DOE/PC/93069-5

Development of Precipitated Iron Fischer-Tropsch Catalysts

Quarterly Technical Progress Report
for the Period 1 April 1995 — 30 June 1995 .

Texas Engineering Experiment Station Project 32525-44580

Prepared by: Dragomir B. Bukur
Contributors: X. Lang ‘
G. Wei
S. Xiao

Texas A&M University
Department of Chemical Engineerin
College Station, Texas 77843-3122

August 17, 1995

Prepared for the Pittsburgh Energy Technology Center,
the United States Department of Energy Under Contract No. DE-AC22-94PC93069
Richard E. Tischer, Project Manager (PETC) =
S
& &4
“U.S. Department of Energy Patent Clearance not required S ro & nm7
prior to publication of this document” . = ,%’{:3
2 = i
g2 3<
= amn
g ¥ o
= = ©
<

MASTER

DISTRIBUTION OF THIS DOCUMENT IS UNLRAMTED a




NOTICE

Thlsreportwasprep:;redasanaccount ofwork sl‘)(')ns.o.réd.f)y an aéency of the .United States
Government. Neither the United States nor any agency thereof, nor any of their employees,
makes any warranty, expressed or implied, or assumes any legal liability or responsibility of any
third party's results of such use of any information, apparatus, product or process disclosed in this

Ieport,. or represents that its use by such a third party would not infringe privately owned rights.

PATENT STATUS

U.S./DOE Patent Clearance is not required prior to the publication of this document.

TECHNICAL STATUS

This technical report is being transmitted in advance of DOE review and no further dissemination
or pubﬁcaﬁon shall be made of the report without prior approval of the DOE Project/Program
« .

Manager.

. - -

A et

i




Im. 1
I 2
1. 3.
1. 4.
II. 5.
. 6
m. 7
1. 8.
II. 9
II. 10

TABLE OF CONTENTS

Figures

il

Executive Summary................... 1
Objectives and Scope of Work 2

' Detailed Description of .Technica-1 Prc')gress 5
Project Work Plan 5
Engineering Modifications and Training of New Personnel 5
Testing of Previously Synthesized Catalysts 5
Reproducibility of Catalyst Preparation 5
The Effect of Source of Potassium and Basic Oxide Promoter 11
Pretreatment Effect Research 14
Calcination Effect Research 14
Catalyst Characterization. 14
Catalyst Testing in a Bubble Column Slurry Reactor 16
Scale-up of Catalyst Synthesis Procedure 17
Plans for the Next Quarter 17
Tables



L EXECUTIVE SUMMARY

The following accomplishments were made on Task 4. Reproducibility of Catalyst
Preparation: (1) We synthesized another batch of catalyst B with nominal composition 100 Fe/5
.. Cu/6.K/24 Si02, in the amount of 405 g (S-5624-5); (2) Fixed bed reactor tests-of catalyst C
(100 Fe/3 Cu/4 K/16 SiO2) from batch 4 (S5-3416-4) and catalyst B from batch 3 (5-5624-3)
were completed (runs FA-1605 and FB-1715); and (3) Stirred tank slurry reactor tests of these
two catalysts were completed (run SB-1295 with catalyst B from batch 3, and run SA-1665 with
catalyst C from batch 4). Performance of catalysts from new batches (activity, selectivity and
deactivation rates) was similar to that of catalysts from the original batch (synthes1zed during
DOE Contract DE-AC22-89PC89868). Thus, another major objective of the present contract
demonstration of reproducibility of catalyst preparation procedure and performance, has been
accomplished. We plan to conduct another slurry reactor test of catalyst C during the next
quarter, to verify reproducibility of catalyst pérforma.nce of batch 4 catalyst.

Six catalysts (four containing CaO as a promoter, ana two using potassium silicate
solution as the source of potassium promoter) were synthesized for future testing under Task 5.
The Effect of Source of Potassium and Basic Oxide Promoter. Four of thé synthesized catalysts
containing CaO promoter were tested in .a fixed bed reactor to determine their activity and
selectivity during Fischer-Tropsch synthesis. It was found that addition of small amounts of CaO
promoter results in similar performance as that of baseline catalysts, whereas addition of a larger
amount of CaO promoter results in lower activity. The latter is probably due to partial pore
blocking by CaO fesulting in decrease of total surface area and pore volume of the catalyst.

Also, we completed characterization of all synthesized catalysts by atomic absorption,
and BET surface area and pore size distribution measurements (Task 8. Catalyst

Characterization).



IL. OBJECTIVES AND SCOPE OF WORK

The overall contract obje;:tives are to: (1) demonstrate repeatability of performance and
preparation procedure of two high activity, high alpha iron Fischer-Tropsch catalysts synthesized
at Texas A&M University (TAMU) during the DOE Contract DE-AC22-89PC89868; (2) seek
potential improvements in the catalyst performance through variations in proces.s conditions,
pretreatment procedures and/or modifications in catalyst synthesis; (3) investigate performance
of catalysts in a small scale bubble column slurry reactor, and (4) investigate feasibility of
producing catalysts on a large scale in collaboration with a catalyst manufacturer. In order to
achieve these objectives the work is divided into a number of tasks, which are described below

together with the time schedule for their execution.

Task 1. Project Work Plan (April 1-April 30, 1994)

The objectives of this task are: (1) Prepare in detail all activities which shall be performed
for the successful completion of the work for the entire duration of the contract; and (2) Provide
a project work chart showing the key personnel/groups planned for each task, and the percentage

of their time to be devoted to individual tasks.

Task 2. Engineering, Modification and Training of New Personnel (April 1-September 30, 1994)
The objective of this task is to pérfonn the engineering design, procurement of new
equipment, installation of the instruments and auxiliary gas supply lines and to provide training

for new personnel prior to catalyst testing in laboratory reactors.

Ta§k 3. Testing of Previously Synthesized Catalysts (October 1, 1994 - March 31, 1995)

The purpose of this task is to verify reproducibility of results obtained previously at
TAMU with catalysts designated B (100 Fe/5 Cu/6 K/24 SiO3) and C (100 Fe/3 Cu/4 K/16
Si07). The catalysts from the same preparation batch shall be used, and the same pfetreatment
and process conditions shall be employed as in the previous slurry reactor tests of these two

catalysts.




Task 4. Reproducibility of Catalyst Preparation (October 1, 1994 - September 30, 1995)

The objective of this task is to demonstrate reproducibility of catalyst preparation
procedure on a laboratory scale. Catalysts B and C will be synthesized following procedures
developed at TAMU. Catalysts with satisfactory physico-chemical properties will be initially
tested in a fixed bed reactor for screening purposes (5 day tests). Following this the- two catalysts
will be tested in a stirred tank slurry reactor (STSR) using standard pretreatment and process
conditions. The activity, selectivity, deactivation behavior of these new catalyst batches will be

compared to that of the catalysts from the original (existing) batches.

Task 5. The Effect of Source of Pota§§1um and Basic Oxide Promoter (October 1, 1994 -

December 31, 1995)

The objective of this task is to determine effects of two different sources of potassium
and addition of another promoter on the catalyst performance. Catalysts B and C will be
synthesized using potassium silicate solution as the source of potassium promoter, and
performance of these catalysts will be compared with that of catalysts synthesized using our
standard procedure ( i.e. using potassium bicarbonate as the source of potassium promoter).

The effect of CaO promotion on performance of catalysts B and C (two levels of
promotion per catalyst) shall be investigated. Synthesized catalysts will be tested first in a fixed
bed reactor, and if the satisfactory results are obtained the most promising catalyst formulations

will be tested in the STSR.

Task 6. Pretreatment Effect Research (October 1, 1995 - November 30, 1996)

The effect of four different pretreatment procedures, in addition to the baseline procedure,
on the performance of catalyst B (or C) will be studied in a STSR. In addition to STSR tests, the
pretreatment effects will be studied by thermogravimetric analysis (TGA) , differential thermal
analysis (DTA) and temperature programmed reduction (TPR). Iron phases in the catalyst will
be determined by X-ray powder diffraction (XRPD).




Task 7. Calcination Effect Research (Oqtober 1, 1995 - July 31, 1996)

The effect of calcination temperature (300-500°C) on the catalyst physical properties and
performance during FT synthesis shall be studied in a fixed bed reactor and a STSR. In addition
to the baseline calcination temperature of 300°C, the calcination temperatures of 400 and 500°C
will be employed in a fixed bed reactor with flowing air. Also, the effect of rapid ﬂeating (flash

calcination) on performance of catalysts B and C shall be investigated.

Task 8, Catalyst Characterization (December 1, 1994 - March 28, 1997)
The objectives of this task are: (1) Provide basic characterization (by AA, BET, XRPD)

of synthesized catalysts, and used catalysts (by XRPD, Mdssbauer spectroscopy) in support of

other tasks of the project; (2) Attempt to identify and quantify "surface” species on the catalyst
after exposure to CO and/or synthesis gas by temperature programmed techniques (TPR/ TPD/
TPO/ TPRX) coupled with on-line gas analysis by mass spectrometry and gas chromatography.

Task atalyst Testing in a Bubble Column Slurry Reactor (October 1, 1996 - March 28, 1997)

A laboratory bubble column slurry reactor (BCSR) shall be designed, constructed and
used for testing of catalysts B and C to quantify differences in the reactor space-time-yield and
hydrocarbon selectivities between the STSR and the BCSR. This unit will be approximately 2.5
cm (~1 in) in diameter and 1.5 m (~5 ft) tall, with the effective (unexpanded or static) slurry

volume of about 500 cm3.

Task 10, Scale-Up of a Catalyst Synthesis Procedure (April 1, 1996 - March 28, 1997)

By the end of the first eighteen months of this project, the repeatability of the catalyst
performance and catalyst preparation procedure shall be demonstrated. Subsequently, if the
performance of the catalysts is found satisfactory by DOE the Contractor shall work with a
catalyst manufacturer on synthesis of a large batches (~100 Ib) of catalysts B and C. The cost
estimate for the catalyst preparation will be provided upon reviewing details of the preparation
procedure, and submitted to DOE for approval. Upon the DOE approval the Contractor will test

catalysts synthesized by a catalyst manufacturer in a STSR.




.  DETAILED DESCRIPTION OF TECHNICAL PROGRESS

III. 1 Task 1. Project Work Plan

The work on this task was completed. No additional activity to report.

L2 Task2. Engineering Modifications and Training of New Personnel

The work on this task was completed. No additional activity to report.

II. 3 Task 3. Testing of Previously Synthesized Catalysts

The work on this task was completed. No additional activity to report.

HIL 4 Task 4. Reproducibility of Catalyst Preﬁaration

Two fixed bed and two stirred tank slurry reactor (STSR) tests were conducted during the
past quarter; Catalyst with nominal composition 100 Fe/5 Cu/6 K/24 Si07 from batch #3 (S-
5624-3) was tested in a fixed bed reactor run FB-1715, aﬁd STSR run' SB-1295, whereas catalyst
with nominal composition 100 Fe/3 Cu/4 K/16 SiO7 from batch #4 (S-3416-4) was evaluated in
a fixed bed reactor run FA-1605, and STSR run SA-1665. The objective of fixed bed reactor
tests was to obtain preliminary information on catalyst activity and selectivity (screening tests),
before extensive tests in slurry reactors. The objective of STSR tests was to obtain data on
catalyst activity/selectivity, and stability with time, and compare them with previously obtained

data with these two catalysts from the original preparation batch.

Fixed Bed Reactor Tests

Prior to Fischer-Tropsch synthesis the catalysts were reduced in-situ with hydrogen at
atmospheric pressure, and 240°C for 2 h (100 Fe/3 Cuw/4 K/16 Si02 catalyst), or 250°C for 4 h
(100 Fe/5 Cu/6 K/24 SiO7 catalyst). After the conditioning period of about 24 h, during which
the reaction temperature was gradually increased from 210 to 250°C, both catalysts were tested

at : 250°C, 1.48 MPa (200 psig), 2 Nl/g-cat/h using syngas with Ho to CO molar feed ratio of

about 0.67. Test duration was about 120 h including the conditioning period.




IM. 4. 1 Run FA-1605 with 100 Fe/3 Cu/4 K/16 Si0O) (batch 4) Catalyst

Variations in syngas conversion and methane selectivity (%C basis) with time-on-stream
(TOS) are shown in Fig. 1. After 6 h of FT synthesis at 250°C (TOS >30 h) the conversion was
fairly stable, and decreased slowly from 74 to 71% during 90 h of testing (Fig. }a). Methane
selectivity was about 5.5% (5.1-5.8%) throughout the test. Methane selectivity was significantly
higher than that obtained in STSR tests of the same catalyst (from batch 1) during testing at
260°C (2-3.2%) - runs SB-0261, SB-0045 and SA-0705, as well as in the STSR test SA-1665 of
the catalyst from batch 4 (1.8-2.8%). This is probably due to a better temperature control in the

STSR in comparison to the fixed bed reactor.

I11. 4. 2 Run FB-1715 with 100 Fe/5 Cu/6 K/24 Si0O (batch 3) Catalyst

Variations in syngas conversion and methane selectivity (%C basis) with TOS are shown
in Fig. 2. Initial (H2 + CO) conversion was about 74% (TOS = 25 h), but it decreased to 64% at
about 56 h on stream, and then remained constant during the next 60 h of testing. Methane
selectivity increased with time, from 4.6% initially to 5.5% at the end of the run. Deactivation
behavior of the catalyst in this test was similar to that observed in recent STSR tests of this
catalyst (from batch 1)- runs SB-3354 and SB-0665, as well as in run SB-1295 (batch 3)
conducted during this reporting period. Methane and gaseous hydrocarbon selectivities were

higher in the fixed bed reactor than in the STSR tests.

Stirred Tank Shurry Reactor Tests

After the successful fixed bed reactor tests, the two catalysts were evaluated in STSR to
determine their long term acl:.ivity/selectivity and deactivation behavior. Prior to Fischer-Tropsch
synthesis the catalysts were reduced in-situ with hydrogen at 0.8 MPa (100 psig), and 240°C for
2 h (100 Fe/3 Cu/4 K/16 SiO7 catalyst - run SA-1665), or 250°C for 4 h (100 Fe/5 Cu/6 K/24
SiO2 catalyst - run SB-1295). Ethylflo (Durasyn) 164 oil was used as the start-up fluid in both
tests. The process conditions after the reduction were different in these two tests, as described

below.




ITT. 4.3 Run SB-1295 with 100 Fe/S Cu/6 K/24 SiQ2 (batch 3) Catalyst

Ten grams of the catalyst (< 270 mesh in size) from batch 3 (S-5624-3) was loaded for
the test, in 300 g of Ethylflo 164 oil, prior to the reduction. Major events during the run are
shown in Table 1 and detailed results from four mass balances are summarized in Table 2.
Following the reduction with H2 at 250°C for 4 h, the catalyst was initially tested a-t 260°C, 1.48
MPa (200 psig), synthesis gas molar feed ratio of 0.67 (H2/CO = 0.67) and space velocity of 2.2
NV/g-cat/h for 47 h, then at 1.8 NI/g-cat/h for 89 h and finally at 1.6 Nl/g-cat/h for 217 h.
Changes in catalyst activity (in terms of H2+CO conversion) and selectivity (CH4 and C1 + Cp
hydrocarbons) are shown in Figure 3, as a function of gas space velocity and time-on-stream.
Initially the catalyst exhibited high activity, but it deactivated with time. The (H2+CO)
con;/ersion after 8 h at the initial conditions was about 78 %, and it decreased t071 % at46 h
(Figure 3a). Catalyst deactivation continued whén the space velocity was decreased to 1.8 Nl/g-
cat/h (47-135 h) and further to 1.6 NVg-cat/h (136-350 h), but at a lower rate. At 350 h on
stream the (H2+CO) conversion was 66 %. The (H2/CO) usage ratio was fairly stable, and
varied between 0.55 and 0.58, throughout the test.

Low molecular weight hydrocarbon selectivities increased during the first 150 h of
tcsﬁng, and then remained relatively stable as the catalyst éctivity stabilized. As shown in Figure
3b, during the first 150 h of testing methane selectivity increased from 2.7 to 4 mol%, and then
varied between 3.6 and 4 % during the next 200 h of testing. Similar trends were also observed
for other gaseous hydrocarbons. For example, the C1 + C2 selectivity was initially about 6

.mol% (Figure 3c), and it increased to 8 % between 19 and 150 h on stream. However, in the
latter portion of the test the selectivity became more stable (about 8 %) and varied between 7.4
and 8.2 %.

Comparison of Data from Runs SB-1931, SB-3354, SB-0665 and SB-1295

Comparisons of the (H2+CO) conversions and usage ratios obtained in four tests with the

100 Fe/5 Cu/6 K/24 SiO2 catalyst is given in Figure 4. The first three tests (runs SB-1931, SB-




3354 and SB-0665) were conducted using the catalyst from the original preparation batch (S-
5624-1), and their comparison was made in the previous quarterly report (Quarterly Technical
Progress Report for the period January-March, 1995). Here we focus on comparison of results
from run SB-1295 (catalyst from batch 3, S-5624-3) with those obtained using the catalyst from
batch 1. In the original test SB-1931 (with n-octacosane as the initial slurry medium), the syngas
conversion was stable with time. However, in tests SB-3354, SB-0665 and SB-1295 (with
Ethylflo 164 oil as the initial slurry medium) the catalyst deactivated during the first 150 h of
testing (Figure 4a). Comparison of catalyst activity is observed better in Figure 5, where the
apparent first order rate constant, k, is plotted as a function of time. The apparent rate constant
depends on temperature only, which was kept constant in all three tests, and thus provides a
direct comparison of the catalyst activity. Initial activities in all three tests were about the same,
k = 340-380 mmol/g-Fe/h/MPa. In run SB-1931, the apparent rate constant gradually decreased
from 350 to 300 mmol/g-Fe/h/MPa over a period of 400 h. However, in runs SB-3354, SB-0665
and SB-1295 the apparent rate constant was only 200-220 mmol/g-Fe/h/MPa at 400 h on stream.
The activity of catalyst from batch 3 (run SB-1295) was very similar to those observed in runs
SB-3354 and SB-0665 with batch 1 catalyst (Fig. 5).

Usage ratios in all four tests (Figure 4b) were between 0.56 and 0.62 (small variation),
and were somewhat higher (lower water-gas-shift activity) in run SB-1931 (0.6-0.62).

Methane and C1+C2 selectivities in run SB-1295 (catalyst from batch 3) were slightly
higher than those obtained in three tests with the catalyst from batch 1 (runs SB-1931, SB-3354
and SB-0665), as shown in Figure 6. For example, methane and C2-C4 selectivities in run SB-
1295 were 3-4 % and 14-16 %, respectively, whereas the respective values in tests with batch 1
catalyst were: 2.5-3.6 % (methane) and 12-15 % (C2-C4 hydrocarbons). This may be due to the
fact that potassium content of batch 3 catalyst is lower than that of the batch 1 catalyst (5.2 K per
100 Fe (batch 3) vs. 6.4 K per 100 Fe (batch 1)).




I 4. 4 Run SA-1665 with 100 Fe/3 Cu/4 K/16 Si07 Catalyst

About 10.1 g of catalyst (< 270 mesh in size), from batch 4 (S-3416-4), was loaded into
the SA reactor system together with 303 g of Durasyn (Ethylflo) 164 oil (a hydrogenated 1-
decene homopolymer liquid - C3, obtained from Albemarle Co.). After the reduction with Hy at
240°C for 2 h, the catalyst was tested at 260°C, 1.48 MPa (200 psig), 1.4 Nl/g-cat/h and syngas
molar feed ratio of 0.67 (Ho/CO = 0.67).

During the first 257 h on stream, the syngas conversion decreased slowly from 81 to 79
% (Figure 7a). During the same time period the usage ratio, a measure of the water-gas-shift
(WGS) activity, varied between 0.55 and 0.57. Methane selectivity was low, 1.6 - 2.9 mol%
(Figure 7b); the lumped selectivity of C]1 + C2 hydrocarbons was 4 - 6.3 % (Figure 7c), and total
C2 - C4 hydrocarbon selectivity was between 10 and 13 % (not shown in Figure 7). At259 hon
stream, the reaction pressure and space velocity were increased proportionally to 2.17 MPa (300
psig) and 2.05 Nl/g-cat/h, respectively. The catalyst activity decreased moderately during the
next 150 h of testing at higher pressure (up to 410 h on stream), and more rapidly between 410
and 500 h. The syngas conversion decreased from 77 % at 290 h, to 68 % at 500 h on stream,
whereas the usage ratio increased slightly to about 0.58. The methane selectivity was between
2.5 and 2.9 mol%. The total C1 + C2 selectivity was between 6 and 6.6 mol%, and that of C3 -
C4 hydrocarbons was between 13 and 14 mol%. The test was terminated after 500 h on stream.
Table 3 lists major events during the test, whereas Table 4 summarizes results from four

complete mass balances.

Comparison of Data from Runs SB-0261, SB-0045, SA-0705 and SA-1665

Comparison of conversions and the usage ratio among four STSR tests with the 100 Fe/3
Cu/4 K/16 SiO2 catalyst is made in Figure 8, of the apparent rate constant in Figure 9 and of
gaseous hydrocarbon selectivities in Figure 10. The first three tests (runs SB-0261, SB-OO45 and
SA-0705) were conducted using the catalyst from the original preparation batch (S-3416- 1), and

their comparison was made in the previous quarterly report (Quarterly Technical Progress Report




for the period January-March, 1995). Here we focus on comparison of results from run SA:l665
(catalyst from batch 4, S-3416-4) with those obtained using the catalyst from batch 1.

The catalyst from the new batch (run SA-1665) had slightly lower activity (lower syngas
conversion - Figure 8a, and lower apparent rate constant - Figure 9) during the first 400 h of
testing, than the catalyst from batch 1 in tests SB-0045 and SA-0705. Its deacﬁvaﬁon behavior
up to 400 h was also similar to that observed in tests SB-0045 and SA-0705. However, after 400
h on stream the catalyst in run SA-1665, deactivated faster than the catalyst in run SA-0705,
under the same process conditions. Its stability at higher reaction pressure (2.17 MPa) was not as
good as that of catalyst from batch 1 (run SA-0705). The usage ratios (Figure 8b) in the current
test (SA-1665) were similar to those obtained in three tests with the catalyst from batch 1.

Methane and C1 + Cp selectivities in run SA-1665, were between the values obtained
three tests with the catalyst from batch 1 (Figures 10a and 10b). The methane selectivity varied
between 2 and 2.9 mol% in run SA-1665, and it varied between 2 and 3.2 mol% in runs SB-
0261, SB-0045 and SA-0705. Similarly, selectivities of C2 - C4 hydrocarbons were between 10
and 14 mol% in run SA-1665, whereas in runs SB-0261, SB-0045 and SA-0705 selectivities of
Cy - C4 hydrocarbons varied between 8 and 14 % (not shown in Fig. 10).

Concluding Remarks on Multiple Tests with 100 Fe/3 Cu/4 K/16 SiO2 and 100 Fe/5 Cuw/4 K/24
Si0y Catalysts from Two Batches

Four tests were conducted with each of the two catalysts. Three tests were made with
each of the two catalysts, using catalysts from the same preparation batch (batch 1 catalysts),
whereas one test with each of the two catalysts was made with catalysts from new batches. In
the original tests conducted in 1991 (SB-0261 with the 100 Fe/3 Cu/4 K/16 SiO2 catalyst, and
SB-1931 with the 100 Fe/5 Cu/6 K/24 SiO7 catalyst) n-octacosane was used as the initial
medium. In the six tests conducted since December 1994, Durasyn (Ethylflo) 164 oil was used
as the starting fluid. Comparison of results from multiple tests with the same catalyst (from

batch 1) was made in the previous quarterly report (Quarterly Technical Progress Report for the
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period January-March, 1995). It was concluded that the reproducibility of results from multiple
tests with the same catalyst may be regarded as satisfactory.

On the basis of new results obtained during the current qﬁarter, with catalysts from
different batches (run SB-1295 with the 100 Fe/S Cuw/6 K/24 Si0O7 catalyst from batch 3, and run
SA-1665 with the 100 Fe/3 Cu/4 K/16 SiOp catalyst from batch 4) we éonclude that
reproducibility of catalyst preparation procedure may be also regarded as satisfactory.
Performance of catalysts from new batches (activity, selectivity and deactivation rates) was

similar to that of catalysts from the original batch.

HIL 5 Task 5. The Effect Of Source of Potassium and Basic Oxide Promoter

The objective of this task is to investigate effects of two different sources of potassium or
addition of another promoter (CaO) on the catalyst performance. During the reporting period we
synthesized six catalysts (four containing CaO as a promoter, and two using potassium silicate
solution as the source of potassium rpromoter). The synthesized catalysts were characterized by
atomic absorption spectroscopy (AAS), and BET surface area (SA) and pore size distribution
(PSD) measurements (Table 6). Results are described in a section describing progress on Task 8.
Catalyst Characterization.

Four of the synthesized catalysts containing CaO promoter were tested in a fixed bed
reactor to determine their activity and selectivity during Fischer-Tropsch synthesis. Prior to
Fischer-Tropsch synthesis the catalysts were reduced in-situ with hydrogen at atmospheric
pressure, and 240°C for 2 h (catalysts containing 16 parts of SiO7 per 100 parts of Fe on a mass
basis), or 250°C for 4 h (catalysts containing 24 parts of SiO2 per 100 parts of Fe on a mass
basis). After the conditioning beriod of about 24 h, during which the reaction temperature was
gradually increased from 210 to 250°C, all catalysts were tested at : 250°C, 1.48 MPa (200 psig),
2 Nl/g-cat/h using syngas with Hp to CO molar feed ratio of about 0.67. Test duration was 120 -

140 h including the conditioning period.
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Fixed Bed Reactor Tests of Catalysts Containing 16 g of SiO) per 100 g of Fe
M. 5.1 Run FA-1525 with 100 Fe/3 Cu/4 K/2 Ca/16 SiO Catalyst

Variations in syngas conversion and methane selectivity (mol % C basis) with
time-on-stream are shown in Figure 11. After 6 h of FT synthesis at 250°C (TOS >30 h) the
conversion was fairly stable, and decreased slowly from 72 tb 69% during 90 h of testing (Fig.
11a). Methane selectivity increased slightly with time on stream, and throughout the entire test it

varied between 5.7 and 6.6 %.

1. 5.2 Run FB-1515 with 100 Fe/3 Cu/4 K/6 Ca/l

Variations in syngas conversion and methane selectivity (mol % C basis) with TOS are
shown in Figure 12. Initial (H2 + CO) conversion was about 46 % (TOS = 29 h), but it increased
gradually with time to 52-54 % (Fig. 12a). Methane selectivity varied between 6.2 and 6.6 %
between 30 and 85 h on stream (Fig. 12b), and then decreased to about 5.3 % at the end of the
test (140 h).

mparison of Results from Fixed Bed Reactor T f Catal ontaining 1 f Si0Oy per .
1 f F
Performance of catalysts containing CaO promoter is compared with that of the catalyst
without CaO (100 Fe/3 Cu/4 K/16 SiO2 catalyst from batch 4; note that the actual potassium
content of this catalyst is 6.6 K) in Figures 13 and 14. The syngas c.onversions decreased with
increase in CaO promotion. The activity of the catalyst with lower amount of CaO promoter (run
FA-1525 with the 100 Fe/3 Cu/4 K/2 Ca/16 SiO catalyst) was similar to that of the baseline
catalyst (run FA-1605 with the 100 Fe/3 Cu/4 K/16 SiO2 catalyst from batch 4), whereas the
activity (syngas conversion) of the catalyst containing 6 parts of Ca per 100 parts of Fe (run FB-
1515) was markedly lower (Fig. 13a). This may be due to significantly lower surface area of the
latter catalyst in comparison to the other two catalysts (see Table 6). Usage ratios in all three

tests were similar (about 0.6), indicating similar water-gas-shift activities (Fig. 13b). Methane
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(Fig. 14a) and gaseous (C2 - C4) hydrocarbon selectivities (Fig. 14b) were slightly higher on the
CaO promoted catalysts, than on the baseline catalyst.

Fixed Bed Reactor Tests of Catalysts Containing 24 g of SiQ» per 100 g of Fe
II. 5.3 Run FB-1425 with 100 Fe/5 Cu/5 K/2 Ca/24 SiQ Catalyst

The activity (measured by syngas conversion) and methane selectivity of this catalyst
were stable during 120 h of testing (Figure 15). After 40 h on stream, the (H2 + CO) conversion
was about 68 %, whereas the methane selectivity was about 6 mol %. These values are similar to

the ones obtained in run FA-1525 with the 100 Fe/3 Cu/4 K/2 Ca/ 16 SiO3 catalyst.

IIL. 5. 4 Run FA-1705 with 100 Fe/5 Cu/5 K/6 Ca/24 Si05 Catalyst

Results illustrating variations in catalyst activit'y (syngas conversion) and methane
selectivity with time on stream are shown in Figure 16. The syngas conversion increased slowly
with time, from 31 % at 28 h to 36 % at 118 h on stream (Fig. 16a). This is in a qualitative
agreement with results obtained in ran FB-1515 with the 100 Fe/3 Cu/4 K/6 Ca/16 SiOg catal)‘lst,
but syngas convgrsions in the present test were significantly lower than those in run FB-1515.

Methane selectivity was about 6.4 % (5.8-6.8 %).

Comparison of Results from Fixed Bed Reactor Tests of Catalysts Containing 24 g of SiQy per
100 g of Fe

Performance of two caialysts containing CaO promoter is.compared with that of the
catalyst without CaO (100 Fe/5 Cu/6 K/24 SiO2 catalyst from batch 3) in Figures 17 and 18.
Again, the syngas cdnversions decreased with increase in CaO promotion. The activity of the
catalyst with lower amount of CaO promoter (run FB-1425 with the 100 Fe/5 Cu/5 K/2 Ca/24
SiO2 catalyst) was similar to that of the baseline catalyst (run FB-1715 with the 100 Fe/5 Cw/6
K/24 Si03 catalyst from batch 3), whereas the activity (syngas conversion) of the 100 Fe/5 Cu/5
K/6 Ca/24 SiO2 catalyst (run FA-1705) was markedly lower (Fig. 17a). This may be due to
significantly lower surface area of the latter catalyst in comparison to the other two catalysts (see

Table 6). Usage ratios in run FA-1705 were higher than in the other two tests, indicating lower
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water-gas-shift activity (Fig. 17b). Methane (Fig. 18a) and gaseous (C2 - C4) hydrocarbon
selectivities (Fig. 18b) were slightly higher on the CaO promoted catalysts, than on the baseline

catalyst.

Concluding Remarks on the Effect of CaQ Promotion

Two levels of CaO promotion were used with catalysts containing 16 or 24 g of SiO2 per
100 g of Fe, i.e. 100 Fe/3 Cu/4 K/x Ca/16 SiO2; and 100 Fe/5 Cu/S K/x Ca/24 SiO2 where x =2
or 6. The addition of small amounts of CaO promoter results in performance similar to that of
the baseline catalysts (x = 0), whereas addition of a larger amount of CaO promoter results in
lower activity. The latter is probably due to partial pore blocking by CaO resulting in decrease of
total surface area and pore volume of the catalysts (see Table 6 for catalysts with x =0, 2 and 6).
Anticipated beneficial effects of CaO promotion, i.e. increase in catalyst activity and/or increase
in selectivity of high molecular weight products, have not been realized. Catalysts containing
smaller amounts of CaO promoter (x = 2), will be evaluated in slurry reactors, to determine the

impact of CaO promotion on the long term catalyst stability (deactivation).

L. 6 Task 6. Pretreatment Effect Research

The work on this task is not scheduled to begin yet. No activity to report.

III.7 Task 7. Calcination Effect Research

The work on this task is not scheduled to begin yet. No activity to report.

IIL 8 Task 8. Catalyst Characterization

Catalysts synthesized during the current reporting period were characterized by atomic
absorption spectroscopy (elemental analysis) and BET surface area and pore size distribution.
Results of physico-chemical characterization of all catalysts synthesized during the current
contract are summarized in Table 5 (catalysts without CaO promoter) and Table 6 (catalysts with
CaO promoter and those prepared using potassium silicate solution as the source of potassium

promoter).

14




- Major findings from results of elemental analysis are summarized below:

(1) For catalysts with nominal composition 100 Fe/3 Cu/4 K/16 Si0,, both the copper -
and the silica contents agree well among different batches, however, the original potassium
contents of batch 2 (3.6 parts K/100 parts of Fe) and batch 3 (3.5 parts K/100 parts Fe) catalysts
were significantly lower than that in batch 1 (5.8-6.7 parts of K per 100 parts of Fé). The actual
potassium content in the catalysts synthesized during the current contract (batches 2 and 3) were
closer to the nominal one, than that in batch 1 (synthesized during the previous contract).
However, in order to obtain the desired cataiytic performance, additional amounts of potassium
were added, by incipient wetness impregnation, to the catalysts from batches 2 and 3, to obtain
about 6.7 parts of K per 100 parts of Fe. Also, results obtained from different laboratories with
the same catalyst batch (S-3416-1) agree wdl with each other (Table 5).

(2) For catalyst with nominal composition 100 Fe/5 Cu/6 K/24 Si03, the potassium
content in batches 2-4 varies from 5.1 to 6.5 parts of K per 100 parts of Fe, and the copper
content varies between 4.8 and 5.4 parts of Cu per 100 parts of Fe, both of which are close to the
desired nominal catalyst composition, as well as to the actual composition of batch 1 catalyst.
The potassium content of batch 5 is too high (7.8 K/100 Fe) due to incomplete removal of
potassium from the F_e/Cu/SiOz precursor (Potassium is present here due to the use of potassium
silicate solution as the source of Si02, and its content in the precursor itself is 1.2 K/100 Fe.
Upon impregnation with potassium, from KHCO3, the total potassium content was higher than
intended.) Silica contents are reasonably close to the nominal amount in all five batches, varying
between 21.9 and 29.1 parts of SiOy per 100 parts of Fe. Results from different laboratories
analyzing the same catalyst (S-5624-1) are similar for comier and silica, but show larger
discrepancies for the potassium content (Table 5).

(3) Relatively high sodium content in the catalyst S-3416-3 is due to the use of washing
water which was not purified properly (Table 5). Its impact on catalytic results is expected to be

small, since sodium can also serve as an alkali promoter.
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(4) Actual amounts of promoters (Cu, K, Ca and SiO) of catalysts synthesized for Task
5 of the contract are close to the intended ones (Table 6).

Surface areas and pore volumes were measured by physical adsorption of nitrogen at 77
K using a Micromeritics Digisorb 2600 instrument, and values obtained are listed in Tables 5 and
6. Surface areas obtained from the single-point BET method on a Micron;eritics Pulse
Chemisorb 2705 instrument are also included for comparison purposes. From the surface area
and poré volume results, it can be seen that:

(1) Surface areas obtained fro;n the single-point method are close to those obtained from
the BET plot method (with relative error less than 10%, except for S-5624-3-6Ca catalyst). Such
an agreement proves that the former method is applicable to the catalyst system studigd.

@) 'Surface areas of the 100 Fe /5 Cu/6 K/24 SiO, catalysts are between 222 and 299 m?2
gl , whereas those of the 100 Fe/3 Cu/4 K/16 SiO; catalysts are between 245 and 315 m2 g1,
i.e. the maximum variation among different batches is about 20% (Table 5). Also, multiple
measurements with the same catalyst (batch 1) are in a good agreement. In general, surface areas
of catalysts synthesized during the current contract are higher than those of the two catalysts
synthesized during the previous contract (S-3416-1 and S-5624-1).

(3) Pore volumes for all new batches (S-3416-2 to S-3416-4, and S-5624-2 to S-5624-5)
are lower - 0.43-0.54 cm3/g (excluding S-5624-2 which has the pore volume of 0.23 cm3/g only)
than those of catalysts synthesized during the previous project (batch 1 in each series) - 0.65-0.71
cm3/g.

(4) Surface areas and pore volumes of catalysts containing CaO promoter decrease with
increasing amount of CaO (Table 6). Catalysts containing 6 Ca/100 Fe (S-3416-3-6Ca and S-
5624-3-6Ca) have surface areas of 73-105 m2/g, whereas the surface area of the catalysts without
CaO is about 290 m2/g. Also, the pore volume of these two catalysts is 0.26-0.30 cm3/g,

whereas that of the catalysts without CaO promoter is 0.43-0.54 cm3/g.

IIL 9 Catalyst Testing in a2 Bubble Column Slurry Reactor

The work on this task is not scheduled to begin yet. No activity to report.
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oL 10 Scale-up of Catalyst Synthesis Procedure

The work on this task is not scheduled to begin yet. No activity to report.

Plans for the Next Quarter

During the next quarter we plan to: (a) conduct another test of catalyst with nominal
composition 100 Fe/3 Cu/4 K/16 SiOp (5-3416-4) in a slurry reactor (Task 4); (b) complete
screening fixed bed reactor tests of catalysts synthesized using potassium silicate as the source of
potassium promotion; (c) initiate testing of catalysts containing CaO as promoter and/or catalysts
with different source of potassium in slurry reactors (Task 5); and (c) characterize used catalyst

samples by X-ray diffraction and Mossbauer spectroscopy (Task 8).
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Table 1. Major events in Run SB-1295 with 100 Fe/5 Cu/6 K/24 SiO2 Catalyst
(batch 3)
TOS (h) Event
Slurry loading: 300 g of Durasyn 164 oil, 10.0 g of catalyst (batch $5624-3,
particle size< 270 mesh)
Catalyst pretreatment: Ho_ 250°C, 0.78 MPa for4 h
Wax withdrawal through filter: 34.2 g of wax
0 Initiate synthesis gas flow, achieve process conditions: T = 260°C, P = 1.48 MPa,
SV =2.15 Nl/g-cat/h, (H2/CO) =0.67
47 Change process conditions: SV = 1.8 NI/g-cat/h
136 Change process conditions: SV = 1.6 Nl/g-cat/h
212 Power failure for 2 hours, slurry temperature dropped to 130°C
219 Achieve process conditions
353 End of run: 198 g slurry recovered from the reactor

Wax and catalyst removed during the run: 419 g wax; O g catalyst
Wax recovery: 90 %
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Table 3. Major events in Run SA-1665 with 100 Fe/3 Cw/4 K/16 SiO2 Catalyst
(batch 4) -
TOS (h) Event
Slurry loading: 303 g of Durasyn 164 oil, 10.1 g of catalyst (batch S-3416-4,
particle size< 270 mesh)
Catalyst pretreatment: Hp_ 240°C, 0.78 MPa for 2 h
Wax withdrawal through filter: 25.1 g of wax
0 Initiate synthesis gas flow, achieve process conditions: T = 260°C, P = 1.48 MPa,
SV = 1.4 Nl/g-cat/h, (Hp/CO) = 0.67
259 Change process conditions: P = 2.17 MPa, SV =2.05 Nl/g-cat/h
500 End of run: 307 g slurry recovered from the reactor

Wax and catalyst removed during the run: 786 g wax, 0 g catalyst
Wax recovery: 83 %




109001 WOIj UMBIPY)IM Xem pazk[euru) ,

awm[oa A1Im[s o1ye)s uo peseq ,

gs4[eyes pasnparun uo paseg ,

60°¢ ere L8 867 %)
vLE 78'¢ 99°¢ LU &)
697 4L 688 188 40
GL'g 019 79 v0'L €D
98'g 1'% 91 871 20
olyey ulyered-u/suys|Q g+1
'90% "80% "80% ‘00 [es0L,
A 11°¢ 8Le 1'% soyeus8AXQ
‘631 "evl §44! “OFT oXBM
"eeT “epl "L¥T 871 suoqIed0IpAy +41D
918 1'9% z'9% 74 suoqIeso1pAH 1D-D
¢'0¢ 2'8% 6'7C 052 suoqIed0IphY ¥D-ID
Ty 8%'9 28’9 79 12:0)
(papasauo) 0D + ¢4 N /B) PRIA
111 8'el Rl LYT XBM
L9¢ z0¢’ LT 574 sayeusBAxQ
0€'9 90'9 609 788 suoqIe20IpAH
L'18 £'8g z'19 8’19 200
6'13 161 L1 A 0D
118 101 958’ 816’ o%H
qL1 71 71 781 ey
P]1INQ JO % WS
L'Te Ve L8 0'¢g O%HJ . OO [*Hy - “00g
190" 690 670" 690" o(y-¥e9-6/0D+2H sjow) XIS
8¢’ LL8 g9¢’ 99¢" odesn 00/%H
729 8'GL ) 062 (%) wotszaauc) OD+H
6°0 1°08 98 178 (%) uosz0AUO) 0D
18 818 gge g'ge o(1=1) ASHD
W'e er'e 8% 780 (y-23-6/1N7) A3ro0pep 2vedg
70'2 80'% ov'1 0v'1 o(y-¥e2-5/) N) £310010 o0rdg
L99° L99° L99° 199 olyey paag 0D/*H
LT JANA 8¥'1 87’1 (g ¥) @amssa1g
"092 "09% "09% 093 (D,) 21nyessduay, s8e1eny
021 091 81 01T (y) wowean( soueleq
0'e8y | 0198 00z | 07211 (y) wrea13g uo sy,
¥ 3 Z 1 powag

22 "00F :PWN[OA 10308y

po1-udsen( ‘6 (°gLg :pnby| LnmiS

(7 w21eq) 20QI1S9T/3IP/nDE/2200T ‘o8 0T°0T :1s4[e3eD

* 99T~V uni L1Infs I0f symsat Jo Lrewrwing ‘p S[qe],




1090831 WO} UARIPYIIA Xeam pazjeueul) ,

8'¢9 g'69 0L 9T oXeM
099 G0L 6'TL 9% +21D
L6l L'el 8¢l 021 D-0
161 L8l ¢al £el ¥0-%D
L6’ 68T’ (444 6LT s1owos] 11
21 1984 aLg’ 807 seuadapu() g+
8¢¢’ ostT (454 9eT suedspuN-u
8LT 69T’ 0%’ LT s1awos] 017
66 L9% veL 6.8 sousde( g+1
4474 (15 aee 66T duBR(-u
65¢ eLT 144 LT sIowos] 60
PIL 909 808" 989 SOUSUON Z+T
444 esr 6%¢’ [4%4 SUBUON~U
oee’ (44 11¢ LT s1awos] &7
pag’ gL 198 8oL SOUINQ g+1
£ee g6T” vee’ 802’ suBPQO-u
66¢" 413 99¢ e8¢’ s1awos] 40
99’1 LTl (4} 61°1 sausydoy g+
o1y ere €6¢’ 08¢’ suejdoff-u
8% | 16U | 8. | O¥C s19wos] 97
62°C 86’1 PLT oLt SoUXSY g+1
899’ ges | - oI 484 SUBXSH~u
9LT e ez’ [Z2%4 sIowos] 0
£9'¢ 6c'e e8¢ 062 seusquad g+1
evs’ 699 ¥0g’ 81¢ duBUIg-U
997’ LEY 09¢’ 88¢" sxawos] ¥
6L°¢ 0v'e 00'¢ g0'¢ sausng g+
acs’ VLY 864 88¢g’ sueing-~u
80'¢ L'y 61'% Qe ous[ddog
ace’ 608’ a8y’ €8y’ suedoiy
¥6°¢ 99'¢ L6°1 86'1 sus[Ayyy
Ty A Wl eVl uryy
61'¢ ¥0'¢ 8I'¢ L1°8 YHO

SUOqIed0IPAYH JO 9 IYBoA
ep eg 'y En polsg

" 6991-VS uni Lum[s oy sy[nse1 jo Lrewrwng *(p,juod) ¥ S[qe],




Table 5. Elemental Analysis and Textural Properties of Synthesized Catalysts.

Nominal Amount Composition BET Surface Area Pore Volume
Composition Prepared 100 Fe (m2/g)
Designation (® x Cu/yK/zSiO2  Single point  BET plot cm3/g
100 Fe/3 Cu/4 K/16 SiO2
S-3416-1 40 3.5/5.8/17.0 257 0.66
3.0/6.7/155 @) 245 (2) 0.65 (2)
3.0/5.9/15.5 ®)
S-3416-2 101 3.1/3.6/19.0 316 315 0.43
S-3416-2 (©) 3.5/6.5/18.1
S-3416-3 () 173 29/3.5/16.0 262 291 0.43
S-3416-3 (©) 32/69/19.8
S-3416-4 215 3.1/3.6/19.0 310 306 0.45
100 Fe/5 Cu/6 K/24 Si0O2
S-5624-1 67 54/6.2/24.0 202 235 0.71
5.1/8.1/26.0 @ 222 (2) 0.68 @)
55/16.6/24.0 ©
S-5624-2 90 54/5.1/219 228 238 - 0.23
S-5624-3 240 481527242 258 284 0.51
S-5624-4 200 52/6.5/23.2 295 299 0.48
S-5624-5 405 287 0.54

52/7.8/29.1

(a): Final DOE Report for contract DE-AC22-89PC89868, (1994).
(b): measurements conducted at UOP.
(c): additional amount of K was added to obtain a better agreement with the actual K content of

the original catalyst (S-3416-1).
(d): contains 0.34 wt% sodium (Na/Fe = 0.006 by mass).

(e): measurements conducted at PETC, DOE.
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Figure 6. Comparison of STSR tests with catalyst B from two batches:
(a) methane and (b) C,+C, selectivities.
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Figure 8. Comparison of STSR tests with catalyst C from two batches:

(a) (H2+CO) conversion and (b) H,/CO usage ratio.
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Figure 10. Comparison of STSR tests with catalyst C from two batches:
(a) methane and (b) C_+C, selectivities.
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Figure 13. Effect of CaO promotion on 16 SiO, catalyst: (a) (H,+CO)
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with time on stream in run FA-1705.
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Figure 17. Effect of CaO promotion on 24 SiO, catalyst: (a) (H,+CO)
conversion and (b) H,/CO usage ratio.
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(b) C,-C, selectivities.




