OO

DE86002986 information Is our business.

IMPROVED FISCHER-TROPSCH SYNTHESIS
CATALYSTS FOR INDIRECT COAL LIQUEFACTION.
TOPICAL REPORT NO. 1: THE PROJECT WORK
PLAN

SRI INTERNATIONAL
MENLO PARK, CA

15 NOV 1985

S

\
4
/

.

U.S. DEPARTMENT OF COMMERCE
National Technical Infarmation Service




o] P s00/6 - T ¢

@HF

N e
DOE/PC/B0016--T1

DE86 002986
November 15, 1985

[oNn

l'_'l

IMPROVED FISCHER-TROPSCE SYNTHESIS CATALYSTS
FOR INDIRECT CCAL LIQUEFACTION

Topical Report Ne. 1 = The Project Work Plan

Prepared by: J. G. MeCarty, R. B. Wilson, and E. J. Wood

Preparad for:

UNITED STATES DEPARTMENT OF ENERGY
Pittsburg Eaergy Technology Center
F.0. Box 10940

Plrtsburgh, Pennsylvania 15236-0940

Attention: Mr. Edgar B. Klunder, Project Manager

Contract No. DE-AD22-85PC80016
SRI Project No. 1245

Approved:

| [Ernai

—

Z.L.

D. L. Hildenbrand, Director .
Materials Regearch laboratory *

333 Ravenswood Ave. * Menjo Park, CA 94025
1415, 326-6200 » TWX; 910-373-2046 » Telex: 334-486

DISTRIZUTION OF THIS DOCUNMINT S UNLIMITED

b el e danrp

I L ]

[ETPOrR I CE Y

S Py R T T T

[

gt Ea



ABSTRACT

This report represents completion of Task 0, the project work plaun,
required by DOE priler to inttiation of SRI's experimental research
program. The work plan consists of a detailed nmarrative of the
experimental program, the estimated prolect schedule, aad varlous charts

and tables describiag the project organization and cost mauagement.

The goal of SRI's research pragram is to marrow the FT product
distribution through two methods of catalyst developaent. The first
approach comslsts of the organometallic gynthesls of multiatomic
rutheoium and iroo-—rtutheniwm alkyl-carbenyl clusters, the reaction of
these clusters with acidic alumina or silica—alumina supports aand the
activation and characterization of these gsurface—confived clusters by
temperature programmed decomposition and infrared spectroscopy. This
wethod will focus on the development of very acrive FT catalysts with low
wax yileld. In the second approach, conventional promoted and umprowmoted
Fe, Co, and Ru catalysts will be treated by uniform deposition of low
submonolayer levels of chemisorbed sulfur. This method will focus on
gelectlively suppressiug nmethane production. Catalysts developed by both
methods will be given common characterization measuremants and tested for
their catalytic activity aud FT product distribution relarive to a
standard precipitated fron catalyst. Those catalysts that promise
significant improvement in selectivity will be further evaluated in
bench-scale laberatory tests under realistic FI reactor conditions.
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I INTRODUCTION

The goal of this research project iIs to develop Fischer-Tropsch
synthesis (¥TS) catalysts with high activity aad Improwved product

selectivity. Two approaches to catalyst developmeat will be
iavestigated.

The first approach is an organcmetallic synthesis approach
consistiug of (i) the synthesls of uultiatomic ruthenium and iron-
ruthenium alkyl—carbonyl clusters, (il) the bouding of these clusters by
reaction with Bronsted acid sites on alemina or silica-alumina supporecs,
and (111) the activation and characterizatior of these catalysts by
temperature—programmed desorption, infrared spectroscopy, and activarion
analysis {AA). The effect of surh very high dispersion on FIS
selectivity is not established; however, based on reports in the current
literature, we expect a decrease in high malecular weight hydrocarbous.
1€ these catalysts have high aseriviey and low wax yleld, they may be
excellent candidates for improved FIS catalysts for slurry reactors.-

In the second approach, we will attempt to selectively poison
promoted and unpromoted irom, and supported cobalt and rutheoium
catalysts wirh low-level sulfur chemisorption. We expect to thereby
selectively poison those sites or intermediates responsible for wmethane
production with a lesser effect of such polsoning on higher hydrocarbon
yileld. If selective polisoning can be accoxplished, these catalysts may
be useful as improved catalysts for slurry reactors. 1If the FIS activity

is low, they may be useful at higher temperature for fluidized bed
TeACLOTS .

The catalysts prepared by both approaches will be given specifie
characterization tests and then evaluated for surface area, FIS activity,
and FIS selectlivity relative to precipitated iren in a fixed-bed
mlcroreactor system. The results of these tests will be used To gulde



further catalyst syothesis and catalyst treatment efforts aad to select
the best improved catalyst candidates for a more detailed iovestigation
of FTS activicy, stability, product selectivity, methane yleld, and wax

accuyulation-

This report represents completion of Task O, the project work
plan. We begin with & detsiled discussion of the experimental methods
and techoical approach of the {ndividual tasks. The project managedent
is then presenced, includisg personnel data, the program schedule,

project work chart, and cost management-
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11 TECHNICAL AFPROACH
The coutracfual Statemeut of Work iIs attached as Appeundix A. The
technical approach and methods used In Tasks 1 through 4, coumprising

the experimental program, are discussed below.

Task 1 ~ Synthegls of Dual=Function Mixed-Metal Cluster Cacalysts

Surface—-confined FTS catalysts will be syuthesized using a pendant 2
hydrocarbyl functional group that reacts with the hydrexyl groups on the
surface of a support marerial. Experimeatal varlables affecting
syuthesis of the catalysts include the cluster size and composition and
the nature of the support. Initially, aloumina will be used as the

support; later support materlials may include highly acidic SiD;-Alp03
synthetic zeolitesd and shape-selective high-silica zeolites.

The preferred method of preparation is by reaction of metal
hydrocarbyls with susface hydroxyl groups on the support, as shown in
reaction (1).

CyHs C3H H H
T B O S
C3Hg “CHg e
N
CxH C
s Pl
C3Hg . q°"'q°
u] o
Ly0y
Mo . O 2 -+
z(allyl)“ Alxoy( H)2 + 2 propene Alxoy(o)z[unz(allyl)zl (1)



1 o

Reaetions such as (1) are well understood and generally rapld (even below
rooz temperature), aud the tesulting surface—cocfined metal hydrocarbyls
generally have extremely low activation temperatures. Fe(nlly1)3l or
Rn(allyl)z(co)z are kpowo compounds that could be used directly. It may
also be possible to syntbesize Ru(allyl),, Rug(allyl},, ot Ruz(allyl)ﬁ,
and Ruy{allyllg complexes based on the ¥nown c¢ycloheptatrienyl,
Caﬂlonuzcco)es, and cyelooccatrrienyl, (Csﬂs)zRu3(CD)4, compounds. The
eyclohepratrienyl and the cycloctatrienyl ligands act as bis(allyl)
1ligands, bridging two metals. Surface—coufined mono—, di-, and
rripuclear ruthenium species could be prepared accerding to the following
set of reactions:

Ru(allyl)y + ALO,(CR)y + 2 propene + AL 0y (0)5[Ru(allyl)] (2)
Ruj(allyl), + Al O (OR); - 2 propene + AL,0.(0)3{Ruz(allyl)s] (3
Rug(allyll}g + Alxoy(OH)3 + 3 propene + Alzoy(0)3[3u3(allyl)5] {4)

The allyl complexes to be used will be synthesized by the following
Toutes:

FeCly + 3(allyl)MgBr + Fe(allyl)y + 3CINg3r (s)

Rn3(C0)12 + {alliyl)Br =+ (allyl)Ru(C0)4Br + Wa/dg +

[allylRu(C0)5]* + (allyl)Br + [(allyl)yRu(Z0);] (6)
RaCly + 3(allyl)Mgic + Ru(allyl)y + 3 CiMgir N
RuCl, + 2(¢allyl)MgBr + Ru,y(allyl), + 2C1MgBr {(8)

2CaCl, + S(allyl)MgBr + (allyl)CL -+ 2Co(allyl)y +
4¥gBr, + MaBrcl (9



The Fa and Co trisallyl complex (and most likaly both ruthenium
allyl complexes) are thermally vunstable so that the subsequent rezction
[e.g., Teaction (2) or reaction (12) below] must be conducted at low
temperature immediarely following the preparation of these complexes.

The stability of surface—confined ruthenium carbonyl clusters has

been questioned by Gatesa

and Pierantozzis, among others.6:7 To prepare
a catalyst having a surface binding that is better characterized aod
strogger than the normal surface-confinmed carbonyls, we propose to study

the use of pendant group surface confinement as showa I reaztioms (10)
and (1il)-

ByRu3(CO)y, + AlEcy + EfR + EfpAlHRu3(C0)qq (10)

Et AlHRaq(C0)yp + AL O/ (OR)y + 2E€H + AL O (0,)AIERu3(C0)yy €3 D)

Reactions of alkyl aluminum or zine compounds with transition metal
hydrides has recently beec reported by two g:oups.s'll Uging this
method, we cano bind the cluster, even multiple clusters, to the same
gite. It is likely that under FIS reaction conditions, the Al-Ru boods
will be transformed Iato support metal interactions and the Al will
underga oxidation.

This synthesls concept can be extended to eliminmate the need to
introduce Al-Bn bonds into the surface—bound cluster. If we substitute
Co(a11y1)31, Fe(allyl)y, Ra(allyl),(C0),, or Ru(allyl)y for the Et4al,
we have the following reactions:

HoRu3{CO)yq + Fe(allyl)y = propene + (allyl),Fe[RRu;(G0);q] (123

nllylee[Hﬂn3(C0)11] =+ Alxoy(oa)z =+ 2 propene +
Alxoy(oz)?e[m3(c0)u] 13)



Potential hydrido ructhenium carbooyl clusters include H23u3(c0)11,
B,Ru,(C0) 3, H4Ru,(CO)pg, and HyRug(C0)yg-12>13 Porential mized-metal
hydride rutheniun/iron carbooyl c¢lusters include B,FeRuy{(COJy1,

R, RuFe,(C0),q, H,RujFe(CO)qy, aud B, Ru, Fe,(C0)yg- 14217 The use of these
eight ceompounds aud appropriate metal allyls—such as Al(a11y1)3,
Fe(allyljs, Rulallyl),(C0)y, Ru{allyl),y, and (Calallyl)y—will allow us
to determine the optimm method of preparatien, the most effective
composgition of metals (Fe, Ru, and Co), and the preferred cluster size.
We expect that for our imitial studies, we will use a range of 1=7 metal

atoms per cluster.

The hydrido ruthenium carboayl clusters will ba syathesized by the
nethod of Shore.12’13 Rus(co)lz reaces with sedium benzophenone im
THF. By careful control of the stoichlometry, it is possible to prepare
the arfons of all four of the rutheoium ¢lusters. The anioms will be
carefully treated with acid to give the hydrido clusters, Scheme I.-

Scheme |
I(M + PhaCO) - HA
2 %[Ru,;fCU) 1 2]4 + 300 ———+ HgqRug4(C0) (2
2(M +PhyCO) - HA
[Rus(C0) \]2 + 00 ———— HgRux{Llly,

Rus{Ca}yz

3/2 (11 + PhyCO) -
\———' 3 IRugleo 3T - §c0

— HA
J(Ruglco) g 360 ———+ HaRUG(CONg

HaRug(COX 3

t{M = Ph,C0)

M=K, Ne, Lf



The mixed metal c¢lusters will be prepared by the methed of Stone: 14

FC(CO)S + RU3(CO)12 - FER.I.Iz(CO)lz and Fez'Ru(CO)lz (14)

The tetranuclear clusters will be prepared by the methad of Geaffroyssl5

which entalls the addition of a momoneric anion to the trimuclear
cluster.

M3(C0)y 5 + [M(COY,]%T + Mg(COdy 52"

M = Fe,Ru (15)

Tt is Important to emphasize that all the metal hydrides cited thus
far are, im fact, more acidie then €,0 and will react rapidly with the
aluminum alkyl and ructhenium allyl conpounds16 according to reactious
(10) and (12), respectively.

The isclated complexes will be syathesized and stored (at
subambient temperatures if uecassary) in a dry box. Selected complexes
will be characterized by FTIR, FINMR, aud elesmental (AA) analysis-

The reactiot of the wmetal hydrocarbyls with the hydroxyl gzoups eon
an zlumiepa surface will be followed by measuring the evolved gas. The
volume of the gas will be measured by mercury monometer and the
couposition will be determined by gas chromotography. The meral loading
will be determined by AA. The reaction will also be fellowed by
observing changes In the IR spectra taken in the diffuse reflectance
mode on our Digilab FTS-20E FTIR. The supparted clusters will be
further characterized in Task 3, wirh ope sddition—afrer each
activatioa or TIS test, the selected spent catalysts will be isclated
and their FTIR spectra will be determined for comparison with the FTIR
of the fresh cacalysts. Techniques for characterization of these

catalysts have been the subject of a recent critical review article by
Gouzales-17



Task 2 - Sulfur Treatment of Fischer—Tropsch Catalysts

Lowlevel sulfur—treated irom, cobalt, and ruthenlum catalysts will
be prepared for subsequent characterization and weasurements of FIS
activity and seleceivicy. The goal of the task is to selectively
deposit sulfur at ledge sites or on open crystal faces—for example,
Fa{1lll)——that have the grearest sffinity for sulfur adatoms while
leaving the majority of the gurfaces uncovered. However, work perforned
previously in our laboratorylavlg has shown the equilibrium partial
pressure ratic of HaS te Hp required for less than half-saturation

coverage falls om irom and cobalr powders well below practical levels.

The key technical difficulty of this task will be to uniformly
adsorb sulfur oa the reduced metal surfaces at a fraction of the
saturation coverage. At typical reduction temperatures (623 ), the
raversible gas phase coacentration of HiS in hydrogen will be well below
1 ppb (Table 1). Modiffed Tempkin adsorption equarlons describing
sulfur chemisorption e¢n irou and cobalt powders and alumina—supported
ruthenium have been determined2® and will be used ro guide the
proceduras of Task 2. The thermodynaric results suggest that during
moat previous sulfur poisoning experiments involving FIS, the catalysts
were not unlformly poisened, snd that our efforrs co achieve umiform
sulfur coverage throughout a catalyst particle and the catalyst bed at
low levels will be difficulc.

Several differsmt methods of uniformly adsorbing sulfur may bde
required, depending oun the level of coverage. For coverage at or above
half—saturation, a recirculating gas system (Figure 1) will be usad in
which the desired amount of sulfur ig intrcduced into a closed
reclrculating hydrogen stream and allowed to equilibrate. Our
experience with equilibrium measurements of sub-ppm concentrations of
H,S for reversible sulfur chemisorption on supported metals has showa
that careful selection of materials (quartz, polyfluorocarbous, and
polyethylene) and cleaning are required. Also, the process of uniform
adsorption may require days if the H,5 level falls below 10 pph. Lower
coverage capnot be achieved unless the catalyst 1s heated to wvery high

temperatures (above 800 K), where sinterimg may seriously degrade the
FTS activity.
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An alternate approach for wmiform sulfur adsorption will be
attempted for fractiomal coverage wall below half the saturation
coverage. The method 1s based on impeding the dissociative
chemisorption of the ByS to achieve the desired overall level of sulfur
coverage. Uniform adsorption would occur if the rate of sulfur
chemigorption were limited by surface reactlon zather than pore
diffusion. The reduced metal surfaces will be ﬁassivated by carbon
deposition, the initial growth of ironm carblde by €O adserption,
dissoclation, and disproportlonmation to COZ' The partial pressure of CO
will be kept at approximately 0.1 to 1 ¥Pa iag the 100-kPa helium
eirculation gas stream by injection of aliquots of 10 kPa CO in 90-kPa
He. The catalyst tewmperature will raoge from 350 te 550 K, and attempts
will be mzde to control carbon deposition to a few momalayers by
measuring the production of CO;- With 1 kPa CO present in the
reclreculating gas to further impede adsorptiom, aliquots of E45 will be
injected represeating 0.05 to 0.25 monmolayer sulfur capacity. The rate
of H,5 adsorptivn @ill be coutrolled to about 0.1 monolayer per hour by
ad justing the catalyst temperature from 250 to 500 K while monitaring the

decrease iun gas phase E»S concentrarion.

Once sufficient st has irreversibtly adsorbed, the system will be
flushed with pure H; at 300 K. The carbon and adsorbed €O will be
removed by slovly heating the catalyst to temperatures as high as 873 K
in 100-%kPa flowing B,. The gas stream will be analyzed to monitor the
carbou removal as CH, and fo ¢heck for loss of EZS, although we expect no
loss of sulfur. The catalyst will be held fn 100 kPa E, under
recsireculation at 873 K for at least 10 h te allow local microscopic
surface diffusion asnd gas-surface transport to occur so that the sulfur

adatoms will f£ind and occupy only high—coordimatfop adsorption sites ou
the metallic surfaces.

Alternative passivation schemes may be atrempted 1f the carbon/CO
system just described fails. These may include carbon/CgHs, oxygen/Es0O.
or nitrogen/WHy. A low-level sulfur treatment process will be cousidered
guccessful 1if the rate of sulfur chemisorption can be countrolled at low
temperature and the sulfur treatment is irreversible during removal of
the passivating ¢lement.

11



Following pretreatment, the catalyst will be characterized by CO
adsorption at 325 % 25 K, passivated by CO chemisorption, and trgnsferred
to the miarorsactor system described in Task 3 for tests of FIS activity
and selectivicy.

The catalysts to be examined in this task include the precipitared
iron s:audaré, a fused iron catalyst, a precipita:ed Fe—Cu-5109 catalyst,
and Ru/Al,04 :and Co/Alo04 catalysts. The effect of sulfur pretresatment
on potasaiun—promoted {ron catalysts will be determined as well. Sulfur
coverages at approximately 107 of saturation or less, half-saturation,
and 75% to full saturation (relative te 1 ppm H,S ia H, at 573 X) will be
used to provide a representative range for the kineric tests. The
precipitated Fe catalyst will be treared by sulfur chemisorption over the
fu11 range of coverage; the other catalysts will be initially treated to
approximately half saturation. Those catalysts for which half-saturation
sulfur coverage produces good results (L.e., decreaged methane
selectivity) will be tested following treatment for still lower fraction
gulfur coverage.

The precipitated iron catalyst, the base catalyst, will be prepared
by mixing a solution of high purity nitrate into an aglirated boiling
sodium carbomate solutiom. The resultiog precipitate will be washed 1n
hot distilled water to remove the sodium, rincsed with high purity acatone
to reduce rhe water coatent, and oven-dried in air. Bafore use, the
precipitated iron oxide «ill be reduced in stages In flowing Hy at 373 K,
523 E, and 673 K, for at least 10-miqutes duratiou per stage. FPotassim
can be added by ilumpregnation of the dried precipitated oxide with
potasgliom hydroxide or carbomate using the inciplent wetness technique.
The Pe—Cu-510,5 catalyst will be prepared in a similar fashion with 5 wtX
copper uitrarte, and the sddition of potassium waterglass to the Fe,04
slurry.2l The Co aund Ru catalysts will be prepared usiog the
i{mpregnation—inciplent wetumess technique with nitrate salts and a
moderate surface—area alumina. The fused iron catalyst will be elrher
obtained from vendors or prepared from mixtures of magnetite and warious

promoters using the facllitles of the Ceramics Program of the Msterlals
Regearch Laboratory at SRI-

12
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Subsritution or supplementation of the sulfur—treated FIS catalysts
will be expected during the project, possibly as a result of contact with
other DOE contractors or upon the direction of the DOE project wanager.

Characterization techniques, in addition to the characterization and
reaction studies of Task 3, as descrlbed below, may be required to check
the uniformity and degree of sulfur coverage of the sulfur—treated
catalysts, especially those with very low sulfur coverage. Destructive
temperature—programmed reduction of a sample ¢of the treated catalyst to
1500 K with 100-kPa hydrogen will be used to verify the amount of
chamisorbed sulfur and qualitatively determine {ts blading enthalpy.
Algo, the capacity of the sulfur—treated and reduced catalyst for
additional sulfur adsorption fto gaturation) at 373 K relative to the
capacity of the fresh untreated catalyst is another wvay of determining
the relative sulfur coveragezz along with the wore couventional
chemlsorption techniques of Task 3. Characterization studies for
selected low-sulfur coverage catalysts will be conducted in an apparatus
dedicated to temperature—programmed reaction experimentsg; this system

uses on-line wass spectrometric and (for E2$) photolonization or flame-
photometric gae analysis.

Task 3: Characterization and Testiag of FIS Catalysts

The goal of Task 3 1s to characterize and determine the activiry and
selectivity of the catelysts prepared in both Tasks 1 and 2 relative to
the standard base catalyst, z precipitated lroa FIS catalyst. A
schematic diagram of the microreactor system nsed to couduct the tesecs 1s
shown in Figure 2. The cartalysts will be reduced vwnder typical reduction
conditions and the specific metal surface area will be determined by
dynamic BET adsorption with Ny, ar, if appropriate by CO and Hy
chemisorption at 325 and 300 K, respectively. The catalysts will then be
used for FTS with 100-kPa synthesis gas of fixed composition (H,:CO =
2:1) in the fixed-bed lsothermal microreactor. The FIS product
distribution and gyngas couverslion will be determined for several
Teaction temperatures from 475 to 575 K. An sutomated two—column gas

13
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chromatograph (Carle) will be usad to follow the mechane yield and the
overall CO couversion rate. 4 aecond :emperature—progranmahle gas
chromatograph (Hewlett~Packard) with a flame lovization detector will be
used to measure the product distribution for these tests up through at
least carbon mmber CS. {For specification of the test parameters, sSee
Table 2.) The gas flew rate and catalyst bed will be adjusted to keep
the initial CO conversion nmear 20Z.

Key test results will be the methane yleld, the Cg, hydrocarbon
yield, and the CO conversion as a fumction of time over the 2-hour
reaction period. These results will be used to give timely feedback
about the success of the gurface-coufined cluster catalyst syanthesig and

the sulfur treatment of FIS catalysts; in this way we can modify the

catzlyst preparation methods of Tasks 1 and 2, and efficlently pursue the

wmost promising catalyst formulations.

Promising caralysts, that is, those with methape vield sigonificantly
reduced over rhe base catalyst, or those with higher acrivity and good
gstability, will be subjected to wmore realistic FTS conditiouns in Task
4. Tigure 3 15 & flow chart of the decision apalyses to be followed
during syothesis and testing of the FIS catalysts.

In addition to surface area measuremenis and determination, FIS
acrivity, and selectiviry, the tests of Task 3 will lpclude special
:emperature—progranmed desorption experiments to provide informatien
useful in the syathesis and activarion of the multiatomic surface-
confined clustar catalysts. The catalysts prepared under Task 1 will be
stored in & nonactivated state in & dry box under reduced temperatures.
These catalysts will be lozded ipto a sealed microreactor assembly,
removed from the dry box, and placed in the characterizatlon and FTS
testing apparatus (Figure 2). The catalysts will be temperature—
programzed from 300 K to perhape as high as 800 ¥ in helium or hydrogen
carrier gas stTeams so as to deterzine the amount and temperature of
propene, ethylene, and CO evolution as the original metal cluster—pendant
group bonds are brokeo and the cluster interacts more completely with the
support.6»7 This inforwation will be provided real-time by on—1ine nass
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