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Disclaimer

This report was prepared as an account‘ of work sponsored by an agency of the United
States Govémment. Neither the United Statés Government nor any agency thereof, nor any
of their employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its
endorsémén_t, recommendation, or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein do not necessanly state or

teflect those of the Umted States Government or any agency thereof.



Abstract

Despite the current worldwide oil glut, the United States will ultimately reqlnie large-
scale production of liquid (transportation) fuels from coal. Slurry phnse Fischer—Trcips'ch (F-T)
technology, with its vérsatile product slate, may be expected to play a major role in production
of transportation fuels via indirect coal liquefaction. v

Sorne of the F-T g:atalysts synthesized and tested at Texas A&M University under DOE
Contract No. DE-AC22-89PC89868 were more active fhan any other . kno-wn catalysts
developed for maximizing production of high molecular weight hydrocarbons (waxes). The
objectives of the present contract were to demonstrate repeatability of czitalyst performance and

-reproducibility of preparation procedures of two of these catalysts on a laboratory scale.
Improvements in the catalyst performance were attempted through ihe use of: (a) higher
reaction pressure and gas space velocity to maximize the reactor productivity; (b) modifications
in catalyst pfepa}aﬁon steps; and (c) different pretreatment procedures.

Repeatability of catalyst performance and reproducibility of catalyst synthesis procedure‘
have been successfillly demonstrated in sﬁired tank slurry renctor tests. Reactor spacé-time-
yield was increased up to 48% by increasing reaction pressure froin 1.48 MPa to 2.17 MPa,
while maintaining the gas contact time and synthesis gas conversion at a constant value. Use
of calcinatioh temperhtures above 300°C, additional CaO promoter, and/or potassium silicate as
the source of potassium promoter, instead of potassium bicarbonate, did not result in improved
catalyst performance. By using different catalyst activation procedures we were able to
increase substantially the catalyst activity, while maintaining low methane and gaseous
hydrocarbon selectivities. Catalyst productivity in runs SA-0946 and SA-2186 was 0.71 and
0.86 gHC/g-Fe/h, respectively, and this represents 45-75% improvement in productivity
relative to that achieved in Rheinpieussen’s demonstration plant unit (the most successful
bubble column slurry reactor performance to date), and sets new standards of performance for

"high alpha" iron cataiysts.



TABLE OF CONTENTS

ADSETACK. ... ettt ettt et et e st saee et st amtasa s s e s ar e e s e st esee e e en s s neensen e es e seran
List of Tables .................................................................................................................
List of Figures.......ccccoevnee.. eerteereeneer e e e s et et st eat et st S rantesbens e nesnseeneastennenn
L EXCCULIVE SUMMATY .......cviietieeiereentetetsaeieste et cdeeseeessbesns st esesesseeseneesseaes
IL INErOAUCHION. . .ve e teeeeeeteirne e e sreeseeteneseaie e rieeene e esesseaseeeseensessnssme e et aennsseas N
1 Objectives and Scope of Work.......ccceevuevenvnuerernnace. et caeeeeenns
2. Engineering Modification and Training of New Personnel..................
3. RELCIEIICES ... veeeeeeeemeeeeemmesseeeemesseeeeeeesemeseseesmsiesssess s ee oo oo oeees oo
'Results and Discussion.................. eeeesessenstatiest e essesasn s s ariestabarsssseseninsnanmeneai s S e
O ° Testing of Previously Synthesized Catalysts ....... oeennns sovenansieianes Ciereeeeerneeraesaas :
1. Catalyst Characterization StUAIES.........cuvveereeermrreeneesecssnsrnesasnesessesosenenn
2. Reaction Studies with Catalysts B and C..........ccccoveeiemrrrrinnrenrcrennnns
1. Stirred Tank Slurry Reactor Tests of Catalyst B (100 Fe/
5 Cu/6 K24 3 0y B srsvessinneniiiiosaeninnngeisanionsorerssnseneidsresans
2. Stirred Tank Slurry Reactor Tests of Catalyst C (100 Fe/
3Cu/4 K/16 8102) .................... enssnirasnaseasesatssassse s sasansasiosesasss
3 References .............. cemrenneneeee s ‘ .......................
IV. Reproduc1b111ty of Catalyst Preparatton....v.._'. ............. Ceeesisssnsseressnrinsigsssssnssssdonsncs
' 1. -Catalyst Characterization Studies................oooerrrorrn. eeriessrssaniesans
2077 REACHON SUAIES. .iiiu i it ettt beseessssssees e e st
~1.. . Stirred Tank Slurry ] Reactor Tests of Catalyst B
2. Stirred Tank Slurry Reactor Tests of Catalyst Lo
3. B e
V. The Effect of Source of Potassium and Basic Oxide Promoter..........................
1. Catalyst Characterization Studies............ eeeeeeeseeeeeesesoeieeeeseeeeee e
2. Reaction Stdies.......c.owveervveriioseeineeneie e trveeteenenesaansnans
I. \ Fixed Bed Reactor Tests of Modified Catalysts B and C.........
2. ‘Continuos Stirred Tank Reactor Tests of Modified
Catalysts B and C.........coooveeeeeeeeeececereeeeeeeeeeeereesese e seneeeennn

V-19

1. Effect of CaO Promotlon on Performance of Catalyst C V- 19

2. Effect of CaO Promotion and Potassium
Source on Performance of Catalyst B.............c..............

il



TABLE OF CONTENTS, cont'd

iv

, Page
3. Concluding Remarks on the Effect of CaO
Promotion and Source of Potassium.............................. V-32
3 REEIENCES.......oeieiviteececnetntnie e sttt es et V-33
VI Pretreatment Effect RESEArCh...........vcviveveceeececeeeeeeee oo VI-1
1. Catalyst Characterization Studies...........co.ocevveeeemuervresesoeeooso. VI-1
2. Reaction Studies - Pretreatment Effect Research................... rereeenresaens VI-20
1. Hydrogen Reductions............cc.eweeuurveeeivecuiveeveessiesnessessreeresons VI-21
2. Effect of Reductant TYPe...........c.uovvveeeieeceoeeeeeseeeeeescessiese e VI-23
3. Run SA-2186 with 100 Fe/3 Cu/4 K/ 16 SlO ' '
- Catalyst (Batch-4)............ccooevevermmnnrinsiontesse e seseseessessees oo VI-33
3. References............. ettt e et e et a s e b s b e e bt et sesnerbesa b rasasesasasbene VI-39
VII.  Calcination Effect RESEArCh.............ouvoveeeeeeeeieeeeeeeeeeses e VII-1
1. Catalyst Characterization Studies................... Laesrsessemsssisosssesssssesassmsens VII-2
2. Reaction Studies.............. reesesenens et b s rene e et ere et ne s enn b nessans VII-9
1. Fixed Bed Reactor TeStS........c....vvuecemmeeemeeeereenssioensieesssessseon. VII-9
2. Stirred Tank Slurry Reactor TESS...coveveecrrenierirereriaerti e VII-16
3. References........;....‘ .................. SOOI RSSO V4 | &)
VIL  Catalyst CharaCteriZation......c....ueverveveneeecuseeeeeeeeneeeeesessssiessesssses s s seeesenn. VII-1
IX.  Testing of Altemative Catalysts........coeuereeereeeereiecceeeaenens eeertreaerereaesessaene IX-1
| L Catalyst CharaCterization StGIES.....c...omrruvrserriersnescnsecnccesereer IX-2
2. Reaction Studies..........ccooeeurrvecncrncreeerenen, ereenssnesssecsesesesesssasenannies IX=16
X Characterization of Product Distribution and Data Analysis.............coonun........ X-1
XL CONCIUSIONS........cuovereimreerrretrecterrestense st cecesceece s eresesessssssssasesssseseesoes s ses s XI-1
XIL  ACKNOWIEAZIMENLS.......courererrirerrereieeececeee e eeesesesessesesseses e s XII-1
Appendix 1.  Catalyst Preparation Procedure..............ocoveeeeeeeeesverivesseeroseesesessonns A-1
Appendix 2.  Catalyst Characterization Equipment and Procedures....................... A-6
Appendix 3. Fixed and Slurry Bed Reactors and Product Analysis System........... A-10



,,,,,,

OI-1.1

-12.
m-2.1.

m-22.
IV-1.1.
v-12.
V-13.
IV-1.4.
vaL
v-22.

IV-23.

V-1.1.
V-1.2.

V-13.

V-2.1.

V-2.2.

V-2.3.

VI-1.1.

LIST OF TABLES

Catalyst Composition and Structura.l Properties of
Fischer-Tropsch Catalysts.
Summary of XRD and MES Results of Used Catalyst Samples.

'Performance of 100 Fe/5 Cu/6 K/24 SiO, (batch-l) Catalyst

in Slurry Reactor Tests.

Performance of 100 Fe/3 Cw/4 K/16 SiO, (batch-1).
Catalyst in Slurry Reactor Tests ,

Elemental Analysis and Textural Properties of Synthesxzed
Catalysts.

Temperature Programmed and Isothermal Reducuon Results with

Catalysts B and C from Different Batches.
Summary of X-ray Diffraction and MES Analysis of Used
Samples (Catalyst C:100 Fe/3 Cw/4 K/16 Si0,).

 Summary of X-ray Diffraction and MES Analysis of Used

Samples (Catalyst B:100 Fe/5 Cu/6 K/24 SiOz).
Performance of 100 Fe/5 Cu/6 K/24 SiO, Catalyst from

Different Batches in Slurry Reactor Tests. -

Performance of 100 Fe/3 Cu/4 K/16 Si0, Catalyst from
Different Batches in Slurry Reactor Tests.

Catalyst Performance in Slurry Reactor Tests.

Effect of Calcium Addition and Source of Potassium on the
Textural Properues of Iron Catalysts

Effect of Calcium Addmon on the Reductlon Behavwr of

~ Catalysts B and C.

Iron Phases in Used Catalysts from Fixed Bed and Slurry
Reactor Tests.

Fixed Bed and Stirred Tank Slurry Reactor Tests of

Catalysts under Task 5. -

Performance of the Baseline and CaO Promoted Catalyst C
in Slurry Reactor Tests. |
Performance of the Baseline and Modified Catalyst B in S
Slurry Reactor Tests.

BET Surface Area and XRD Measurement Results of Reduced

Page

-2
m-5 .

mI-15

I-23

IvV-13
IvV-14
IV-25

1V-31
1V-33

V-3

V.9
V-10
V-13

V-24

V-31



LIST OF TABLES, cont'd

Page
and Passivated Samples of Catalyst C (100 Fe/3 Cw/4 K/16 SiO,,
batch-4) and Catalyst B (100 Fe/5 Cu/6 K/24 SiO,, batch-3). VI-3
‘VI-1.2.  X-ray Diffraction and MES Results of Pretreated and Used Samples
(Catalyst C:100 Fe/3 Cu/4 K/16 SiO,, batch-4). VI-14
VI-2.1.  Pretreatment Conditions and Test Designations
| Catalyst: 100 Fe/3 Cu/4 K/16 Si0,. VI-20
VI-2.2.  Effect of Pretr'eatmcntProcedure on Catalyst Performance o
in Slurry Reactor Tests. , _ VI-26
VI-2.3.  Effect of Pretreatment Procedure on Catalyst Performance
in Slurry Reactor Tests. | VI-32
VI-1.1.  Effect of Calcination Condmons on the Textural Propemes of
Catalysts Band C. VII-3
__VIL-12. Iron Phases in Catalysts B and C from Fixed Bed and Slurry
Reactor Tests. VII-6
VII-2.1. Calcination temperatures and Test Designations. VII-10
VII-2.2. - Effect of Calcination Temperature on the Performance - ,
of Catalysts B and C in Slurry Reactor tests. - VII-21
IX-1.1. Elemental Analysm and Textural Propertles of Supports and o ‘
Supported Catalysts. . IX-3
'IX-1.2.  TPR Results for Supported Fischer-Tropsch Catalysts. IX-5
IX-1.3. Summary of Isothermal Reduction Experiments w1th Alternative _
F-T Catalysts in the TGA Unit. ‘ IX-7
IX-1.4.  Iron Phases in Used Catalyst Samples by X-ray Diffraction. IX-14
IX-2.1.  Reduction and Process Conditions in STSR Tests of '
Alternative Catalysts. IX-16



oI-1.1
m-2.1

II-2.2

m-2.3
m-2.4
m-25

e I-2.6

m-2.7
III-2.8

| l]I—2.9.
II-2.10

IV-1.1
V-1.2

Iv-13

LIST OF FIGURES

Page
Pore size distributions of catalysts B and C from batch-1. ' -4
Changes in (a) (H2+CO) conversion and (b) H,/CO usage ratio
with time and process conditions in STSR tests of the 100 Fe/5
Cu/6 K/24 SiO, catalyst. | I-10
Apparent first order reaction rate constant as a function of time '
(100 Fe/5 Cw/6 K/24 SiO, catalyst). m-11
Methane (a) and (C;+C,) hydrocarbon selectivity (b) as a function
of time (100 Fe/5 Cu/6 K/24 SiO, catalyst). I11-12
Carbon number product distribution in STSR tests of the 100 Fe/.
5 Cu/6 K/24 SiO; catalyst. _ - II-16
Olefin content (a) and 2-olefin content (b) dependence on _ .
carbon number (100 Fe/5 Cu/6 K/24 SiO; catalyst). '_ o I-17
Changes in (a) (H+CO) conversion and (b) Hp/CO usage |
ratio with time and process conditions in STSR tests of the
100 Fe/3 Cw/4 K/16 SiO, catalyst o - . II-19
Apparent first order reaction rate- constant as a funcuon of |
time 100 Fe/3 Cu/4 K/16 SiO, catalyst) e m-21
Methane (a) and (C 1+Ca) hydtocarbon selecuv1ty (b)asa - .
function of time (100 Fe/3 Cu/4 K/16 SiO,). = v . m-22
Carbon number product distribution in STSR tests of the
100 Fe/3 Cu/4 K/16 SiO; catalyst. e m-25
Olefin content (a) and 2-olefin content b) dependence on a
carbon number (100 Fe/3 Cw/4 K/16 SiO, catalyst). | III-26

Pore size distributions of iron catalysts from different batches:

(a) Catalyst C (100 Fe/3 Cu/4 K/16 SiO,) and (b) Catalyst B

(100 Fe/5 Cu/6 K/24 SiO ) - Iv-4
TPR proﬁl_es of iron catalysts from different batches: (a)

- Catalyst C (100 Fe/3 Cu/4 K/16 SiO,) and (b) Catalyst B

(100 Fe/5 Cu/6 K/24 SiO,). IvV-8
Isothermal reduction behavior of iron catalysts from different

batches (TPR unit): (a) Catalyst C (100 Fe/3 Cu/4 K/16 Si0,) .
and (b) Catalyst B (100 Fe/5 Cu/6 K/24 SiO,). _ : Iv-10




LIST OF FIGURES, cont'd
: ' Page

IvV-14 Isothermal reduction behavior of iron catalysts from dlfferent

batches (TGA unit): (a) Catalyst C (100 Fe/3 Cu/4 K/16 SlOz)

and (b) Catalyst B (100 Fe/5 Cu/6 K/24 SiO,). IV-11
IV-1.5a  XRD patterns of reduced (TOS = 0 h) catalysts from slurry tests with

catalyst C (100 Fe/3 Cu/4 K/16 SiO,) from different batches: (A) SB-

2695, batch-2; (B) SA-2715, batch-3; and (C) SB-2145, batch-4. IV-15
IV-1.5b  XRD patterns of reduced (TOS = 0 h) catalysts from slurry tests ’

: with catalyst B (100 Fe/5 Cu/6 K/24 SiO,) from different batches:

(A) SB-2615, batch-4; (B) SB-2585, batch-5. : Iv-15
Iv-1.6 Changes in bulk iron phases with time on stream dunng run

SB-2145 with catalyst C (100 Fe/3 Cu/4 K/16 SiO,, batch-4):

- (A) TOS =0 h; (B) TOS = 67 h; (C) TOS = 145 h; (D)

~ TOS=213hand (E)TOS=401h. V17
IV-2.1 Synthesis gas conversion (a) and apparent reaction rate constant :
(b) as a function of time for STSR tests of catalyst B. - IV-19 -
IV-2.2 Methane selectmty (a) and (C+ C2) hydrocarbon selecuv1ty (b) as
| a function of time for STSR tests of catalyst B. ‘ Iv-21
v-23 . Synthes1s gas conversxon as a function of time for STSR tests of .
catalyst B. . Iv-22
IvV-24 Methane selectivity (a) and (C 1+ G) hydrocarbon select1v1ty (b)
as a function of time for STSR tests of catalyst B. Iv-23
IV-2.5 Synthesis gas conversion (a) and apparent reaction rate constant
' (b)asa function of time for STSR tests of catalyst C. IV-26
IV-2.6  Methane selectivity (a) and (C1+ Cy) hydrocarbon selectivity (b)
as a function of time for STSR tests of catalyst C. | Iv-28
Iv-2.7 Synthesis gas conversion as a function of time for STSR tests
of catalyst C. . Iv-29
Iv-2.8 Methane selectlwty (a) and (C1+C2) hydrocarbon selectivity (b)
. as a function of time for STSR tests of catalyst C. IV-30
V-1.1 Effect of potassium source on the pore size distributions of

(a) Catalyst C (100 Fe/3 Cu/4 K/16 SiO,) and (b) Catalyst B |
(100 Fe/5 Cu/6 K/24 SlOZ) . V-5

viil



LIST OF FIGURES, contd

Page

V-1.2 Effect of calcium addition on the pore size distributions of (a) '

Catalyst C (100 Fe/3 Cu/4 K/16 SiO,, batch-3) and (b) Catalyst _

B (100 Fe/5 Cu/6 K/24 SiO,, batch-3). V-6
V-1.3 Effect of calcium addition on TPR profiles of catalysts Band C. V-7
V-2.1 Effect of source of potassium and CaO promoter on (a)

synthesis gas conversion and (b) H,/CO usage ratio in fixed

bed reactor tests with catalysts containing 16 parts of SIO

per 100 parts of Fe. , V-14

V-2.2 Effect of source of potassium and CaO promoter on (a) methane
selectivity and (b) (C, - C,) hydrocarbon selectivity in fixed -
bed reactor tests with catalysts contammg 16 parts of SiC, per 100
‘ parts of Fe. » : V-16
. V2.3 Effect of source of potassium and CaO ptomoter on (a) synthes1s
| gas conversion and (b) H,/CO usage ratio in fixed bed reactor tests
with catalysts containing 24 parts of SiO, per 100 parts of Fe. V-17
V-24 Effect of source of potassium and Ca0 promotcr‘on (a) methane
selectivity and (b) (C,-C,) hydrocarbon selectivity in fixed
bed reactor tests with catalysts containing 24. parts of SlO2 per ‘ _
100 parts of Fe. - | V-18

V25 Effect of CaO promoter on (a) synthesis gas conversion and
(b) apparent reaction rate constant in STSR tests w1th catalysts
containing 16 parts of SlO2 per 100 parts of Fe. | V=20

V-2.6 Effect of CaO promoter on (a) methane selectlvxty and (b)

(C, - C,) hydrocarbon selecthty.m STSR tests with catalysts _
| containing 16 parts of SiO, per 100 parts of Fe. V-22
V-2.1 Effect of CaO promoter on (a) olefin content and (b) 2-olefin

content as a function of carbon number for catalysts containing

16 parts of SlO2 per 100 parts of Fe. V-23
V-2.8 Effect of source of potassmm and CaO promoter on (a)

synthesis gas conversion and (b) apparent reaction

rate constant in STSR tests with catalysts containing 24

parts of SiO, per 100 parts of Fe.,.”” V-26
V-2.9 Effect of source of potassium and CaO promoter on (a) methane

selectivity and (b) (C, - C,) hydrocarbon selectivity in STSR



V-2.10

V-2.11

VI-1.1

VI-12

VI-1.3-

VI-1.4

VI-1.5

VI-1.6

VI-1.7

VI-1.8

LIST OF FIGURES, cont'd

tests with catalysts containing 24 parts of SiO, per 100 parts
of Fe (for the description of symbols see Figure V-2.8).
Effect of source of potassium and CaO promoter on (a) olefin

content and (b) 2-olefin content as a function of carbon number

for catalysts containing 24 parts of SiO, per 100 parts of Fe.

Effect of source of potassium on carbon number product
distribution in STSR tests of .catalyst B.

Effect of reduction temperature on the reduction behavior of catalyst

-C (100 Fe/3 Cu/4 K/16 SiO,, batch-4) in hydrogcn under isothermal -

conditions in TGA apparatus

Effect of reduction temperature on the reduction behavior of catalyst \

B (100 Fe/5 Cu/6 K724 Si0,, batch-3) and the Ruhrchemie catalyst
in hyd:ogen under isothermal conditions in TGA apparatus.

- Effect of reduction temperature on the reduction behavior and weight

changes of catalyst C (100 Fe/3 Cuw/4 K/16 SIOZ, batch-4) in CO
under isothermal conditions in TGA apparatus. :
Effect of reduction temperature on the.reduction behavior and
weight changes of catalyst B (100 Fe/5 Cu/6 K/24 Si0;, batch-3)
and the Ruhrchemle catalyst in CO under isothermal conditions:-
in TGA apparatus.

Comparison of. reduction behawor and weight changes of catalyst

C (100 Fe/3 Cu/4 K/16 SiO,, batch-4) and catalyst B (100 Fe/5
Cw/6 K/24 Si0,, batch-3) in syngas (H,/CO = 0.67) under
isothermal conditions in TGA apparatus.

Reduction behavior and weight changes of catalysts B and C in
TGA unit. Reduction conditions: catalyst B in H, at 250°C for
4 h then switched to syngas at 260°C; catalyst C in H, at 240°C
for 2 h then switched to syngas at 260°C for 6 h.

XRD patterns of catalyst C (100 Fe/3 Cu/4 K/16 SiO,, batch-4)
after pretreatment with hydrogen at different conditions in a
slurry reactor.

XRD pattemns of catalyst C (100 Fe/3 Cw/4 K/16 SiO,, batch-4)
after different pretreatments in a slurry reactor.

Page

v-27

V-29

V-30

VI-10



VI-1.9a
VI-1.9b
VI-1.10a
VI-1.10b

VI-2.1
VI-2.2

V23
VI-2.4
V25
VI26

VI-2.7
VI-2.8

Vil-1.1a

VII-1.1b

LIST OF FIGURES, contd

Changes in bulk iron phases with time on stream in a slurry .
reactor (catalyst C, run SB-2486, No pretreatment).

- Changes in bulk iron phases with time on stream in a slurry

reactor (catalyst C, run SB-3425, reduced in H,, at 250°C for 4 h).
Changes in bulk iron phases with time on stream in a slurry
reactor (catalyst C, run SA-0946, reduced in CO, at 280°C for 8 h).
Changes in bulk iron phases with time on stream in a slurry

reactor (catalyst C, run SA-1626, reduced in syngas, at 280°C for 8 h).

Synthesis gas conversion (a) and apparent reaction rate constant (b)
as a function of time for STSR tests of catalyst C reduced with
hydrogen at different temperatures.

Methane selectivity (a) and (C;+ C;) hydrocarbon selectivity (b)
as a function of time for time for STSR tests of catalyst C reduced
with hydrogen at different temperatures. '

Olefin content (a) and 2-olefin content (b) dependence on carbon

number for catalyst C reduced with hydrogen at different températures.

Effect of reductant type on (a) synthesis gas conversion and (b)

apparent reaction rate constant in STSR tests with catalyst C.

Effect of reductant type on (a) methane selectivity and (b) (C1+C,) "
hydrocarbon selectivity in STSR tests with catalyst C.

Effect of reductant type on (a) olefin content and (b) 2-olefin
content in STSR tests with catalyst C.

Synthesis gas conversion (a) and apparent reaction rate constant

(b) as a function of time for STSR test of catalyst C after TAMU
pretreatment procedure.

Methane selectivity (a) and (C+ C,) hydrocarbon selectivity (b)

as a function of time for time for STSR tests of catalyst C after
TAMU pretreatment procedure.

Effect of calcination temperature on the pore size distribution of -~
catalyst C (100 Fe/3 Cu/4 K/16 SiO,, batch-4).

Effect of calcination temperature on the pore size distribution of
catalyst B (100 Fe/5 Cu/6 K/24 SiO,, batch-3).

Page

VI-17

VI-17

VI-19

VI-19

Vi-22

VI-24

VI-25

VI8

VI-29

VI-31

VI-34

VI-36

VII-5




VII-1.2

VI-2.1

VII-2.2

VII-2.3

o-~VII-2.4

VII-2.5
VII-2.6

ViI-2.7

VII-2.8
VII-2.9

VII-2.10

LIST OF FIGURES, cont'd

Changes in bulk iron phases with time on stream during run
SB-1276 with catalyst B (100 Fe/5 Cu/6 K/24 SiO,, batch-3)
calcined at 700°C for 1 h and reduced at 250°C in H, for 4 h:
(A) TOS =0 h; (B) TOS = 138 h; (C) TOS =239 h; (D)
TOS =311h; (E) TOS = 384 h.

Synthesis gas conversion as a function of time for ﬁxed bed

reactor tests of catalyst B calcined at different temperatures
Methane selectivity (a) and (C;- C4) hydrocarbon selectivity (b)
as a function of time for fixed bed reactor tests of catalyst

B calcined at different temperatures.

- Synthesis gas conversion as a function of time for fixed bed

reactor tests of catalyst C calcined at different temperatures.
Methane selectivity (a) and (C3- C4) hydrocarbon selectivity (b)
as a function of time for fixed bed reactor tests of catalyst

B calcined at different temperatures. -

Synthesis gas conversion (a) and apparent reaction rate constant
(b) as a function of time for STSR tests of catalyst B calcmed at
different temperatures. R ‘

. Methane selectivity (a) and (C 1+ Cz) hydrocarbon selectivity’ (b)

as a function of time: for STSR’ tests of catalyst B calcmed at
different temperatures. B o
Olefin content (a) and 2-olefin content (b) dependence on carbon

- number for catalyst B calcined at different temperatures.

Synthesis gas conversion (a) and apparent reaction rate constant

(b) as a function of time for STSR tests of catalyst C calcined at
different temperatures.

Methane selectivity (a) and (C+ C;) hydrocarbon selectivity (b)

as a function of time for STSR tests of catalyst C calcined at
different temperatures.

Olefin content (a) and 2-olefin content (b) dependence on carbon/
number for catalyst C calcined at different temperatures.

Page

VI-11

VI-13

VII-14

VII-15

VI-T©

VII-19

VII-20
VII-23

VII-24

VII-26



IX-1.1
IX-1.2

IX-1.3

IX-1.5
| IX-16
IX-17
IX-18
IX-2.1
23
IX-2.3

Al-1
A3-1

A3-2.
A33.

LIST OF FIGURES, cont'd

Effect of copper addition on the TPR behavior of silica supported iron
catalysts:(a) 100 Fe/5 Cw/6 K/139 SiO,; and (b) 100 Fe/10 Cu/6
K/134 Si0,.

Effect of copper addition on the TPR behavior of alumina supported
iron catalysts: (a) 100 Fe/5 Cu/6 K/139 Al,0,; and (b) 100 Fe/10
Cuw/6 K/134 AL O,.

Effect of alumina content and reducuon temperature on the reduction

behavior of promoted Fischer-Tropsch catalysts in hydrogen: (a) 100
- Fel5 Cu/4.2 K/20 Al,0,; (b) 100 Fe/5 Cw/4.2 K/31.6 Al ,0;. ‘
X-14

Effect of copper promotion on the degree of reduction of silica
supported iron catalysts in hydrogen at 280°C. :
Effect of copper promotion on the degree of reduction of alumma

. supported iron catalysts in hydrogen at 280°C

Effect of copper promotion on the reduction behav1or of s111ca
supported iron catalysts in CO at 280°C.

Effect of copper promotion on the reduction behavior of alumina
supported iron catalysts in CO at 280°C.

Changes in bulk iron phases with time on stream during run'
SA-0097 with the 100 Fe/5 Cu/4.2 K20 Al,0O, catalyst.
Synthesis gas conversion (a) and H,/CO usage ratio (b) as a

~ function of time for STSR tests of alternative catalysts and the

baseline catalyst C. :
Apparent reaction rate constant as a function of time for STSR
tests of alternative catalysts and the baseline catalysts B and C.
Methane selectivity (a) and (C 1+C2) hydrocarbon selectivity -
(b) as a function of time for STSR tests of alternative catalysts
and the baseline catalyst C. '

- Steps in preparation of alumina or silica supported catalysts.

Schematic diagram of fixed bed reactor system used for
catalyst testing. )

Schematic of stirred tank slurry reactor system. v

Analysis of Fischer-Tropsch synthesis pfoducts with automated

“data acquisition and reduction system.

Xiii

Page

X4

IX-10

IX-10

IX-12

IX-12

X-15

IX-18
IX-19
IX-21
A-5

A-11
A-13

A-15

R e



I EXECUTIVE SUMMARY

Slurry phase Fischqr-Tropsch (F-T) processing is a very prém‘ising alternative to
conventional vapor phase pi'ocesses, but additional improvements are needed in the catalyst
performance (highef activity, minimization of methane and low molecular weight hydrocarbon
yields, and better catalyst stability) in ord¢r‘ to accelerate commercialization of this technology.
This can be achieved in several ways: (a) through development of new improved\ catalysts; (b)
use of novel reactor configurations; (c) use of suitable catalyst pretreatment (activation)
procedures or through combination of these methods, as demonstrated in studies at Texas
A&M University (TAMU) sponsored by DOE (Contracts DE-AC22-85PC8011 and DE-AC22-
89PC89868). Some 6f the iron b‘aséd 'catalystsr synthesi_zekd and tested at TAMU, haVe proi'en
to be more active than any other known iron F-T catalysts developed for maximizing
production of high molecular weight hydrocarbons (Bukur etal.; 1994).

The overall objectives of this contract are to: (1) demonstrate feﬁeatability of |
p_erformancé and preparation- procedure of two high activity, high ‘alpha iron }F—TI catalysts |
synthesized at TAMU during the DOE Contract DE-AC22-89PC89868;.‘and (2) seek .potential
improveménts in the - catalyst performance through Variations - in process - conditions,
.pr‘etreatment procedures and/or modifications in. éreparation steps (e.g. means of introduc;ion

of promoters and calcination conditions). The major accomplishments are summarized here.

The objective of this task is to verify repeatability of results obtained in stirred tank
slurry reactor (STSR) tests of two ¢atalysts designated B (100 Fe/5 Cu/6 K/24 SiO, containing
55.4 wt% of iron) anci_C (100 Fe/3 Cu/4 K/16 SiO; containing 59.7 wt% of ii‘on) during the
previous DOE Contract DE—AC22—89PC89868. These two catalysts were chosen due to their
excellent performax,)ce. (high syngas conversion and low methane and gaseous hydrocarbons

e : .V
selectivities) in slurry reactor tests. The catalysts from the same preparation batch and the same
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pretreatment and pfocess conditions, were employed as in the previous slurry reactor tests of-
these two catalysts.

Three tests were cc;nducted with each of the two catalysts. In the original tests
conducted in 1991 (SB-1931 with the catalyst B, and SB-0261 with the catalyst C) n-
octécosane was used as the initial medium. In the four tests condugted during the current
contract, Ethylflo 164 oil (a hydrogenated 1-decene homopblymet liquid - C3o, obtained from
Ethyl Co.) was used as the start-up fluid, due to problems encountered in three initial tests
using n-octacosane as the start-up liqu‘id (low activity in all three tests). The effect of reactor
set-up (slurry A vs. slurry.B reactor system) was investigated in two recent tests with the
catalyst C (runs SB-0045 and SA-0705). In general, reproducibility of results in multiple tests
of thé same catalyst may be regarded as quite satisfactory. The catalyst B (100 Fe/5' Cw/6 K/24 ,
Si0,) was more stable in the original test (SB-1931) than in the two recent tésts (SB-3354 and

- SB-0665), whereas the opposite trend was observed in tests with the catalyst C (100 Fe/3 Cw4
K/16 SiO,). Hydrocarbon product distributions and olefin selectivities in multiple tests with
the same catalyst were reproducible.

-~ Performance of catalysts .B and C is comparable to, or exceeds, that obfained in the two
most successﬁillbubble column slurry reactor (BCSR) tests conducted by Mobil (Kuo, 1985)
~-and Rheinpreussen (Kolbel et al., 1955). In Mobil’s run CT-256-13 at synthesis gas |
conversion of 82%, methane and C,+C, selectivities were 2.7 and 5.6 wt%, respectively,
whereas the catalyst productivity was about 0.26 g HC/g-cat/h (Test conditions: 257°C, 1.48
MPa, 2.3 Nl/g-Fe/h, Hy/CO = 0.73). In Rheinpreussen’s demonstration plant unit the C,+C,
selectivity was 6.8% at the synthesis gas conversion of 89%, and the catalyst productivity was
about 0.33 g HC/ g-caf/h (Test conditions: 268°C, 1.48 MPa, 3.1 Nl/g-Fe/h, H,/CO = 0.67).

In run SB-335:4 with catalyst B (TOS = 97 h) the following results were obtained at
260°C, 1.48 MPa, 3.2 Nl/g-Fe/h, Hy/CO = 0.67: Methane and Cy+ C, selectivities were 3.2
and 5.3 wt%, respectively, and the catalyst productivity was 0.26 g HC/g-cat/h at the synthesis

v
gas conversion of 71.5%. The catalyst performance in the original test of the catalyst B (run

’
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SB-1931) was even better, i. e. higher activity and lower methane and gaseous hydrocarbon
selecﬁviﬁes were obtained (Bukur et al., 1994).

The performance of catalyst C in run SB;0045 at the reaction pressure of 1.48 MPa and
215 hoﬁrs on stream, was very similar to that obtained in Mobil’s run CT-256-13. However,
the productivity of catalyst C was improved at reaction pressuré of 2.17 MPa and gas space
velocity of 3.4 NI/g-Fe/h (TOS = 336 h). Methane and C1+C, selectivities were 2.6 and 5.4
wt%, respectively, and the catalyst productivity was 0.36 g HC/g-cat/h at the synthesis gas
conversion of about 80%. The latter productivity is higher than prodﬁctivity's obtained in
Mobil's and Rheinpreussen's bubble column slurry reactor tests, primarily due to the use of

higher reaction pressure and higher gas space velocity in the present study.

Re rv ibili

Repeatability of performance of catalysts B and C was demonstrated in multiple tésts
with catalyéts from different preparation batches. Three STSR tests were conducted with
.catalyst B, ‘and four tests with catalyst C. In general, catalysts from different preparation.
batches -had similar performance (a_ctivity and seleéﬁvity) and reproducibility of catalyst

’preparation procedure is regarded as.sati'sfactory. |
B Syngas conversions, methane and C;+C, selectivities obtained in tests with catalysts B
and C were similar to those obtained in two tests conducted in slurry bubble column reactors
(Mobil's and Rheinpreussen's tests). However, the catalyst' productivity in two tésts with
catalyst C (runs SA-1665 and SB-0045), at 2.17 MPa; was even higher (0.53 or 0.60 g HC/g-
Fe/h) than that obtained in Rheinpreussen’s test (0.49 ‘g HC/g-Fe/h), whereas at the reaction
pressure of 1.48 MPa the catalyst productivity of our catalysts B and C (0.38-0.42 g HC/g-
Fe/h) was similar to that obtained in Mobil’s study (0.39 g HC/g-Fe/h). Due to complete
reactor backmixing in our experiments (stirred tank reactor) it may be expected that the catalyst
productivity under the same process conditions would be even higher in a reactor with partié.l

fluid mixing (e.g., bubble column slurry reactor). |~
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The Effect of Basic Oxide Promoter and Sggmg of Potassium

Four catalysts contalnmg CaO promoter with nominal composmons 100 Fe/3 Cu/4 K/x
Ca/lé SIO and 100 Fe/5 Cu/5 K/x Ca/24 SiO,, where x = 2 or 6, were synthesized and tested
in fixed bed reactors. The major findings from these tests are that the addition of small
amounts of CaO prornoter (x = 2) results in the catalyst performance (activity and gaseous
hydrocarbon selectivity) similar to that of the baseline catalysts B and C, whereas the addition
of a larger amount of CaO (x = 6) results in markedly lower catalyst activity in comparison to
the baseline catalysts. Selectivity of the two catalysts with x = 6, is similar to that of the
corresponding baseline catalysts. On the basis of these results it was decided to evaluate two
, catalysts with X = 2 in stirred tank slurry reactors.

The 100 Fe/5 Cw5 K/2 Ca/24 SlO “catalyst was tested in run SA 2405, and its’
performance was compared to that of the baseline catalyst B in run SB-1295, whereas results
from run SB-3115 .with the 100 Fe/3 Cu/4 K/2 Ca/16 SiO, catalyst were compared with results
obtained with the catalyst C in run SA-1665. General trends in tests with the CaO containing
catalysts showed some similarities, as well as drfferences For example activity of the 100
- Fe/S Cu/5 K/2 Ca/24 SlO catalyst (run SA-2405) was nearly the same as that of the baseline
catalyst B (run SB-1295) but its stability with time (deactivation rate) was better, whereas the
100.Fe/3 Cu/4 K/2 Ca/16 SiO, catalyst (run SB-3115) was less active (abont 15%) than the
baseline catalyst C (run SA-1665) and its deactivation rate was higher. At reaction pressure of
1.48 MPa, selectivity of gaseous hydrocarbons on CaO containing catalysts was higher than
that of the bcorresponding baseline catalysts. However, at reaction pressure of 2.17 MPa the
gaseous hydrocarbon selectivity decreased on the CaO containing catalysts, and was nearly the
same as that of the baseline catalysts at 1.48 MPa. It appears that the selectivity of the CaO
promoted catalysts imbroves at higher reaction pressures, whereas the selectivity of the catalyst
C is essentially independent of reaction pressure (at a constant P/SV ratio to maintain a constant
value of the gas residence time at different pressures). The addition of CaO promoter did not

result in improved performance of the baseline catalysts, but the CaO oromoted catalysts may
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- be suitable for operation at higher reaction pressures. Finally, it is possible that the

performance of CaO promoted catalysts may be improved with the use of different pretreatment
procedures, but this hae not been investigated in .the present study.

Some differences in catalyst performance were observed in fixed bed tests of catalysts
B (runs FA-1725 and FB-1715) and C (runs FA-1605 and FB-1985) prepared by different

methods.. In both cases, the activity and methane selectivity of catalysts prepared using

~potassium silicate as the source of potassium promoter were higher than those of the

corresponding baseline eatalysts prepared by incipient wetness impregnation using KHCO, as
the source of potassiﬁm promoter. On the other hand, in two slurry reactor tests of catalyst B
(SB-1295 - K from KHCO,, and SA-3155 - K from K,SiO,) it was found that the activity of
the'catalyst.p'repared from K,SiO; is about 15 % lower than that of the catalyst prepared by
KHCO, impregnation, whereas gaseous hydrocarbon selectivities were similar after about 140
h on stream. | |

On the basis of these results we conclude that the baseline procedure utilizing

: imp_regnatidn of Fe-Cu-SiO, precursor with the aqueous solution of KHCO3- is the preferred -

- method of catalyst preparation. The second procedure, which avoids the impregnation step,

provides satisfactory resulfs, and may be used as an alternative.

Pretreatment Effect Research

The effect of different pretreatment procedures on the performance of catalyst C (100

| Fe/3 Cu/4 K/16 SiOz, batch-4) was studied iri a STSR. Seven different pretreatment

procedures were employed: three with hydrogen as reductant at different temperatures (240-
280°C), CO and synthesis gas (H,/CO = 0.67) pretreatments at 280°C for 8 hours, TAMU
pretreatment, and no pretreatment before testing at 1.48 MPa, 260°C, 1.4-2.3 Nl/g-cat/h with
synthesis gas with H,/CO molar feed ratio of 0.67.

Significant improvements in the catalyst activity were obtained through the use of

different pretreatment procedures. Our standard reduction procedure with the catalyst C
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(hydrogen reduction at 240°C for 2 hours) resulted in the initial activity, expressed in terms of
the appafent.reactiqn rate constant, of about 250 mmol/g-Fe/MPa/h. The activityb decreased

with time and at about 400 h the apparent rate constant reached.the value of 220 mmol/g-

. Fe/MPa/h (run SA-1665) of' 140 mmol/g-Fe/MPa/h (run SB-2145). The initial activity of the

catalyst reduced with hydrogen at 250°C for 4 hours (run SB-3425) was about 350 mmol/g-

- Fe/MPa/h, which represents a 40% increase relative to the standard reduction procedure.

However, the catalyst activity decreased with time and at about 300 h the apparent rate constant
was 250 mmol/g-Fe/MPa/h '(similar to the value obtained in run SA-1665).
The CO pretreatment (SA-0946), syngas pretreatment (SA-1626) and TAMU

pretreatment (SA-2186) also resulted in.improved catalyst activity, relative to the sta'nda'rd‘

" reduction procedure. The initial values of the apparent reaction rate constant, after these

pretreatments, were 300-400 mmol/g~Fe/MPa/h, corresponding to 20-60% increase in activity
relative to the standard procedure. Activity of the CO and TAMU pretreated catalysts increased

with time, and at 400 hours the values of the apparent reaction rate constants were 360 and 430

-mmol/g-Fe/MPa/h, respectlvely As the result of the 1mprovement in the catalyst activity, while

"mamtalmng low methane and gaseous hydrocarbon selectlvmes the catalyst producnvmes in

these two tests were markedly.hlgher;thgn those obtamed in  Mobil’s and Rheinpreussen’s
slurry bubble colujm reactor tests. The catalyst productivity in Rheinpreussen test was 0.49
gHC/g-Fe/h, and those obtained in runs SA70946 and SA-2186 were 0.71 and 0.86> gHC/ g-
Fe/h, respectively. This represents 45-75% improvement in catalyst productivity relative to
that achieved in Rheinpreussen’s demonstration plant unit, and sets new standards of
performance for "high alpha" iron catalysts. We believe that the performance of our catalyst B
(100 Fe/S Cw/6 K/24 SiO,) can be also improved throﬁgh the use of better pretreatment

procedures. /



Calcination Effect Research

We have conducted six 'ﬁxed bed reactor tests, and two slurry reactor tests to
investigate the effect of calcination temperature on performance of catalysts B and C during F-T
synthesis. Both catalyst B (100 Fe/5 Cu/6 K/24 SiO,) and C (100 Fe/3 Cw/4 K/16 SiOz)' were
tested in ﬁxed bed reactors after calcinations at 400°C and 500°C for 5 h, and after flash
calcination at‘ 700°Cfor 1 h, and in a stirred tank slurry kreactor after flash calcination at 700°C
for 1 h. |

In fixed bed reactor tests actlvmes, as well as gaseous hydrocarbon selectivities, of
catalysts B and C calcined at 400°C and 500°C, were similar to those of catalysts calcined at
300°C (baseline calcination temperature). Catalysts caleined at 700°C for 1 h had lower

‘activity, than the catalysts calcined at temperatures of 300-500°C. Gaseous hydrocarbon

- selectivity of catalyst C, was not strongly affected by the use of different calcmatlon

temperatures, whereas the catalyst B calcined at 700°C had higher gaseous hydrocarbon
selectivity than the catalysts calcined at lower temperatures.

The mam findings from slurry reactor tests are: (1) The activity of catalysts B'and C
calcmed at 700°C i is lower than that of these two catalysts calcined at 300°C; (2) Gaseous
hydrocarbon selectivities are higher on catalysts calcined at 700°C; (3) Alpha olefin selectivity
of C,y+ hydrdcarbons was markedly higher on catalysts calcined at 700°C; and (4) Oxygenates
yields‘ were about four times higher on the catalysts B and C calcined at 700°C, than i_)n the
catalysts calcined at 300°C.

Although: catalysts B and C have desirable activity and selectivity

 characteristics, they niay not have a sufficient mechanical strength and attrition properties

required for utilization in commercial bubble column slurry reactors. This work has been
undertaken with the objective to test catalysts with potentially improved mechanical and attrition

properties



Three catalysts 100 Fe/5 Cu/4.2 K/20 ALO, (run SA-0097), 100 Fe/5 Cu/6 K/139 SiO,
(SB-0627) and 100 Fe/5 Cu/9 K/139 Al,O, (SB-2337) were evaluated in élurry react‘or tests.
The alumina containing catalyst 100 Fe/5 Cu/4.2 K/20 ALOQ, was chosen, because of its
similarity with our baseline cat;ﬂysts B and C (similar promoter, Cu and K, and binder
amounts, except that aluminum oxide was used as the binder instead of silicon oxide). The
alumina and silica supported catalysts were chosen because ﬁey are expected to have high
mechanical strength and high attrition resiétance during testing in slurry reactors.

The alumina cbntaining_ catalyst (SA-0097) was markedly less active and had higher
methane and gaseous hydrocarbon selectivities than the baseline catalysts. The silica supported
catalyst (100 Fe/5 Cu]6-K/139 SiOz) -deactivated fairly rapidly with time, and had rharkgdly .
highér gaseous hydrocarbon selectivities than’ the"v' baseline catalysts B and C. Théta]mnina :
supported catalyst (100 Fe/S Cu/6 K/139 ALO;) was the least active, and deactivated rapidly
with time-on-stream. Gaseous hydrocarbon selectivities were higher than those obtained in
tests with the baseline catalysts B and C, but were lower than those obtained in tests of the
cher two alternative catalysts. The reasons fof fairly @pid_ loss in activity i_n tésts with the
* ahifmina and_' silica supported catalysts ‘are not understood at the present time. In"getié"i'al the

performance of the three alternative catalysts was inferior in comparison to our baseline

catalysts. / f
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