4l 324 163
14-2 Decenes 3.7 .13 .802 .Nnoe 76h 361
Cua 1somers 92 .0686 T .251 118 0442
n-Undecane .000 A84 372 A87 387 .169
142 Undecenes 2.h9 1.08 .108 K] .70 334
Cyy Isomers a8t 0783 0606 0821 0874 .0500
Cy-Cy 10.0 14.4 17.6 20.8 18.8 17.1
Cy~Cy an.| 17.1 17.0 9.2 10.8 16.1
Ci+ 49.8 64.6 61.1 54.7 50.9 62.9
Wax! 16.5 60.1 20.0 21.5 27.0 60.8

1 Balances 1,2,6: Unanalysed products collected from hot trap; balances 3-6: Unrecovered products from wax analysls.




Table 3, Comparison of calcined (IF13-99-1348) and unealeined (FB-99-3477) Ruhrchemie LP 33/81 catalyst,
H3/CO = 1.0. Catalysts reduced at 280 °C, amblent pressure, using CO at 3 N1/g-cat-h for 12 (FB-09-
1348) and 8 (FB-99-3477) K.

Conditions Run/Balance Conversion Wt % Hydrocarbons
CO 41 CO  Usage Cli, C-Cy Cs-Cyy Oy
220 °C, 1.48 MPa FB-99-1348-5" 22.9 25.9 1.24 5.5 21.7 19.6  53.2
2 Nlj/g-cat-h FB-99-3477-1 17.8 37.9 1.10 4.8 20.8 19.1 553
235 °C, .48 MPa  FB-09-1348-3 16.9 49.1 1.07 1.3 17.6 17.0  61.1
2 Nl/g-cat-h FB-09-3477-2 30.6 4.7 1.31 7.9 364 263 294

!

@ 235 °C, 1.48 MPa IB-99-1348-2 30.8 33.8 1.18 3.9 14.4 1.1 64.6
4 Nl/g-cal-h FB-99-3477-3 28.6 3.7 1.47 8.2 37.5 27.9 264
260 °C, 1.48 MPa  FD-99-1348-4 64.5 60.3 0.85 5.1 20.8 192 b7
2 Nl/g-cath FD-99-3477-4 64.4 60.6 0.97 7.5 32.0 28.1 324
235 °C, 2.96 M Pa FB—OD-—iMB-G“ 33.4 316.7 1.17 3.9 17.1 16.1  62.9

4 Nl/g-cat-h FB-90-3477-8  36.2 42,0 1.43 4.6 95.6 26.0  43.8

2 Calalyst was deactivated prior to halnnce,
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Table 4. Summary of results for fixed hed run FA-76.0008,

Calnlyst: .60 g, 100 Fe/h Cu/4.2 K/20.3 Al,0,

Catalyst volume: 3.00 cc

Diluenl: 36.4 g, Glass hends
Diluent Volume: 24.0 ce

Period 1 2 3 4 5 [}
Dale 4/07/88 | 4/08/88 | 4/00/88 | 4/10/88 | 4/11/88 | 4/11/88
Time on Stream (h) 17.5 71.8 05.5 120.0 142.5 168.0
Balance Duration (h) 6.5 6.1 6.5 6.5 6.0 5.6
Avetnge Tempernture (*C) 235. 236, 260, 220. 2345, 235,
Maximum A Temperature (*C)* 2.80 2.40 3.30 1.40 .900 2.30
Pressure (M Pa) 1.18 .48 1.48 1.48 1.48 3.00
H3/CO Feed Natio 1.00 1.00 1.00 1.00 1.00 1.03
Space Velocily (N1/g-cat.h)* 2.00 4.03 2.03 2.03 2.00 4.03
Space Velocily (N1/g-Fe-h) 3,83 7.04 3.53 Lnl 3.53 7.04
GHSV (h',')‘ 2170. 538, 270. 270. 210. 638,
CO Conversion (%) 82.2 11.2 a8.8 24.7 ard 320
H34+CO Conversion (%) 68.3 35.3 13.4 22.1 3.5 30.6
H3/CO Usage .662 T14 .6h3 702 6907 AT4
STY (mols H;+CO/g-cat-h)* 062 .063 0440 020 .028 .05
Pco, * Pu,/Pco * Pi,0 16.06 4.96 21.0 2.64 .70 2.27
Weight % of Outicl
i, d.10 4.76 2.81 5.35 5.01 5.08
11,0 3.67 2.71 4.41 2.64 3.15 3.69
CcO 16.8 566.1 10.4 60.6 50.1 63.8
COs 66.7 274 62.1 15.0 24.2 18.5
Hydrocarbons 8.00 4.00 9.69 .07 4.10 4,03
Oxygenates 1.08 518 059 340 455 485
Wax* 10.8 h.47 0.76 3.00 4.02 4.3
Yield (9/Nm® I3 | C'O Converted)
Clly ' 6,78 6.75 8.58 1.2 8.62 8.7
C;3-C¢ lydrocarbona 30.3 30.5 1.1 36.3 36.9 38.8
Cs-Cyy Nydrocarbons 34.9 31.4 8.1 40.0 M 4.0
C)3+ Hydrocarhons 110, 112, 03.3 102. 91.3 76.0
Wax¢ 105. 103. 89.3 2.5 85.0 2.0
Oxygenates 10.56 9.79 8.78 10.5 9.61 10.3
Total . 193. 190. 186, 107. 1R1. 188,
142 Olefins/n-Paraflin Ratio
C, 2.92 3.14 2.45 2.22 2.13 1.97
Cs 6.72 6.60 7.88 5.73 0.63 5.11
Cq 6.4¢ 5.27 6.61 4.07 6.62 1.28
Cs 3.77 3.28 4.21 2.18 3.80 2.65
Cio 3.58. .13 4.00 3,360 3.36 2.62

* Based on unrednced catalyst
¢ Based on reactor volume

¢ Maximum nxial temperatnre difference

¢ Unanalysed produets collected from hot trap




Table 4 (ront’j}. Summnary of resulls for fixed bed run FA-76.0068.

Period i 2 1 8 1 4 |1 5 | 6
Weight % of llydencatbons

Cli4 3.72 3.1 4.84 41,03 5.02 4.93
Ethane 1.32 1.40 1.03 2.60 2.48 2.62
Ethylene 3.61 4,10 141 5.36 1.04 4.63
Propane 437 833 D1 046 1.03 1.34
Propylene 5.36 5.17 6.8 5.17 6.49 6.54
n-Bulane 804 A11 B65 801 963 1.21
142 Butettes 4.24 4.13 h44 4.01 5.08 5.00
Cy Isomers 469 A6h hind 470 403 .610
n-Denlane 1.18 1.20 1.40 1.24 1.37 1.67
142 Pentenes 3.83 3.91 536 3.69 5.02 4.70
g Isomers 2590 200 444 218 540 452
n-Jlexane -.501 606 017 1.28 708 1.01
1-+2 llexenes 2.39 2.76 2,70 4.10 3.14 3.00
Cp Isomers .bd0 G687 060 1.04 .830 .800
n-Heplane 422 413 404 D34 A73 .696
142 Heplenes 1.61 1.62 1.76 2.63 1.76 1.88
C7 Isomers .356 572 401 750 557 533
n-Oclane 00 274 334 305 274 293
1+2 Oclenes 1.3b6 .882 1.38 1.08 009 1.02
Cg Isomers 216 ,0811 208 103 233 230
n~-Nonane 384 244 345 200 242 203
1.2 Nonenes 1.36 103 1.30 6063 73 481
Ca Isomers 286 122 246 0545 113 0864
n-Decane 4902 300 338 128 325 265
f4+2 Decenes 1.38 L9456 1.33 1.09 1.07 859
Cyo lsomers | 303 212 398 120 207 157
n-Undecnne J34 A4 .276 325 .299 .220
142 Undecenes 1.14 .n31 1.04 1.17 1.04 851
Cyy Isomers 467 243 270 187 204 149
C,-Cy 14.6 16.9 21.0 10.4 21.5 21.9
Cy-Cyy 19.2 17.4 21.6 21.8 20.2 19.2
Ciat G0.5b G1.9 52.7 64.7 53.2 h4.1
Waxd 57.4 57.4 50.4 40,6 49,5 51.8

? Unanalysed products collected from hot trap
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Table 5. Spmmnary of results fot fixed Led run FA-21-1118,

Chalnlyst: 2.40 g%, 100 Fe/b Cu/4.2 K

Catnalyst volume: 3.00 ce

Diluent: 36.8 g, Glass beads
Diluent Volume: 24.0 cc

Petiad 1 2 k] 1 5 [i
Dnte 132788 | Aj23/RE | 42488 | 4/26/88 | 4/26/88 | 4/21/88
Time on Stream (k) 41.5 7.6 94.5 110.8 143.7 168.5
Balance Duralion (h) 6.0 KB 6.0 6.0 6.0 5.5
Avernge Tempetature (°C) 235, 236. 250. 220, 235. 235.
Maximum A Temperature (°C)* 4.50 3.60 5.00 2.90 1.30 J.80
Pressure (M Pa) 1.48 1.48 1.48 1.48 1.48 3.00
H,3/CO Feed Ratio 1.03 1.03 1.00 1.03 1.03 1.03
Space Velacity (Nl/g-cat-h)? 2.00 3.99 .00 1.9 1.90 3.99
Space Velocity (N1/g-Fe-h) 3.00 6.15 6.15 3.08 3.08 6.15
GUSV (h-')e 252, 502. 602. 2n1, 251, 502,
CO Conversion (%) 03.0 65.8 7R.8 na3 54.7 55.0
113+ CO Conversion (%) 78.3 54.8 5.4 LEX) 41.2 51.3
Hy/CO Usage 697 094 ) 795 40 873
STY (mols 1134CO/g-cat-h)* .070 .097 A1 029 042 .001
Pco, : Pn,/co : Py0 3.8 6.43 8.25 2.77 4.18 3.18
Weight % of Oullet
s 2.62 3.80 3.28 5.0 .21 3.93
H,0 4.41 4.3 6.07 3.96 4.67 6.28
co 6.18 32.2 10.8 59.9 42.9 42.4
CO, 63.8 43.0 62.3 22.9 in 33.0
Nydrocacbons 1.3 6.94 0.15 4.24 1.00 0.98
Oxygenales 1.50 1.02 1.32 578 1.03 09
Wax! 10.2 8.09 8.10 3.30 5.25 7.04
Yield (9/Nm¥ N1, + CO Converled) ] - )
Cil, ' 1.1 8.73 A 8.52 10.2 8.32
C;-Cq Hydrocarbons 38.2 M0 39.1 35.2 40.2 41.6
C;3-Cyy Mydrocarhons 38.9 1 38.6 M7 411.a a5.0
Ci1+ Hydrocarbons 80.8 102, 87.4 T1.0 78.4 95.2
Wax? 81.1 07.1 2.7 64.4 72.5 02.3
Oxygenales 12.2 12.2 13.4 11.3 14.2 0.56
Total 187. 193. 1R8. 161, 185, 190.
142 Olefins/n-Daraflin Ralio
Cy 1.86 2.01 2.10 1.91 1.62 1.94
Cs 6.34 6.32 1.05 5.36 a.17 4.69
Cq 6.19 6.18 5.87 4.4¢8 5.22 3.56
Ca 3.76 1.0 3.04 J.08 3.51 J.08
Cio 3.50 3.50 3.80 2.87 .19 3.26

* Based on unreduced calalyst
* Based on reaclor volume

* Maximum axinl temperatnre difference
¢ Unanalyzed products collected from hot trap




Table 5 {cont']). Summnry of results for fixed bed run FA-21-1118.

h

Perind 1 |2 | & [ 4 [ 5 [ o
Weigltt % of Il ydrocnrhon:

Cli« T 6.37 4.84 h.74 5.70 h.06 102
Ethane 2.18 1.89 2.2 1M 3.1 2.44
Fthylene 4.30 1.43 4.56 5.42 4.68 141
Propnne 1.16 082 1.06 1.33 1.24 L.56

Propylene 7.00 5.02 7.13 6.79 7.20 6.80
n-Batnne 1.05 08 1.01 1.21 1.10 ].58
142 Bulenes 6.27 4.54 6.70 h.21 | 5.bG 5.44
C4 lsomets ST2 S .43 400 500 802
n-Pentane 1.4} 1.25 1.44 1.61 1.06 1.68
142 Pentenes 5.13 4,97 5.36 6.07 5.03 5.10
Cs Isomers A3 A7 420 703 .608 .88
n-Hexane 763 738 670 1.34 919 Dh3
142 Mexenes 2.04 2.80 3.15 3.70 3.37 2.86
Cs Isomers 463 570 091 705 Jq20 0642
n- Weptane 17 .88 509 839 594 Bb77
1 +2 Heplenes 1.90 1.70 2.09 2.23 2.16 1.03
Cy Isomers .370 Ad1 494 576 578 424
n~-Octlane A10 a4 81 42 A10 .301
142 Oclemnes 1.51 1.16 1.36 .04 1.41 009
Cy Isomers 244 105 2R8 170 .201 J47
n-Nonane 415 260 o 183 .390 27b
142 Nonenes 1.44 876 1.10 493 1.24 844
Cp Isomers .354 108 R KK 0745 236 0072
n-Decane 388 .283 309 1) 445 .298
142 Decenes 1.34 979 1.18 892 1.40 952
Cio lsomers | 302 211 476 181 342 148
n-Undecane 310 257 202 J40 399 227
142 Undecenes 1.02 884 JR1 Lol 1.20 761
Cq1 Isomers 301 249 270 202 211 139
Cs-Cy 21.8 1.2 22.3 23.6 23.6 23.1
Cs-Cq; 22.2 19.2 22.0 23.2 21.4 19.6
Ciz 40.6 60.8 419.9 4115 410.0 52.8
Waxd 41.5 53.8 17.2 43.1 12.5 51.3

4 Unanalyzed products collected from hot trap
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Fable 6. Summary of Dinder/Suppnrl calnlyst lests.,

Condilions

% Conversion

Wi % Hydraeathons

Calalyst Run Bal TOS (k) T(°C) P(M{a) SV* IL/CO STY' O Hy+CO Usage N, C)-Cy Cs-Cyy Crat

100 Fe/8 Cuf4.2 K FA-31-111R | 47.5 231b 1.48 2.00 1.03 0.070 06 7RI 0.70 6.4 208 222 40.6

2 T1.h 235 1.48 3.00 1.09 0.007 656 54.8 0.60 4.8 0.2 10.2 56G.8

3 04.6 250 1.48 .00 1.03 6.116 788 654 0.49 5.8 22.3 22,0 499

4 119.8 220 .48 1.0 1.03 .20 373 330 080 51 226 212 476

e 142.7 215 1.4R 1.09 1.03 0042 K47 472 074 4.0 226 244 460

0c 16R.5 235 3.00 3.0 1.03 0.001  55.0 51.3 0.87 LRl 2.1 10.5 h2.8

100 Fe/5 Cu/4.2 K/8 SiO, FA-G3-0418 | 10.0 235 1.48 2.00 1.10 0.0 938 767 0.7! 6 164 20.1 60.0
2 2.0 215 1.48 4.01 1.10 0.094 (4.5 5.8 0.71 3.2 10.9 203 59.0

J 96.0 250 |48 4.01 i.10 0014 ROG 5.1 0,74 3.7 16.0 12.4 ar.0

4 121.0 220 1.4R 2.00 1.10 0.05% 7340 f2.1 077 2.8 18.0 15.4 65.8

e 145.0 215 3.00 4.01 1.10 0.076 46.4 127 oM 2.8 17.5 16.7 6.0

0 169.0 215 1 AR 2.00 110 0.040 520 448 N0.IR 34 IRA 16,5 613

100 Fe/6 Cu/4.2 K/2b 5i0y  FA-66-0548 | 10,0 234 1.48 2.00 1.00 0.049 600 550  O.R% 5.7 22.1 15.2  50.4
2 2.6 236 1.48 4.01 1.00 0.069 394 385 0.05 5.0 224 17.1 5.0

3 0.5 250 1 4R .01 1.00 0.08] 7R2 67.6 0.73 8.1 20.0 1.9 42.0

4 120.0 220 1.48 2.04 1.00 0.028 207 31.1 .04 1.8 23.2 0.7 613

6 1446 235 206 400 1.00 0.0R6 495 4R.1 094 40 228 165 617

100 Fe/5 Cu/4.2 K/100 SiO; FA-68-0668 | 10.56 234 1.48 1.00 1.00 6026 243 20 1.39 5.2 17.2 204 K72
2 12.0 236 1.48 3.99 1.00 0.039 175 22.0 1.61 4.4 14.0 10.5 64.2

k] 96.0 2450 {18 1.09 1.00 0.031 308 35.2 1.29 58 18.6 25.9 49.7

4 119.0 220 1.48 2.01 }.00 0.014 113 15.8 1.79 4.5 15.8 JR.3 Gl.4

b 113.0 236 1.4R 1.00 1.00 0.023 20,1 0.7 1.6 5.2 16.8 IR.5 59.5

6 1690 235 296 390 1.00 0052 224 204 163 45 156 155 64d

100 I'r/5 Cu/4.2 K/B Al;O3  FA-73-0828 I 47.5 215 1.44 2.01 1.00 n.pa?r 003 7h.) 0.66 48 18.4 10.3 5.5
2 72.0 234 148 4.02 1.00 0.0R1  56.0 17.0 0.GR 4.2 17.4 1.4 60.0

3 96.0 250 1.48 4.02 1.00 0.104 69.R STR 006 4.9 19.2 2002 557

4 118.6 220 1.48 2.0! 1.00 0.028  36.% 3.7 072 1.1 17.0 189 50.0

k¢ ILER 235 1.48 2.01 1.00 0038  50R 424 0.A0 40 19.6 1IR3 K7.2

6¢ 168.0 215 2.96 4.0 1.00 0.071 422 100  0.90 1.6 21.9 1.3 54.2

100 Fr/5 Cu/d.2 K/20 Al;Os FA-76-0968 | 11.6 246 148 2.0 1.n0 00582 R2.2 AR 0.66 3.6 16.7 10.2 G0.5
2 T1.8 235 148 41.03 .00 0.063  41.2 6.3  0.71 .7 16.9 174 62.0

k] 95.5 250 1.48 2.3 1.00 o.0nda B8R 734 0.65 48 210 215 LY A

4 120.0 220 1.4R 2.03 1.00 0.020 247 220 0.79 4.0 195 218 547

5¢ 141.6 235 148 2.0 1.00 0.028 237.1 s 0.7 5.1 21.5 202 532

éc 168.0 235 3.00 4.03 1.00 0.055 33.0 30.5 0.87 1.8 21.9 10.2 54.1

Ruhechemie LP 33/81 FB-00-1348 2 48.0 225 1.48 4.06 0.08 0.061 308 3.8 1.18 3.8 14.% 17.1 G4.6
(100 Fe/5 Cn/4.2 K/24 SiO,) k| 06.0 2 1.44 1.99 0.08 0.044 469 40} 1.07 4.3 17.6 17.0  6l.1
4 120.0 250 1.48 f.00 0.98 0.054 645 603 0.88 5.3 20.8 1.2 547

b 144.0 220 148 1.09 0.08 0.023 229 259 1.4 4.7 188 106 569

¢ 10R.5 235 2.060 1.99 0.98 0.005 334 36.7 1.17 3.9 17.1 1n.1 (2.9

*Space Velocily (SV) [=] Nl/g-cat-h

*Space Time Yield (STY) |=) mols(Hy + CO)/g-cat-h

‘Balance made with partially deactivaled catalyst




Table 7. Fractiona! metal exposures for selected H, and CO reduced cataltysts.

Fractional Metal Exposures
Reductant

Nominal Catalyst Composition H, CO
100 Fe 0.036 0.064

100 Fe/1 Cu 0.015 —_—
100 Fe/3 Cu 0.022 0.077

100 Fe/0.2 K 0.035 -_
100 Fe/2 K 0.035 0.020
100 Fe/1 Cu/0.05 K 0.020 0.023
100 Fe/1 Cu/0.2 K 0.020 0.023
100 Fe/5 Cu/42 K 0.022 0.023
100 Fe/5 Cu/4.2 K/8 §i0; 0.034 0.022
100 Fe/5 Cn/4.2 K /25 SiO; 0.036 0.021
100 Fe/5 Cu/4.2 K/8 Al;03 0.023 0.040
100 Fe/5 Cu/4.2 K/25 A1,05 0.022 0.051



Table §. Major events occurring in run SA-99-0888.

TOS (h) Event

- 17 Catalyst pretreatment:

CO, 280 °C, 0.79 M Pa, 16 Ah.

0 Initiated synthesis gas.

4.0 Achieved desired operating conditions:

250 °C, 1.48 AfPa, (H;/CO) = 0.67, 2.0 Nl/g—cat-h
49.0 Conditions stable, (H2+CO) conversion = 45.9 %.
945 Conditions stable, (H.+COQ) conversion = 46.1 %.
166.5 Conditions stable, (H;+CO) conversion = 43.1 %.
264.0 Conditions stable, (H;+CO) conversion = 43.8 %.
336.0 Conditions stable, (H;+CO) conversion = 44.4 %.
343.0 Changed process conditions:

250 °C, 1.48 MPa, (H,/CO) = 0.67, 4.0 NI/g—cat-h
391.0 Changed process conditions:

250 °C, 1.48 M Pa, (H,/CO) = 0.65, 1.0 NI/g—cat-h
439.0 Changed process conditions:

235 °C, 1.48 MPq, (H,/CO) = 0.65, 2.0 N1/g~cat-h
488.0 Changed process conditions:

235 °C, 1.48 M Pa, (H,/CO) = 0.67,1.0 Nl jg—cat-h
531.0 Changed process conditions:

265 °C, 1.48 M Pa, (H,/CO) = 0.67, 2.0 Nl/g—cat-h
584.0 Changed process conditions:

250 °C, 1.48 M Pa, (B./CO) = 0.67, 2.0 N1/g—cat-hk
619.0 Replication of initial process conditions:

(H;4+CO) conversion = 36.0 %.
627.0 Changed process conditions:

250 °C, 1.48 M Pa, (H;/CO) = 1.0, 2.0 Ni/g—cat-h
699.0 Changed process conditions:

250 °C, 2.96 MPa, (H,/CO) = 1.0,4.0 Nl/g-cat-h
721.5 Voluntary termination of run SA-99-0888.

L5




Table 9. Wax and solids inventory for run SA-99-0888.

TOS (R) Description

— 42 Reactor charged with 301 g-wax, 34.6 g~cat
-1 5.2 g-wax, 0 g—cat removed after reduction
101 269 g—~wax, 1.5 g~cat removed
173 176 g-wax, 0.3 g—-cat removed

266 231 g-wax, 0.1 g-cat removed

342 168 g-wax, 0.5 g-cat removed
390 101 g-wax, 0.4 g—cat removed
438 49 g~wax, 0.2 g~cat removed
488 27 g-wax, 0.1 g-cat removed
534 23 g-wax, 0.1 g-cat removed
577 61 g-wax, 0.3 g-cat removed

607 47 g—wax, 0.3 g—cat removed

650 36 g-wax, (.2 3—cat removed
722 69 g-wax, 0.4 g-cat remo'u;ed
722 315 g-wax, 24.4 g—cat removed at end of run,

106 % wax recovery, 83 % solids recovery
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Table 10, Summary of results for slurry run SA-00-0R88.

Catnlyst: 34.6 g, 1.’ 33/81

Slurry liquid: 270 g, Purified n-octncosane
teactor volume: 385 ec*

Period 1 2 3 1 b i 7
Date 3/30/88 41/1/88 4/4/88 1/1/88 4/10/88 4/13/88 41/16/88
Time on Stream (h) 410.0 04.5 164.5 264.0 330.0 380,.0 385.0
Bnlance Duration (h) 1.0 6.0 6.0 6.0 6.0 6.0 6.0
Avernge Temperature (°C) 250, 250, 250, 250, 250, 250, 260,
Pressure (M [’a) 1.48 1.48 1.48 1.48 1.48 1.48 1.48
113/CO Feed Ratio 007 007 .0087 667 667 087 062
Space Velocity (N1/g-cat-h)* 2.00 2.00 2.00 2.00 2.01 4.00 1.00
Space Velocily (Ni/g-Fe-h) 3.81 3.81 3.81 3.81 1.82 7.82 1.91
GNSv (h-1)t 180, 180, 172, 1. 171, 338, 82.9
CO Convetsion (%) 42.7 13.2 11.2 41.1 40.4 25.7 56.0
1134 CO Conversion (%) 46.9 46.1 43.1 43.8 444 28.3 56.1
H3/CO Usage 790 110 740 174 835 836 655
STY (mols H;+CO/g-eat-h)® 041 011 .038 030 040 050 026
Pco, * Pu,/Pco * Pi,o 1.21 1.26 1.19 1.35 1.20 .708 2.64
Weight % of Outlet
", 2.33 2.34 2.62 2.45 2,28 .21 2,01
11,0 4,86 41.86 6.13 4.31 4.18 4.1¢ 3.69
co 56.3 65.8 56.9 57.7 67.2 73.2 43.1
CO, 256.0 25.7 24.2 24.0 2.7 11.8 354
Hydrocarbons 5.85 6.6} h.81 6.18 7.24 5.23 10.0
Oxygennles 505 407 .52 .643 .306 252 .670
Wax¢ 5.24 6.24 4.8 4.78 4.61 2.14 4.2)
Yield (g/Nm¥ 11, + CO Converted)
Cly 1.80 8.33 9.73 0.86 9.67 10.5 12,0
C;-C4 Hydrocarbons 32.9 1.6 d0.7 42.8 44.9 4).6 §5.3
Cs-Cy1 Hydroeatbons 40.7 36.0 41.9 4).8 02.0 G1.0 67.4
Ci2+ Nydrocarbons 103. 08.8 90.8 05.3 93.8 82.8 72.9
Wax* 87.1 80.0 80.8 83.0 81.1 61.6 8.2
Oxygenatles 8.40 6.72 0.02 11.2 6.44 6.719 0.30
Tolal 193. 180. 201, 203. 217. 205. 217,
1+2 Olefins/n-Paraflin Ratio
G . 1.82 1.68 1.64 1.52 1.45 2.21 843
Cs 1.51 g.01 7.33 7.02 6.91 7.32 6.73
Cs 6.21 6.61 5.96 5.82 5.68 a.00 4.07
Cs 3.32 .30 2.89 2.08 2.85 3.39 2.28
Cio 2.80 2,77 2.3 2.44 2,24 2.18 1.86

% Based on unteduced calalyst
¢ Unnnalysed wax withdenwn from renclor

¢ Based on static slurry volume




Table 10 (copt’d). Suminnary of results for sluery run SA-09-0888,

Period 8 0 10 11 12 13
Date AJ17788 | 4/19/88 | 4/21/88 | 4/33/88 | 1/35/88 | 4/27/6B
Time on Strenn (h) 411,56 128.0 571.0 619.0 067.5 715.5
Balance Duration (h) .0 6.0 0.0 8.0 6.0 6.0
Average Tempetature (°C) 215, 235. 265. 250. 250. 250,
Pressure (M Pa) 148 1.48 1.4R 1.48 1.48 2.06
H3/CO Feed Ratio Si62 067 A67 669 j.on 1.02
Space Velocily (Nl/g-eat-h)* 2.01 1.00 2.00 2.02 2.02 4.03
Space Velocity {N{/g-Fe:h) 3.83 L0 3.82 3.85 3.85 7.68
GHSV (h-1) 165. 82.3 164. 163. 162. i,
CO Conversion (%) 18.8 do.6 67,3 32.8 48.5 30.8
N34 CO Conversion (%) 23.0 a6.8 56.9 35.0 46.4 30.8
13/CO Usnge 1.0l M0 663 .820 800 1.20
STY (mols H44-CO/g-cathi)® 021 016 051 002 ..041 Rirj|
Pgo, * Pu,/ Peo M0 Al8 7006 4,38 1.13 1.0b6 Dh90
Weight % of Outlel
H, 3.23 2,60 2.06 2.80 4.04 4.11
H.0 4.20 5.10 2.62 3.07 6.35 8.53
co 78.9 G6.06 41.9 66.7 50.0 02.2
CO, 7.66 16.5 30.4 18.5 27.0 134
Ilydrocarbons 4,64 6.05 11.0 8.53 10,0 0.01
Oxygenates 318 AT9 420 527 0870 .8356
| Was® 1.10 2.02 2.3 2.05 1.90 1.91
Yield (g/Nm*® H3 + CO Converled)
Cily 1.1 10.7 15.0 12.8 168 11.6
C3-C¢ Hydrocarbons 57,4 b1.1 54.0 62.6 68.3 50.8
C3~Cyy Hydroceatbons 70.8 67.9 64.9 50.8 56.1 60.4
Cia+ Bydrocarbons h1.8 50.8 40.0 57.6 9.0 50.3
Wax¢ 37.3 14.1 35.0 43.6 27.0 30.3
Oxygenales 10,8 10,6 6,13 11.2 0.19 13.2
Total 202, 200. 189, 104. 179, 186.
1-+2 Olefins/n~Paeaflin falio
Ca 2,19 1.70 700 1.47 8065 1.44
Cs 6.61 6.58 6,12 6.59 4.85 4.02
Cs 5.33 5.01 4,08 5.43 4.16 .81
Ca 2,98 2.85 2.23 2.53 2.13 2,50
Cio 2,39 2.34 1.1 2,05 1.03 1.02

% Pased on unreduced catalyst
¢ Unanalyzed wax withdeawn from renctor

* Bnsed on stalic slurry volume




Table 10 (copt'd). Summary of resulls for shurry run SA-00-0888.

Petlod T | 2 | a [ 14 ] & | ¢ 7
|~ Welght % of Mydrocarbons

ClA 4.26 4.64 h.no h.14 4.60 5.30 5.718
Fthane 1.80 2.20 2.40 2.66 2.60 1.07 4.51
Ethylene 122 3.70 3.76 .78 3.62 4.00 3.66
Propane 100 1.00 0590 1.00 000 1.02 1.566
Propylene 673 6.33 0.71 7.08 8.57 1.4 8.54
n-Dutane 818 1.00 042 1.00 1.090 1.07 1.35
142 Butenes 4.00 5.70 6.42 6.10 5h.86 6.17 6.47
Cq Isomers 480 052 .533 hh6 511 522 06562
n-Penlane 1.18 1.22 1.28 1.49 1.39 1.4 1.70
142 Pentenes 4.46 4.61 4,62 6.45 5.12 6.41 5.50
C; lsomers 207 310 361 AN 410 220 80t
n-1lexnne .881 B0 1.12 .044 1.34 1.00 1.40
14-2 Hexenes 2.64 1.01 2.02 2.75% 4.02 3.06 .04
Cg Tsomers 500 A46 A73 A6 540 5RO 027
n-llepinne 537 446 304 502 1.00 1.01 1.26
142 Heplenes 1.74 1.36 1.02 1.09 2.71 2.97 2.76
Cy Isomers 333 281 367 .259 JR3 4590 442
n-Oclnne 478 3567 4090 AT1 .810 763 1.09
142 Oclenes 1.50 1.19 1.30 1.38 2.29 2.5 2.44
Cp lsomers .242 A1 .5h8 169 .281 .230 419
n-Nonnne 4h2 430 438 498 746 707 1.05
142 Nonenes 1.40 1.36 1.28 1.34 2.02 2.28 2.18
Cp Isomers 0022 1660 252 .108 .208 .200 76
n-Decnne .0390 573 605 628 870 883 1.05
142 Decenes 1.717 t.67 1.40 1.51 2.02 2.42 1.00
Cjo Isomers R 138 140 k1 .232 301 257 AB7
n-Undecane 121 654 037 587 878 04 1.02
142 Undecenes 1.78 1.86 1.43 1.42 1.7} 2.22 1.58
Ciy lsomers .100 201 362 .308 A6 348 420
C3-Cy 17.8 20.9 20.8 22.2 213 22.0 20.0
Cy-Ciy 22.1 10.56 2190 22.8 29.5 Mo 2.5
Cit 65.8 §6.0 52.2 40.1 4.0 107 36.1
Wax* 47.2 48,2 18.4 43.6 38.4 20.0 28.1

¢ Unanalysed wax withdrawn from teaclor
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Table 10 {copl'd). Summary of tesulls for slnrry run SA.09-0888,

Perionl R L 10 1t 12 13

[ Welght % of ilydrocarbons
- CHA 5.83 6.03 8.1h 7.00 1.35 .08
Ethane 3.20 3.31 5.35 3.86 5.78 3.82
Ethylene 6.03 5.26 3.50 5.29 1.66 5.16
Propntie 1.42 1.3 1.87 1.42 2.28 2.01
Propylene 8.03 8.38 9.14 8.04 10.6 8.80
n-Nulane 1.42 1.38 1.61 1,38 2.07 1.87
142 Bulenes 120 4.70 7.28 7.23 8.3t 6.87
Cy4 lsomets 064 637 081 503 841 752
n-Peniane 1.85 1.09 217 1.02 2.45 2.13
142 Pentenes 8.22 8.5 6.58 7.64 7.23 .80
Cs Isomets D78 870 1.14 880 1.02 823
n-Hexane 2.80 1,76 1.70 1.67 1.66 1.53
142 llexenes 5.03 4,24 3.63 4.43 4.07 4.80
Cg Isomers KTk 004 781 803 .784 852
n-leplane 1.05 1.53 1.43 1.00 I.14 1.15
142 Heptenes 2,85 3.07 2.52 2.67 2.41 3.02
Cy Isomers 1.03 442 079 047 b1b 028
n~QOclane 24 1.04 1.06 70 L0 D062
142 Oclenes 2.12 2.92 2.20 1.93 1.87 2,30
Ca Isomers 283 288 bho7 334 293 4908
n-Nonane .98 R: 10 .06 643 848 860
142 Nonenes 1.88 2.40 2.03 147 1.62 1.82
Co lsomera 280 2310 5ab 250 483 308
ni~Decane 800 1.03 1.18 808 1.000 083
142 Decenes 1.01 2.38 1.08 1.63 1.60 1.80
Cio Isomers | 413 409 648 86 463 385
n-Undecane 823 1.06 1.18 .880 1.02 1.04
14-2 Undecenes 1.66 2.01 1.68 1.52 1.39 1.71
Cit fsomers 188 418 624 459 509 A37
C3-Cy 30.0 . 27.0 29.4 28.8 a.h 20,3
Cs~Ciy 37.0 35.0 354 32,7 33.2 3.9
Cizt 27.1 s 27.0 LG 23.0 290.1
Wax¢ 19.5 23.3 19.2 23.0 15.0 17.6

¢ Unanalyzed wax withdrawn from reactor




Table 11. Summaty of tesnlts for fixed hed run FA-03.1308,
Catalyst: 3.40 g¢, 100 Fe/t Cu/4.2 K/8 5i02 Diluent: 35.1 g, Glass bendls
Chalalyst volume: 3.80 cc Diluent Volume: 23.0 cc
Period 1 2 3 4 3 0 7 8
Date 5711 | §/15 | &/10 | &/23 | 6/21 | /3 6/3 6/0/88
Time on Stream (h) 48.0 144.0 240.0 336.6 432.0 528.0 600.0 862.0
Balance Duration (h) 8.0 6.0 6.0 6.0 6.5 7.5 0.6 1.2
Average Temperature (°C) 235. 236. 235. 235, 225. 235, 250. 215,
Maximum A Temperature (°C)" 2,30 1.50 1.40 2.00 1.40 1.50 1.50 2.40
Pressure (M Pa) 1.48 1.48 1.48 1.48 1.48 1.48 1.48 1.48
tl3/CO Feed Ratlio 1.03 1.03 1.02 .089 .089 .689 .680 1.03
Space Velocity (Nl/p-cat-h)* 1.00 1.90 1.00 1.00 1.00 1.09 1.09 1.00
Space Velocity (Ni/g-Fe-h) 324 3.24 3.24 3.24 3.24 3. 3.24 3.2
GUSY (h")* 261, 261, 261, 251, 261. 2561, 261. 261,
CO Conversion (%) p4.0 87.5 08.1 48.6 2.7 41.2 48.7 371
11;4CO Conversion (%) 1.9 71.8 56.0 16.0 12.1 40.1 46.4 37
H3/CO Usage 660 664 603 508 .830 647 .600 740
STY (mols H34+CO/g-cat-h)* 009 004 061 041 037 036 o4l 028
Poo, * Puy/Pco * Puyo 3.1 13.7 8.01 4.52 a1 3.60 4.48 2.99
Weight % of Ontlet
i, 2.70 3.04 3.76 2.76 2.88 2.02 271 5.11
A N,0 5.53 0.01 4.69 2.20 2.34 2.32 2.6 N
Cco B.11 11.8 20.0 49.3 64.4 66.6 40.1 69.0
CO, 62.7 65.8 4.0 J2.4 28.9 28.1 33.8 22.6
Nydrocarbons 15.0 15.6 11.2 8.10 71.20 6.80 8.00 6.95
Oxygenales 1.33 1.68 1.1 519 A27 346 416 .002
Wax? 7.58 6.17 5.75 4.39 .84 2.06 2.07 2.10
Yicld (9/Nm" il; 4 CO Converled) K
Cil, 8.01 6.01 7.88 6.67 7.46 8.10 {2.0 13.4
C,-C4 Hydrocarbons 33.6 32.4 324 214 29.4 30.3 383 40.2
C3s~Cyy Hydrocarhons 40.3 38.7 R .6 a2 213 30.0 339
Ci3+ Nydrocnrbons 108, 120, 118, 141, 133. 123, 113. 04.1
Wax! 63.1 56.1 66.4 73.6 00.8 56.8 49.6 434
Oxygenates 1.t 143 12.9 8.70 7.70 6.64 6.93 12.5
Total 190, | 212. | 208 | 218. | 208 | 195 | 200. 200
142 Olefins/n-Paraflin Ratio
C; 2.08 2.84 2.70 2.60 2.7 2.08 1.62 1.04
Cs 0.49 0.60 6.44 1.62 1.36 7.40 7.78 6.28
Cy 8.23 5.28 5.28 6.17 6.05 6.12 6.56 5.16
Cs ] 5.00 417 .1 4.02 n.569 4.20 4.08 3.8
Cio 3.99 3.3 3.356 3.70 3.87 3.18 2.01 2.02
* Nased on unreduced catnlyst ? Maximum axinl lemperature difference
¢ Based on reaclor voluine 4 Unrecovered products from wax annlysls
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Table 11 (cont'd). Sununnry of results for fixed bed run FA-83-1308,

Perind i [ 2 | a | 4 T » | & | 7 | 8
Welght % of llydracarhions

CH4 4.26 340 4.03 3.10 .72 4.4 6.19 0.00
Elhane 118 {.33 1.49 1.24 1.56 1.78 2.714 2.04
Ethylene 3.7 3.53 3.73 2,99 3.27 3.45 4,14 6.32
Propane 040 847 B60 501 674 739 873 1.30
Propylene h.82 h.32 5.5 4.24 4.73 5.21 6.48 7.80
n-Bulnne 396 790 773 k] 507 655 700 1.12
142 Butenes 4.52 4.07 3.04 .18 3.490 J.87 4.49 5.60
€y Isomers A1 432 A14 309 342 375 436 576
n-Penlane 1.23 1.10 1.05 1179 810 037 1.03 1.42
142 Pentenes 4.00 anT 3.30 2.714 2.93 3.27 3.60 4.41
Cy Isomers 270 219 2410 JA67 185 .210 236 356
1i-Hexnne Hbh2 454 003 Ah8 09062 ATT A15 074
14-2 Hexenes 2.20 1.87 2.17 1.73 1.76 1.02 1.01 2.32
Cg lsomers 448 381 463 300 Ald A64 504 .5bb
n-Heptane 473 347 A80 328 20 209 247 A14
142 lleplenes 1.76 1.52 1.46 1.28 1.28 1.20 1.18 1.43
Cr Isomers 207 2356 304 270 205 252 290 272
n-Oclnne 368 J07 ,376 2556 189 J04 182 223
1+2 Oclenes 1.80 1.02 1.37 §.10 1.04 800 .888 847
Cjy Isomers 200 130 J64 L0642 0987 0371 0651 .0989
n-Nonane A62 487 A5 .326 282 214 212 241
142 Nonenes 2,02 1.70 1.4¢ 1.38 1.17 839 .883 822
Cp Isomers 1464 07 147 110 0802 0760 .108 .0837
n-Decane 622 501 504 ATb A12 321 424 437
1-4+2 Decenes 2.06 1.84 1.67 1.77 1.57 1.10 1.22 1.26
Cio Isomers 290 365 2657 207 215 190 243 184
n-Undecane 422 Rik) 4890 AT9 452 .48 .300 442
142 Undecenes 1.656 1.69 1.57 1,79 1.05 1.14 1.92 1.36
C1 lsomers .232 ,222 223 243 206 210 222 204
C3;-Cy 17.8 16,3 16.6 13.1 14.7 4.1 19.9 24.7
Cs~-Cny 214 19.6 18.8 10.5 15.6 14.5 15.6 18.1
Cit 56.5 0.7 60.0 7.3 66.1 Gh.1 58.4 50.2
Waxd 33.5 28.3 34.0 6.2 31.8 30.1 28.7 23.2

4 Untecovered products from wax analysis
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Table 12, Suimary of results for fixed bed run F-00-16R8.

Cntnlyst: 3.40 g*, Ruhrchemle LP 33/81
Catalyst volume: 6,40 ce

Diluent: 35.6 g, Glnss beads
Diluent Volume: 23.0 ¢c

Period 1 2 3 [] b ¢ 7
Date G76/88 | G/13/88 | ©/17/88 | 021788 | 0/25/88 | 6/28/88 | 7/2/88
Time on Stream (h) 11.0 167.0 202.5 300.0 4126.6 528.0 622.6
Balance Duration (h) 1.0 1.2 7.0 6.8 1.0 1.1 7.5
Avernge Tempetature (°C) 260, 260, 260, 280. 250, 250, 250.
Maximnum A Tempernture (°C)* 4.00 4.00 5.00 6.00 0.00 6.00 6.00
Pressure (M Pa) 1.48 1.48 1.48 1.48 1.48 1.48 1.48
H3/CO Feed Ratio .089 .680 .08 686 .680 .080 .980
Space Velocity (N1/g-eat-h)* 2.00 2.00 2.00 2.00 2,00 2.00 2.00
Space Veloclty (Nl/g-Feh) 3.8l 3. 3.81 3.81 3.81 3.8t 381
GIUSV (h-1)¢ 239, 239. 239. 219, 239, 230. 239,
CO Conversion (%) 66.4 62.4 61.6 50.1 46.9 59.1 59.1
H3+4CO Conversion (%) 58.6 55.3 54.4 63.2 60.2 56.0 55.5
H3/CO Usnge Jb7 180 178 100 803 878 .859
STY (mols Ny+CO/g-cat-h)* 062 049 0419 048 046 050 050
Pco, * Pu,/Pco Pi,o 2.22 2.03 2.06 2.14 1.97 2.97 2.83
Weight % of Outlet
1 Y 1.88 1.00 1.00 2.01 2.14 3.10 3.24
1,0 3.07 3.86 J.81 3.48 3.62 6.50 h.76
co 43.1 417.0 47.0 46.1 b1.] 39.0 30.0
CO, 36.8 32,6 32.4 31.2 29.9 3h.6 34.6
Hydrocarbons 11.4 0.28 .43 0.43 8.06 13.0 12.9
Oxygenales .040 .646 501 .39¢0 A21 088 000
Wax? 2.88 4.82 4.01 5.36 3.87 " 2.92 3.63
Yield (9/Nm® iz + CO Converfed) |
Cit, 10.1 10.2 11.2 11.6 12.6 16.1 16.5
C;3-Cq Iydrocarbons 11.2 40.3 45.8 46.2 49.1 b5.8 54.7
Cys-Cyy Hydrocarbons 336 35.8 40,7 42.8 40.4 11.6 46.9
Cis+ Hydrocarbons 06.2 104. 103, 113. 88.7 60.0 81.2
Wax* 30.06 65.2 06.8 713 59.4 34.6 43.2
Oxygenntes 8.18 7.37 7.05 5.72 6.16 1.7 10.8
Total 189. 108, 208, 210. 203. 200. 208.
142 Omsﬁu:l’aui“n Ratio .
Ch 1.68 - L2 1.00 2.00 2.10 1.44 1.64
Cs 1.65 7.8 7.80 7.76 7.74 6.44 8.50
Cy 6.22 6.36 6.33 6.23 6.22 5.13 5.20
Cs 3.80 4.00 3.7 4.03 4.15 3.26 3.10
Ciro 2.62 2.00 .2.78 2.81 3.00 2.27 2.31

® Based on unreduced entalyst
¢ Dased on reactor volume

b Maximum axial temperature difference
¢ Untecovered products from wax analysis




Table 12 (coni'd}. Summary of results for fixed hed run FB-99-1588.

Period r ] 2 {3 | 4 | & [ 6 7
Weight % of Hydrocarhons

Cl4 LR 6.4 h.08 641 0.38 8.04 7.87
Ethane 2.48 2.18 2.2h 2.00 2.33 3.50 3.12
Eihylene 3.87 3.02 4.18 3.00 4.50 4.70 4.49
Propane 1.06 976 1.04 .083 1.13 - 1.50 1.48
Prapylene 7.70 7.29 1.76 1.27 8.35 0.70 .20
n-Butane 1.01 878 .084 000 1.14 1.67 1.4¢8
142 Bulenes a.05 539 6.01 5.0 6.85 7.78 7.36
Cq Isumers .80 500 543 524 508 670 024
n-Pentane 1.43 1.15 1.35 1.46 1.65 2.04 1.87
142 Pentencs 6.11 4.18 5.10 b.51 a.21 6.85 6.38
Cs Isomers Q33 263 300 326 372 499 .450
n-exane 634 709 ,605 665 701 8260 755
142 Hexenes 2.h6 2.66 2.87 2.72 3.50 3.30 3.00
Cg Isomers D78 A6 683 ho4d H32 595 A7
n-Heplane 372 302 401 469 409 .550 A97
14-2 Heptenes 1.51 1.40 1.60 1.93 2.02 1.03 1.7¢
Cy Isomers 343 323 347 317 442 180 306
n-Oclane .202 A1 324 .205 363 465 422
142 Oclenes 1.09 1.24 1.18 .17 1.48 £.48 1.32
Ca lsomers .165 102 174 258 146 163 d52
n-Nonane .280 383 370 .288 S17 Rk A75
142 Nonenes B72 1.18 1.14 013 1.20 1.38 1.22
Cg Tsomers 0008 107 J10 0676 0631 102 126
n-Decane 60 ART A50 360 A72 621 .5h04
142 Decettes 027 1.20 1.23 1.02 1.40 1.39 1.28
Cyo lsomers A14 181 224 J21 J19 100 173
n-Undecane 418 475 AT 408 502 602 603
142 Undecenes .892 1.01 1.09 069 1.26 1.10 1.15
Cyy Isomers 150 J85 105 124 .158 A7 .202
C,-Cy 22.7 21.1 22.8 21.7 25.0 20.6 29.7
Cg-Cny 18.0 8.8 20.2 20.0 23.6 25.3 23.2
Cya 63.1 54.7 51.4 52.9 45.1 30.6 11.2
Wax? 20.2 34.2 34.2 30.2 30.2 18.4 21.9

4 Unrecovered products from wax analysis
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Fignre 1. Anderson-Schulz-Flory plot for run FA-25-2737-1, totnl producis excluding untecovered wax.
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Figure 2. Anderson~Schulz-Flory plot for run FA-25-3077-2, tolal products excluding unrecovered wax.
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% (Ho+CO) Conversion
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Figute 5. Compatison of (H34+C
960 °C, 1.48 M Pa, (113/CO) = 1.0.
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0) conversions for the binder/support catalysts and Ruhrchemic LP 33/81:
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TCD Response (arbitrary units)
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Figure 8. TPR profile in H; at 20 °C/min for caldned (16 hrs in air at 300 °C) sample of commercial
Ruhrchemie catalyst.
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Figure 9. TPR profiles in H; at 20 °C/min for calcined (16 hrs in air at 300 °C) samples of: (a) 100
Fe/5 Cu/4.2 K /8 Si0,; (b) 100 Fe/5 Cu/4.2 K/25 SiOa2; (<) 100 Fe/5 Cu/4.2 K/100 SiO-
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TCD Response (arbitrary units)

Figure 10. Isothermal reduction profile in H> for calcined (16 hrs in air at 300 °C) sample of com-
mercial Ruhrchemie catalyst.




TCD Response (arbitrary units)
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Figure 11. Isothermal reduction profile in CO for calcined (16 hrs in air at 300 ¢C) sample of com-
mercial Rehrchemie catalyst.
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TEUS AS UNIVESITY

Fignre 12. XPS spectra of commercial Ruhrchemie catalyst in Fe 2p region. (a) following calcination

for 16 hrs at 3060 °C; (b) iollowing exposure of (2) to CO at 300 °C; (c) following exposure
of (a) to H2 at 300 °C.
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Figure 13. XPS spectra of commercial Ruhrchemie catalyst in Si 2p region. (a) following calcination

for 16 brs at 300 °C; (b) following exposure of (a) 10 CO at 300 °C; (¢) fol]owmg exposure
of (a) 1o Ha at 300 °C.
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Figure 14. XPS spectra of commercial Ruhrchemie catalyst in K 2p and C 1s regions. (a) following
calcination for 16 hrs at 300 °C; (b) following exposure of (a) to CO at 300 °C; (¢) following
exposure of {a) to Hx at 300 °C.



Figure 15. XPS spectra of commercial Ruhrchemie catalyst in O 1s region. (a) following calcination
for 16 hrs at 300 °C; (b) following exposure of (a) to CO at 300 °C; (c) following exposure
of (a) 1o H, at 300 °C.
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Figure 16. XPS spectra of commercial Ruhrchemie catalyst in Cu 2p region. (a) following calcination
for 16 hrs at 300 °C; (b) following exposure of (a) to CO at 300 °C; (c) following exposure

of (a) to H, at 300 °C.
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TCD Response (arbitrary units)
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Figure 17. Isothermal reduction profile in H» for calcined (16 hrs in O at 300 °C) sample of 23 wt
% Fe/Si0,.
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Figure 18. TPR profile in Hs at 20 °C/min for sample of 25 wt % Fe/Si0; that had been previously
treated for 15 hrs in H; at 300 °C.
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Figure 19. XPS spectra of 25 wt % Fe/SiO; in Fe 2p region following calcination for 16 hrs at 300
°C and subsequent treatment in H, for 16 hrs at 300 °C.
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Figure 20. FT-IR spectra of NO adsorbed at 25 °C on 25 wt % Fe/Si0 that had been. calcined for
16 hrs at 300 °C and subsequently treated in H; for 16 hrs at 300 °C. The uppermost
spectrum was obtained jollowing exposure of the sample to 10 torr of NO for 15. min,
followed by evacuation. The second spectrum was obtained imm'ediately afte.r_ a@ss:on
of 10 torr of O at 25 °C. The remaining spectra were then obtained at 15 min intervals

in the continuing presence of gaseous Q.
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Figure 21. FT-IR spectra of NO adsorbed at 25 °C on 25 wt % Fe/SiO; containing 1 wt % K that
had been calcined for 16 hrs at 300 °C and subsequently treated in H, for 16 hrs at 300
°C. The uppermost spectrum was obtained following exposure of the sample to 10 torr of
NO for 15 min, followed by evacuation. The second spectrum was obtained immediately

after admission of 10 torr of O; at 25 °C. The remaining spectra were then obtained at
15 min intervals in the continuing presence of gaseous O,.
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Figure 22. FT-IR spectra of NO adsorbed at 25 °C on 25 wt % Fe/Si0; containing 5 wt % K that
had been calcined for 16 hrs at 300 °C and subsequently treated in H; for 16 hrs at 300
°(.. The uppermost spectrum was obtained following exposure of the sample to 10 torr of
NO for 15 min, followed by evacuation. The second spectrum was obtained immediately
after admission of 10 torr of 02 at 25 °C. The remaining spectra were then obtained at
15 min intervals in the continuing presence of gaseous Oz.
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Figure 23. FT-IR spectra of NO adsorbed at 25 °C on 25 wt % Fe/Si0O; that had been calcined for
16 hrs at 300 °C and subsequently treated in H, for 8 hrs at 730 °C. The uppermost
spectrum was obtained following exposure of the sample io 10 torr of NO for 15 min,
followed by evacuation. The second spectrum was obtained immediately after admission
of 10 torr of 02 at 25 °C. The remaining spectra were then obtained at 15 min intervals
in the continuing presence of gaseous O;.
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Figure 24. FT-IR spectra of NO adsorbed at 25 °C on 25 wt % Fe/Si0; that had beeif caléined for
16 hrs at 300 °C and subsequently treated in H, for 16 hrs at 730 °C. The ufpermost
spectrum was obtained following exposure of the sample to 10 torr of NO: for'l5 min,
followed by evacuation. The second spectrum was obtained immediately affer Gdmission
of 10 torr of Oz at 25 °C. The remaining spectra were then obtained at 15 rhifi-intervals
in the continuing presence of gaseous 0.
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