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express or implied, or asmm~s any legal liability or responsibility for 

the accuracy, cumpletemess, 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 

a~mmar~ial product, process, or service by tra4e name, mark, manufacturer, 

or otherwise, does not necessarily constitute or imply its enc~rsarent, 

re~tion, or favoring by the United S~tes Government or any agency 

thereof. The vim~s and opinions of authors expressed herein do not 

necessarily state or reflect those of the United States Government or any 

agency thereof. 



This documented copy, since it is transnitted in advance of pST~Dt 

clearance, is made available in confidence solely for the use in 

performance of w~rk under contracts with the United States DspartmQ~t 

of Energy. This document is not to be publis~led nor its conter~.s 

otherwise d/sse, inated or used for ~ other than specified above 

before patent approval for such release or use has been secured, upon 

request fro, the ~ief, Office of Patent Counsel. United States Depar~nt 

of =,ergy, 9800 South Cass Avenue, Argonne, Illinois 60439. 
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~ SUMM~M 

In the second quarter of the Air Praducts and Chenicals, Inc./ 

United States Department of Energy contract, "Nove/ Fischer-Trapsch Slurry. 

Catalysts and Process Concepts for Selective Tramsportation Fuel 

Production', work cont/nued ~, the t~ major tasks: Task 2 -- Development 

of Impraved Supported Catalyst Cumposi~/ons and Task 3 -- Slurry Rmactmr 

K/net/c Stmdies. Work accumplished under Task 2 involve8 catalyst 

preparations of cobalt supported on alumina with various levels ef 

prcmoter. The bLTetallic Co/Fe catalyst w~s again ~ e d  on alumina 

hut at h/gher loadings. Also, in an effort to e%hance the water-gas shif~ 

reaction, a physical mixture of the standard Co on prcmr~ed AI203 catalyst 

with a Cu/Zn/AI203 shift catalyst ~s prepared. Gas phase testing ~as 

completed on all of these catalysts. Slurry testing was ca~le~ed on the 

basecase Co on pramoted AI203 catalyst as well as on the Ru on pramoted 

AI203 catalyst, an unpramoted Co on alumina catalyst, and the b~-~al]ic 

Co/Fe on A~O 3 catalyst. Under Task 3, work is in progress to demelc~ a 

computer program for the analysis of kinetic data from the laboratory 

reactors. 

Task 2 -- Development of Improved SuDDorted Catalyst ~iticns 

• Y~mination of the prier effect on the Co/A1203 catalyst ~Is done 

by preparing and testing catalysts having various Co pr~muter ratios. As 

a reference point, an ~-~rcmoted catalygt was prepared fram Co2(C0J 8 and 

gammm-A1203. Two other Co on p ~  A1203 catalys~s were Prepared 

having Co/pramoter ratios of 1.15 and 0.78. The hawse camposition had 

a Co/pramoter ratio of 0.56. Gas phase testing showed that as the 

Co/pr~ ratio increased the bulk activity improved slightly fran 27 to 

36 moles syngas/kg cat/hr, however, specific activity showed no trend as 

it ~aried between 0.24 to 0.31 moles C0/mole Co/rain. Hydrocarbon 

selectivity did show a trend t~rd lighter products as ~ ammunt of 

p r ~  was reduced. 



As reported last quarter, a Co/A~O 3 catalyst was prei~%red with a 

different ~ r  in place of the s~.andard prcmoter to examine the effect 

of other ~ers on ca~lyst p~_for~ce. The gas phase test gave a 

slightly ic~mr bulk activity of 21 moles syngas/kg cat/hr with a shift in 

selectivity to ligher products ccmpared to the basecase catalyst. 

The Co on ~ A1203 catalyst had !cw activity for the water~/aS ~ 

shift react/on and work ~ued this quarter tu~rd incorporating shift 

activity into this catalyst. A ccmmercially available, low t~uperature 

shift catalyst (Cu/Zn/Al203) %~s physically mixed with the basecase 

catalyst and tested ~n the gas phase reactor. The m/xture contained i0 

wt% shift catalyst. The gas phase ~est showed a i~ bulk activity of 19 

moles syngas/kg cat/hr with no indication of enhanced shift activi~. 

There was an increase in cxygenate production, especially of e~lanol and 

higher alcohols. A second gas phase test of the mixed catalysts, this 

time using pre-activated shift catalyst, had a slight increase in both 

bulk activity a~d shift activity. Selectivity toured slightly to higher 

molecular weight products. ~m~ver, when a 2-to-i CO/H 2 feed was used, 

the shifU activity ~ms not good, as reflected by a usage ratio of only 

0.35. 

Continued study of the bimetallic Co/Fe catalyst involved 

preparations of scmm~at higher metal loadings. The unprcmoted catalyst 

fErn the Bu4N ÷ salt gave the highest bulk and specific activities prepared 

of any catalyst tested in the gas phase thus far. The bulk and specific 

activities were 44 m~l syngas/kg cat/b/ and 0.49 tool CO/tool metal/n/n, 

respectively, at 260°C a.-~ CO/~ feed of 1.0. Selectivity to straight-run 

liquid fuel produce (~-C18) was 64%. Increasing the C2/.q 2 feed ratio to 

2.0 still resulted in better than basecase activities. The usage ratio 

was 0.65 and 0.66 for the tw~ different feed ratios. The prcmcted 

catalyst, which had a much Ic~_r promoter loading than the catalyst tested 

in the first quarter, was twice as active at 24G°C than that heavily 

prom~ed catalyst was at 260 to 280°C. It was nc~ as active as the 

unprumoted catalyst and the resulting hydrocarbon selectivity was similar. 
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The following four catalysts ~-re screened in the 1 liter stirre~ 

autocalves this ~arter: 

• Ru on pram~ced AI203 

• Co on unprompted /%1203 

• Co/Fe on uapram~ed AI203 

The co/prm,xed--~203 ~ t s l . y~ :  ~ur 'n ,  t a ~  was ~ ~ ~ m r t ~  w i ~  t.h. 

ob jec t ives  of  e s t a b l i s h i n g  a b a s e l i n e  f o r  t he  c a m p a r i s ~  o f  o t h e r  

catalyst.S developed during this contract and determining the extent to 

which mass transfer resistance is controlling the ~erall rate of reaction 

in the 1 liter reactors. No appreciable change in either activity nor 

hydrocarbon sel~-~civity was attributable tO the i~er speed changes 

from 1200 to 1600 rpm. This indicates that the mmss transfer fz~n the 

gas/liqu-Ld interface to the bulk liquid is negligible. Kineb_ic parameters  

from the catalysts tested during this contract can therefore be 

directly from the laboratory data where the impeller speed is 1200 rpm and 

above. 

The ~u/p~-A1203 catalyst showed s=mwhat Io~ ~ and specific 

activity than the ~ = e  ~ t  cat_~lyst at s~milar t e ~  conditions, 

except at 280°C where the ruthenium catalyst exhibited a marked incrmse 

in specific activity to 0.47 tools CO/tool Ru/min. This w~s s~W~a~Mially 

better than 0.22 ~ C0/mol Co/rain for the _~=-c~se ~ t  catalyst. 

Daublin~ the reactor pressure to 600 psig resulted in a slight increase in 

activity for the ruthenium catalyst. High yields of liq%tid fuels, C5-C23 

hydrocarbons, in the 66 to 73 w~% range w~re obtained at 280°C, O0/~ 2 of 

1.33 to 1.77 and 600 psig. The water-gas shift act/vity, however, ~ms 

poor at these conditions. Deactivation of the catalyst at high CO partial 

pressures may be a problem for this catalyst since the results of the 

initial screening conditions w~re not reproduced. 

The unpr~ Co on al~mtina catalyst ~s ~ to ~ the role of 

promoter on activity and hydrocarbon selectivity. The results inS/card 

no apparent effect of the promoter cm ~ivity and only a sl~ght Ixzit/ve 

i i i  



effect o~ the liquid prod= yield. A substantial deactivation was 

n~:icemb!e when the total system pressure was raised to 600 psig from 500 

psig. ~e methane yield increased dr-~tically frcm 9.6 w~% at 239©C, 300 

psig, CO/~ = 1.50 and 2.1 L/g/hr to 22.3 w~% at 276°C, 596 psig, CO/~ = 

1.0 and 1.0 L/g/hr with a corresponding decline in activity. Bigh CO 

partial pressure appears to be detrimental to the perfcrmance of this 

catalyst and will be determined later in other tests of these catalysts- 

The alumina ~ Fe/Co catalyst behaved much like the unpru~ted 

cobalt =atmlyst above. The results of this test indicate that low levels 

of Fe (0.85 wt%) are not adequate en~Igh to enhance either the activity 

nor hydrcEarbon selectivity of this catalyst. The poor water-gas shift 

activity t2%rcughcut this study verifies the need for increasing the Fe 

loading in subsequent catalyst pregarations. 

iv 
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1.0 ~ O N  

The future use of coal as a tr-~t.i~n fuel will depend on the 

development of an economical and energy efficient liquefaction process. 

The t~o most advanced processes are the direct liquefaction route 

involving the dissolution of coal in a solvent aided by a mild 

hydrogenation and the indirect route in which coal is first gasified to 

synthesis gas followed ~I the Fischer-Trcpsch reaction. The indirect 

liq/efaction process is the only one currently practiced commercially and, 

in this respect, has a fk-m data base of practical experience. 

The Fis~her-Tropsch reaction, in which carbon nrmoxide is reduced by 

hydrogen an~ polymerized, produces h y d r ~  with a broad range of 

m~lecular w~_i~hts, from methane to paraffin waxes. This creates the need 

for further downstream processing such as hydrocracking and light olefin 

oligomerization to maximize the yield of liquid fuel product. Since the 

disccwery of the Fischer-Tr .opsch reaction, extensive research has been 

aimsd at controlling the product selectivity in order to minimize 

~ownstr~. refining and still re~ains a prime target for innovation. 

Previous research has shown that selectivit3, is mainly controlled by 

zatalyst composition and process ccrmlit/ons. Despite the vast effort in 

catalyst research, no catal~c has been developed that yields a narrow 

product distribution of only gasoline or diesel fuel. Because of this, 

product selectivity has been more successfully controlled ~l manipulating 

proc,~ss conditions. 

Since the Fischer-Trupsch react/on is exothermic, control of the 

reaction beat plays a major role in determining product selectivity. 

Suspendin~ the catalyst in a liquid medium offers the best means of heat 

transfer and temperature control. Thus slurry phase operation has been 

shown to give improved liquid product selectivity mainly by lowering the 

light gas yield. The amuunt of data from slurry phas_~ operation, hc~ever, 

is limited ~o only a few studies ~nd significant differences have be~n 

reported in yields, catalyst life and ease of operation. One consistent 

~bservat/on is the lower gas yields and improved gasoline and diesel 

product selectivity. The improved temperature con~.~rol has all~d this 



 ogy to be useful in converth .  ich gas 

fram the latest coal ~ifiers. Slurry phase ~_tation also appears to he 

more z~m~ble to scale-~. ~ research remains to be dk~e to fully 

determ/ne the potential of slurry phase Fischer-~r~ processing and its 

further develcgmmnt is an important part in our country's program to 

establish viable technology for converting coal to com~ntiomal 

h ro== n 

Under p r io r  ccn t ra~  number l]E:-;~T~.2-BOPC30021 with the_ ~ t  of 

Energy, Air Pru~ucts a,d Chemicals, Inc. devel~ se~_ral mew 

slurry-phase Fischer-Trcgsch catalyst ~ that provided enhanced 

selectivity to liquid fuel products. 0~.~ group of these catalysts 

included Co or Ru on a specially pm:moted/m:dified ~ .  To further 

develop and improve these catalyst systems, Air Products, by the current 

contract to DCE, has begun a program to r~uce, evaluate and 

c.haracterize these catalysts in detail. Examination of the catalyst 

kinetics in the slurry phase, along with fuel product characterization 

will be used to improve process design. Kncwledge gained from these 

studies will provide a basis for the develc~mm_nt of n(m~el inproved 

catalysts and process concepts for the selective pruduction of ligu/d 

transportation fuels from synthesis gas. Work accomplished in the 

quarter is described in this report. 



2.0 C6~ZCTIVE 

The major goal of this project is to thoruughly investigate the 

preparat/on, charac~.a~ization and performance of supported and promoted Co 

and Ru catalysts for use in slurry phase Fischer-Trupsch technology. As 

this understanding of catalyst behavior increases, iuproved catalysts will 

be designed and process concepts developed toward increasing catalyst 

activity, lifetime and selective production of liquid fuel product. T~e 

~jectiv~ will be addressed by the following four task~: 

Task 1 -- Develop a project work plan which presents the detailed 

activities to be performed in achieving the objectives of this project. 

This task has been completed in the first quarter. 

Task 2 -- Develop improved supported cobalt and ruthenium catalysts 

by utilizing the premising leads discovered during prior work at Air 

Products under DOE contract number DE-AC22-80PC30021, which has shown that 

metals ~rted on modified aluminas exhibit high activity, stability, 

and good selectivity to liquid fuels in the slurry phase Fischer-Tropsch 

process. New caT~llyst compositions designed to give enhanced selectivity 

to liquid fuels will also be developed. 

In this task, catalysts will be eualuated and tested for their 

potential to convert synthesis gas into liquid hydrocarbon fuels. 

Catalysts will be studied by a combination of tests in stirred and 

fixed-bed reactors and will be evaluated on the basis of activity, 

selectivity, stability and aging. In addition, catalysts will be 

characterized by surface and bulk analyses. 

Improvements in these catalysts will fccas predominantly upon: 

• Increasing catalyst activity 

• Impruving product selectivity for li~id fuels and reducing the 

yield of m~thane 

3 



• D~el~ing. ~~t ~ ~ at high CO:~ ratios 

• In~'~XlOO~tiQg water-gas shift activity, either directly in the 

catalyst or utilizing a m/xture of catalysts in the slurry 

Task 3 -- The baseline catalyst coml)ositioos ~eriv~ from both cd~%it 

and ruthenim, precursors will be used to establish baseline slurr~ 

Fischer-Tropsch rate constants and activat/on enargies. Then the more 

active and sel~-~cive slurry catalyst compositions, idemtified un~e~ Task 

2, will also be used in deriving slurry FT kinetic parameters. An 

existing backmixed CSTR model will be used in fitting the kinetic 

paramsters. The kinetic parameters cbta/ned will then be inp/t to a 

three-phase bubble colusm computer model in order to predict conversions 

and space time yields in ~cial scale bubble column units under a 

range of operating conditions. 

An attempt will be made to determine kinetic expressions that 

describe the rate of formation of individual products or product 

fractions. This will be used to predict space tim! yields of individual 

product crmponents or ~lel fractions in a com~_rcial scale bubble column. 

Finally, mechanistic concepts will be ex~mine~, such as olefin 

reincorporation into growing chains, by ~ small ammmts of olefins to 

the feed and determining the effect on product selectivit/es. " 

Task 4 -- In this task, hydrocarbon prooluct fz-auticms, accumulate~ 

from same of the longer slurry tests of the improved catalysts, will be 

collected ~:nder constant process conditions and subjected to a series of 

tests to evaluate their properties as :4acification fuel. 

4 



3.0 RES~2S ASD DISCUSSION 

This seccion contains potent/ally patentable material and has, 

therefore, been issued in a supplementary re@oft marked "not for 

publication". 



4.0 

This section conta/ns potentially patentable material and has, 

therefore, been issued in a ~pplementazy report marked "not for 

publication" . 
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