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I. A,BSTRACT 

Six &xed bed runs and a single rdur~- reactor run have been completed during the last reporting 

period. In fi.xe4 bed reactors, process variable studies using 100 Fe/5 Cu/4.2 1~/20 -~1203, 100 Fe/5 

Cu/4.2 K, and Ru~rchemie LP 33/81 catalysts were made. The alumina-contalnlng cataIyg com- 

phtes the series of supported catalysts planned to be tested. The activity of the supported catal.v~s 

decreases as the binder/support concen~m:Lion increases for both alumina- and silica-containing 

catal.vsts, and the decline in sctix'ity exceeds that  expected from the dilution of strive metal ~'ith 

support alone. The unsupported cstaIyst containing 100 Fe/5 Cu/4:?. K ~-as tested to distin'gmish 

dearly b e t ~ e n  support and promoter effects. The ~msupported catalyst had siml]az activi~- a s  

she c~ta2vsts containing 8 parts support, but produced greater amounts of  lo~.r  molecular ~'eigh$ 

products. The Ruh~-chemie cahxlys~ ~.'as tested after calcination, while in the previous fixed bed 

tests, the c.a~xlys~ was uncalcined. Calcination did not hxve x significant effect on activi~, but the 

calcined ca~l.vst produced more high molecular ~'eight products than the uncalcined ca~}~t .  

Three of the fixed bed tests were long term stabiliD" runs. The 100 Fe/5 Cu/4.2 I~/8 SiO; 

c,xtal.vst ~ . s  tested at 235 °C, 1.48 ~fPa, 2.0 2V1/g-cat.h, u_~ng both (H.~/CO) = 1.0 (up to 270 

h) and 0.67 feed gas (270--562 h). The caza].x~t deactivated during the test,  ~'lth a faster rate of 

dea£ti~tJon using (H~_/CO) = 1.0 feed tha.u with (H2/CO) = 0.67. A 100 Fe/1.0 Cu/0.2 ]{ cataJx~st 

has also been subjected to a stabRi~ test, and the catalyst deactivated rapidJv during the i~itia] 

period of the run.  The run was termiuaxed after the first balance due to " - excesszse deactixation, 

and a r~es t  of this c.~Lalyst is currontly in progress. In the reTa~st, the deacti~-axion of the catal}-s-t 

is aLso significant. The l~uhrchemie LP 33/81 catal~-st was also e~-aluaxed in a long term stabilJt S 

test. A power fa.i]ure at 382 h interrupted the run, b~zt prior to the interruption ~he cata~,st v,~s 

stabte_ From the  beginning of ,he &rst mass balance st 58.5/~ to immediate] S before the pc~er 

fail~re 342.5 h, the (Hz+CO) conversion dropped from 60.6 to 53.6 %. Following the power outage, 

the caml~-~ ~'as stable st a lower activity, and gave an (H~+CO) conversion of about 50 ~ .  After 



the Kfth Salance, the feed ratio ~ s  increa~d to 1.0 and the (H~+CO) conversion increased to 57.2 

%. The cstai.vst remained stable with the (H2/CO) = 1.0 feed. 

The Rul~rchemie LP 33/81 cstslyst ~ s  also tested in a slurry reactor run wMc]a incorporated 

both a stabi]i~" test and a process varisb]e study. Five balances were completed at a fixed set of 

conditions (250 °C, 1.48 .~Pa, 2.0 Nl/g--~t.h, H2/CO -- 0.67) up to about 340 h. The (H.~q-CO) 

conversion ~ s  steady, ~lropping ~rom an initial level of 46.0 % to ~A~ %. Following the s t a b ~ -  

portion of the run, process ~-az~ables were va_.-ied in 8 balances over 235-265 =C, 1.48-2-96 2~[Pa, 

1.0-4.0 ~'I/g-c~t.h, (H.~/CO) = 0.67 and 1.0 to deto.a'mine their effect on catalyst activ]~, and 

selectivi~. Varying the process con~tions accelerated catalyst deactivation, and by 619/z tl~e 

conversion at the original process conditions dropped to 35.9 %. As the catalyst deactivated, 

selectivi~" shifted tc~'ards production of lower molecula~ weight compounds. 

Metal exposures (dispersions) of selected precipitated iron c~ta]ysts, both u~ppo~.-ted and 

silica-supported, were determined by ~empera~e -p rog~amed  deso~ption of az]sorbed H~., fonow- 

ing reduction treatment in eidaer H~. or CO at 300 °C. Calculated zaeta] exposures s~owed little 

dependence on either the presence of potass/um and/or copper promoter or the support identi~-, 

a.ud varied w~thi~ the range 2 to $ %. Both the isothermal and temperature-programmed reduction 

behaviors of a commercial l~uttrchemie iron catalyst in H2 and in CO closely resembled those of the 

100 Fe/5 Cu/4.2 K/25 SiO2 r~talyst prepared dm'ing the present in ve~igation, l~.eduction of the 

calcined catalyst occurred in two steps: Fe~O~ --~ Fe~O~ -* Fe, and the SiO~ support inhibited the 

second step of t]ze process, compared to the behavior of 100 Fe/5 Cu/4.2 K. X-ray p]aotoelectron 

spectroscopic data revealed tha'c, unlike the behavior observed for 100 Fe/5 Cu/4.2 K/25 $i0~, 
.. 

treatznent of t]ae Ru~em/e cstalyst in H± at 300 oC lesds to substantially more zero-va]ent sur- 

face iron than does reduction in CO at the same temperature. J~aRm'ed spectroscopic studies of 

25 ~'t ~ Fe/SiO.% xzsi~g ~O as a probe adsorb~te, h~ve demonstrated the ma~]ced susceptibili~" of 

s-ur~ace Fe ~+ and Fe ° to~-axd reoxJdation "by O~ at 25 °C. 
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II. OBJECTI\r~ AND SCOPE OF VCO'RK 

The objective of this conu-~a is to (]evelop a consistent $ect~cal da$~ base on ~ e  ~se of i ron- 

based catalysts in Fiscber-Tmpsch (F -T )  s)~thesis reactions. This data base ~i l l  l ~  devdoped 

to allow the unambiguous comparison of the performance of these catalysts ~ith each other and 

~,it~ st~t~-of-t3e-art iron catalyst compositions. Particular &~ent3on will be devoM to gener- 

ating reprodudble ]cknet~c and r,e.lecti~ity dat~ and to developing reproducible improved camlys~ 

compositions. To ~ccomplJsh these objectives, the following specific tasks will be undertaken. 

TASK I - Pro~ect Work Plan 

The objective of r3is task is so es~blish a dem~ed project work plan covering the entire period 

of pe.rl'orma.uce of the contr'~ct. Tkis includes estimated costs and maa.hou:rs expended by month 

for each t~sk. 

TASK 2 - 51ur~" Catalyst Improvement 

The primary purpose of tbJs ~ is to de~'elop improved iron-based catalysts, both preciphated 

and supported, that show enhanced activity and selec~vi~- in slun~- phase ~es~ng. This will be 

accomplished %" g-~ning syste.mafic u~derstandmg of the role of promo~-s, binders, supports and 

a~ ' t /~lon procedures in determining ~ke acfivhy and sdectJvi~ of iron-bas-.d c~t~)"sts. The 

catalyst devdopment program will incorporate exte.~ive physica] and chemical c~srac~erizaT.ion of 

these materials ~,ith the objective So establish correlations between the physical/chemical properties 

of t3ese ca~lys~s and t3e corresponding csm].~ic be~avlor for s)~t3esis gas conversion. 

TASK 3 - Process E;~ua~ion Research 

The purpose of ~ task is to sul~,~--t the most improved c~talyst.s (based on activit7 and 

select~,~t~') So a thorou~]~ process evaluation. This involves long ~ n n  s~ability studies, in~es$iga6on 

of a wide r~uge of process ~-ariables, and determination of kinetic parameters. 

Task 4 - Economic Evaluation 

The aim of this Eask ~s ~o develop the relative economic Impa~= for each 

improved c~a~lys~ composi t ion  and  compare these  economics ~rith the econo~I.cs 

of using ~:he base case catalyst. 



I. $~MM.ARY OF PROGRESS 

The initial series of Zests of supported catalysts has been completed. The remaining aluudn~- 

containing catalyst, I00 Fe/5 Cu/4.2 K/20 A/_~O3, ~s tested in run FA-T6-0968. An unsupported 

catalyst containing the same promoter concentrations as the supported catm]ysts (5 C./4.2 I~) was 

also tested ~o determiue the undisbn~sed effect of supports and promoters (run FA-31-1118). A 

total of six di~erent caxa]ysts have now been tested in the binder/support e~ect series: unsupported, 

slUca-contai~ng whh 8, 9_5, and 100 parts SiOz/lO0 parts Fe, and a/umJn~-containing wkh 8 and 

20 parts A/203/I00 parts Fe- ~ ~ ) ' s t  was tested usiu~ the sazne set of nominal process 

condJdons: ,~20, 235, and 250 °C, 1.48 and 2.96 (I balance) MP=, 2 and 4 A:I/g-cat.h, with 

(H:/CO) = 1.0 s-,mt~e.~s gas. Catalyst activhy decreased as ~:he support concentration increased 

for both alumina- mad silica-containing catalysts, even when c~'erences iu the metal content of 

catalysts was accounted for. The unsupported caT, a])'st and 8 parts Si02 caudyst were rise most 

active ~ested~ ~'olIowed by the 8 parts Al.~Oz caT~lyst. These support ]evels also increased selectivity 

to~rd~ idgh molecular weight products (Ca~-l-). The 100 Fe/5 Cu/4.2 K/8 SiO~. catalyst is among 

the most active catalyst tested to date, and has desirable selectivity behax'ior (low methane, l~gh 

C,.-+) as ~'elL 

.% fixed bed test of calcined Ruhrchemie LP 33/81 catalyst ~ s  made. In prex~ous tests 'of 

skis catalyst, the catalyst ~-as not calciued. The activi~- of the calcined and uncalcined catalyst 

were very.- siudlar at the same nominal process con~tions. The (H~+CO) conversion ~'ith calcined 

catalyst was slightly greater than uncalcined at 235 °C, 1.48 j~rpa, 2 Nl/g.--cat.h, 4g.I % compared 

to 43.7 ~, but at Idgher temperature (250 °C) or space velocity (4.0 A'l/g-cat-h) the conver~ons 

were virtually the same. The selectlvltles of ~he calcined and unc~dued ca~ysts were different 

Calcluation seemed to shift the product distrlbu~on towards higher molecular weight compounds, 

~th less methane and more Cz-_+ products i'ormed using the caldned ca~lyst. The selectivity 

of the ca]tined catalyst ~-as shnilar to the high potassium promoted (supported promoter level) 

4 



c~t~vs'.~ te~ed in the ~ t  study, wkile our supported cacaiysm containing 25 or less parts 

fuppon  were si~F~ficant]y more ~cfive than R~hrchemie LP 33/81, whose composition, 100 Fe45 

C~/4 K/25 Si02 k similar to our 25 parts Si02 ca~d)-n. 

Tkree s'~bilizy runs in Kxed bed tea_--tots have been completed, and ~ single fixed bed nm is 

currently in proiFess. The I00 Fe/5 Cu/4.2 K/8 SiO2 c~a ly~  was tested in r¢~ FA--63--1308 a£ 

233 °C, 1.4S MPo,  2.0 Nl/9-cat-h using (H~/CO) = 0.67 a~d 1.0 feed gas, and 8 mass balances 

were made in over 550 h on stream. The catalyst d e a c t ~ e d  stead~y during the run,  with a faster 

rate of dea~v~on using (H~_/CO) -~ 1.0 s}m~hesis gas as opposed to (H~/CO) = 0.87. More CH 4 

a~d C2-'C4 products were formed as the c~tal.vst de~aix~ted. A precipitated, unsupported ca£a]ys~ 

(100 Fe/l.O Cu/0.2 K) was tested h~ run FA-15-1698, which had been tes~-d pre~ously at  ~ - ied  

process conditions, a~d ~-~s found to be the most a~-tive of the unsupported, promoted caT.a]v~ts. 

The catal)'st de~cti~%~e~_ rapid])" during the fLrSt stability zest, with the conversion dropping from 

an initial 78.0 % (H..+CO) converdon to 51.1% over a45 h inter~/. This ran ~ms terminated afser 

the  fzrst mass b~laace, and a new test of the same c a ~ y s t  ~ s  initiated in run FA-15--1768. This 

run is still in progress, however, the catalyst has again undergone significant dea~'ti~zion. At 235 

"C, 1.48 .VPa, 2.0 Arl/g-cat.h, with (H~/CO) = 0.67 feed gas, the initial (H:+CO) conversion a~ 

2C.:~ ;, ~ -  5; . i  ,%, 5ut s t  174 h, the (H=+CO) conversion has dropped m 31.2 %. A s-tabKity test 

of Ruhrchen~e LP 33/81 cata.~.'st, run FB-99-1588, was aL~o made[ The catal.~t ~as stable, and 

s t  ~.~0 "C, 1.4~ ~,iPa, 2.0 A'l/g--cat-h, usiag (H=/CO) = 0.67 feed gas the CH=+CO) co~versions 

was 583 % az !00 h, dropping to 53.6 % by 340 h. A power faz~re at 382 hcmmed an immediate 

decrease in conversion, dropping to ,',bout 50 %, but  the catalyst continued to be ~abk s t  lower 

acdvi~'. After the fn~h balance, zhe feed gas was switched to a CH~/CO) = 1.0 ratio, and the 

conversion increased W 57:2 % (479 h). The catalyst activity remained nearly constant ~St~ the 

b~gher feed r~tio gas, dropping to 55.7 % by 630 h. 

A slurry reactor test  of the  RulL~chemie LP 33/81 catalyst ]~as been completed. The run was 
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made as both a stabmx7 test and a process ~'sz~able study. In ~]ae farst part of the run, conditions 

were held constant ~ 250 °C, 1.48 a1~Pa, 2.0/VZ/g--caz-h~ (H~/CO) = 0.67 for 5 m~ss ba]~uces 

(about 340 h on stream). Ca~nlvst acdviD" =~.s s~ble during tMs period, wlth tl~e (H.~+CO) 

conversions measured in the range 42.6--46.4 ~ .  Following the stabi]ky test, process conditions mere 

va.~ied to determine their e~ect on ~%alys~ activiW a~d selectivi~. The conditions ranged ~rom 235- 

265 "C, 1.48-2~6 M ~ a ,  1.0-4.0 HZ/g-cat.h, (H~/CO) = 0.67-1.0, and 8 mass balances, including 

a repeat of the initial conditions, were completed. Chaa~ag of process conditions inczeased the 

rate of catalyst deactH~tion, and clm~.ag the repeat of con~tions at 619 h the (H2+CO) conversion 

was 35-9 %. 

T~ree predpkated iron caxa]yst compositions were selected for resvathesis, on the basis of 

overall ~ t a ] ~ c  performance for the Fisc.~er-Trops~ r e a s o n .  Approximate]}" 100 g batches of 

each o~ tl~e following compositions were prepared, 1~-ing the controlled-pH, continuous predphation 

tec.Jamque tha~ ]~as been detailed previously and employed :[or a]] prior ca~.lyst syntI~eses: 

100 Fe l l  C~/0.2 K 

100 Fe/3 Cu/0.2 K 

100 Fe/5 Cu/4.2K/8 $i0~ 

~[emeata~ aaa]yses were pe_rformed ~y atO~C a]~sorption spec~osco:py ~or eac~ mat.erjal., a~c~ were 

found to be wit~dn acceptable limits. 

Me~zI expos~es (dispersions) are an indication of the :fraction of total reduced metal x]aat 

is a~-ailal~le for adsorpdon or reaction at the su_~ace of preclpitate c~'sta~tes. ~.~osu~es w~e 

determined for 12 representative catalyst compositions by temperature--programmed desorption 

o~ adsorbed H~, fol]o~-ing ca]clnaxlon at 300 °C and subsequent reduction in e i t ~  H~ or C0 

at the same Zemperature. Assuming dissodative adsorption of H~, fractional metal expos~es 

were ca]cuIated ~rom the to~l  amount of desorbed H~ in each case. The observed ~-alues showed 

relatively little ~-~-~tion. Most ~'ere ~ithin the range H/Fe = 0.02 to 0.05 and appeared to be 
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largely" independent of the presence of either copper or potassium promoter or, surprisingly, Si02 

and Kl.~Oa supports. Resu]ting exposures ~ere., in genera], somewhat higher for samples reduced 

in CO than for those treated in Hz. 

Reduction and surface properties of a commercial Rubxchemie iron catalyst were characterized 

1Lsing isothermal a~d ~mapera t~programmed reduction and X-ray photoelectron s'~troscopic 

techniques. Both temperature-programmed and isothermal (300 °C) reduction behaviors of this 

material closely resembled those of the 100 Fe/5 Cu/4.~ I~/25 Si02 catalyst thax has been Dmthe- 

sized and daa~acterized previously during this inves-tigation. Reduction of the precalcined catalys't 

in either H~ or CO occurs in two consecutive steps: 

F ~ 0 3  --, F e 3 0 4  - -  Fe 

Compared to the beh~x'lor of the unsupported 100 Fe/5 Cu/4.2 K composition prepared during 

this ~ud~; the presence of Si02 ~;Eni~cant]v decreased the rate of reduction of ~ e  Rn~chemie 

catalyst at 300 °C in both H.~ and CO. In marked contrast to the behavior observed previously for 

100 Fe/5 Cu/4.o_ K/25 SiOz, however, XPS measurements indicated ~ t  reduc~on in H.~ at 300 

°C ~ms more effective at producing zero-vahnt surface iron species ~ a n  ~ s  tre~tmont in CO at 

the  same temperat~zre. 

Infrared spectroscopic studies have been made to investigate the ¢.ffect of potassium promoter 

in influencing the susceptibility of reduced, silica-supported iron to ~oxidation by 02 at 25 °C. 

Using 1~0 as a probe adsorbate, these mess~ements have d e m o n s t r ~ l  that reoxidaxion occurs 

rapidly at ambient temperature in a two-step process that eliminates surface adsorption sites. The 

presence of potassium promoter or the use of tfigh (730 °C) reduction temperatures greatly increase 

the tendencb" toward reaxid~tion. 

We hax~ continued our aaa]ysis of f~xed bed reactor hot trap products collected in pre~oas 

runs. Our results for the activation/reduction study runs show the prmeace of at least two chain 

7 



~ro~'th probabilities (a's) in ~he ll.vdrocarbon distribution. The values fo." low molecul~ products 

ran~ed from 0.66--0.74 wl~e for higher products the x-ange was 0.84-0.94. The ana].vsis of the wax 

had little effect on the lumped hydror~bon distribution for these rur~, ~-ith on]y minor shifts 

between ~he C3-Cn and Cn÷ products. 

8 



IV. DETAILED DESCRIPTION OF TECHNICAL PROGRESS 

T.a-SK 1 E Project Work Plan 

The project work plan was completed d u . ~ g  the f~st quarter of this project a~d the deUdled 

work plan ~-as submitted to APCL 

T..~-K 2 -- $1urrT, Catal~ Improvement 

2.1. %Vax Analysis Results. 

We Ims-e continued our wor]~ on ana]y~ng the products collected in the hot trap of the f~xed 

bed r e c t o r  systems during previous runs. These results are incorporated into the existing data to 

extend the  range of carbon uumbers included in the mass balances and selectivity calculations. The 

results for sdected zeduction/acti~tion s~udy fixed bed camlys$ tests are summarized in Table 1. 

Our aaalysis of the higher molecula~ wdght, products dearly shows ~a$  at least two chain 

grc~-& probabilities (a's) are ~eeded to characterize the product distribution. Anderson-Schulz- 

Flory (ASF) plo~s axe shown i~ Figs. 1 and 2 for runs FA-25-2737 a~d FA-25--3077 (;eportcd in 

the Tedmical Progress Report for 1 October - 31 December 1987). High methane and C2-C4 )ields 

were obtained in ru~ FA-25-2737, wh~e run FA-25-3077 produced large amount of C n +  products. 

Both runs showed product distributions which did not tit the simple, single a ,  ASF mode l  Huff" 

aad Sa::e-'~e/d (1984) and Stenger (1985) have discussed mulfiple-o product distn'b~fions, and we 

have used the two-a  model described by Huff and Satteriidd to represent our data= 

(1) 

where ra .  is the mole fractio~ ofproducts containiag n carbon atoms (hydromrbon and cg'ygesata), 

0 is the f r~ t ion  of tTpe I sites on the cazalyst, aad az and a n  are the chain growth probab~ities 

assodated "with the D'pe I and ~'pe I I  ~tes, respectively. 

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

number, the product distribution is dominated by the type I site, aad az is calculated from the 
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slope of zhe lo~-line~ ploz in zhe usual manner as ax = exp (slope). Simil~ly, ~ higher carbon 

numbers the product distribution is dominated by the ~'pe Ii site, and ezn can be calculated from 

the slope at large rz. fl is calculated using these Imown ralues of a, and the best estimate of fl, in 

the least squares sense, is given by: 

N j j " 
. ( 2 )  

~-here rn# -- (1 - ~)a "~-I for the ~'pe X or IX site, A: is the maximum carbon number in the 

distribution, and zoj is the wd~fing factor associated with carbon number j. The weighting factor 

is needed to account for the large range of mole fractions, which typical]y span several orders of 

znagrJtude in may one sample; ~thout weighting, ~he estimate of ~ is based almost entirely on the 

frst few carbon numbers. The values of~ appearing in Table I were obtained using a weighz given 

b.v ~ = e~. 

The reduction coRc]~tions effect both the nature of the sizes (i.e., a# and axx) and the number 

of sites (or the relative ~tivhy of the sites), ~. The use of H2 reductant, runs FA-25--3237 (250 °C) 

and FB-25-322T (280 °C), has little effect on al, but compared to CO reductant (FB-25-0098 and 

FA-25--P.96T), H2 decreases o i 1  and increases ~, causing more lower moleculax weight products to be 

formed. :M~h xeduction pressure (ruli FA-25-3517) decreased fl siguiflcanfly to 0.68, although this 

reduction procedure had a detrimental effect on catalyst stsbZ1ity. The rem~dning CO reductions 

resulted in fl ran~ng from 0.81 ~ 0.92. In the presence of H2 reductant,/~ was a l ~ y s  ]figh 

(0.91-0.92) including the H2+CO reduction (run FB-25-3377). 

Deviations bet~'een the model (Eq. I) and zhe experimental daz~ occur for severs] reasons. In 

Fig. 1, the negzfive deviations in the Cr-Cx9 range are ca~ed by errors in lifting the parameters 

(c~s, c~H, and ~) separsteJy. Overpred/cfion of the mole fractions zzise in the region where the type 

I and IX contributions overlap, while our est/mation technique assumes that the parameters can be 

evaluated indJviduaily. T~ese errors are typically small. Negative deviations in the Cv-C~0 mole 
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fr~ctions apparent in Fig. 2 are c,~used by product loss ~ e~-~poration du.ri~g sample handling. 

The disparity in the C12--C~0 carbon number products may be due to product losses as well, and 

we have also found that errors in this range of carbon n~nbers result from overestimation of the 

amounl of ana])~ed wax. By erroneously including more wax than was analyzed into the product 

distribution, the mole fr~--tions of higher carbon numbers are higher than expected. The result 

is z neg~ti~ deviation in the distribution where the organic liq.uid and wax analyses overlLp. An 

underestimation of the orga~c ];quid analyzed caused by less than 100 % recover)" in the organic 

analysis or sample weight error, should give the same ~,.'pe of deviations. 

The addition of the wax analysis results Luto the product distribution had little effect on the 

lumped hydrocarbon distributions, which are also shown in Table 1. Only minor shifm in the Cs- 

Cll and C1~.+ fractions occurred, due to ¢~he redistribution of Cs-C~I produc~ from the ~ x  to 

the Cs-C~l fraction. The fixed bed reactor ~ x  is primarily Cz~.+. Small amounts of oxygenates 

are usually present in ~ e  wax, and after analysis, they are reclassified and no longer counted as 

hydrocsrbons. This reclassification decreases the frsction of total hydrocarbons formed, which 

changes the methane and C2-C4 fractions r~ight]y. 

2.2. Fixed Bed Catalyst Studies. 

=L.~ ,~o-,~s] fixed bed catalyst process ~-a.dable studies using our standard T~.sling pro- 

cedure have been completed. A calcined sample of the Ruhrche.m~e LP 33/81 catalyst has been 

te~;~l ( ~ .  I'~-S~-13-15) for comparison with previous tests of unc~ldned LP 33/81 cat~y~. A 

supported catalys~ conm£uing s nominal 20 parts AltOs/100 psrm Fe has also been ~ e d  (run 

FA-76-096~) to complete the series of AlcOa ~.~t~lys~. An unsupported catalyst containin~ the 

same promoter concentrations as the A1~Oz- and SiO~-con~aiag c~lys'~s (~ Cu/4.2 K nominal) 

was run to determine the undisguised effect of support on catalys~ performm~ce (run FA-31-I118). 

2.2.1. Run FB-99--1348 (Calcined R.uhrchemie LP 33/81). 

Six mass baJances ~ r e  performed in run FB-99-1348, and the results are summarized in Table 
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2. This r~m was made to test 11uhrchemie LP 33/81 catalyst after calcination, and the 30/60 mesh 

catalyst was reduced with pu~e CO for 22 h at 280 °C prior to exposure to $)-nthesis g~s. The 

Ruhrdaemie catalyst has a nominal composition of 100 Fe/4 Cu/4 :K/25 Si02 (weight bas~s), wlfi~ 

is ~a i la r  to our 100 Fe/5 Cu/4.2 K/25 5i02 catalyst. A test of tuacalcized RuhrchemJe LP 3,3/81 

c~tadyst w~s made in run FB-99-3477, reported in the Technical Progress tLeport for I October-31 

December 1988, and selected activity and selectivity aspects of these two rams are compared in 

TabIe 3- 

Durimg the first balance at 235 °U, 1.48 .A'irPa, and 2 .~'l/9-cat.h, the mass closure was low and 

the conditions were repeated again during balance 3. The activity of the catalyst between the two 

badances was essentially constant, and during balance 3 the (Hz+CO) conversion was 49.1%. At 

higher space velocity, 4 Nl/g-c~t.h, the conversion dropped to 33.8 %. The effect of temperature 

at 220, 235, and 250 oC at 2 jVl/g-cat.h and 1.48 M P a ,  showed the expected inc~ea.se in (H2+CO) 

conversion: 25.9 (ba]ance 5~, 49.1 (balance 3), and 60.3 % (balance 4). The conversion at 220 oC 

~as lower than expected, and partial deactivation apparently occurred during the test at 250 oC. 

Catal.~st deactivation was evident during balance 6 at 235 *C and 2.96 MPa, at constant (P/SV) 

as balances 1 and 3. At the kigher pressure, the (H.~+CO) conversion dropped to 36.7 %, while at 

the lower press~tre the conversion b-as 49.1 ~.  

The activi~" of both calcined mad uncalcdned c~tal_vsts ~as very s~mi]ar..&~ 235 *C and 2 

A'I/g-~t.h, the calcined catalyst was slightly more active, giving an (H~+CO) conversion of 49.1 

% compaxed to the 43.7 % conversion for the uncalcined catalyst. At higher space velocit3" [4 

JVl/g-c~t.h) or ~gher te.mperatalre (250 *C) the calcined and uncalei~ed catalyst g~.ve the same 

conversions (Table 3). Caxalys't deactivation in ran FB-99--1348 (calcined) during balances 5 and 

6 (220 *C, 1.48 MPa and 235 *C, 2.96 MPa) caused the (H2+CO) conversions zo be lower than 

expected a: these conditions. At the same conditions, the uncaldned catalyst was not deactivated, 

thus the lower activity of the calcined catalyst ~ s  due to deaztk~tion as opposed to calcination. 
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Before deactivation occurred, the calcined cxtaiys~ produced smaller amounts of methane, C4- 

C4, and Cs-C~1 products than the uaxcalci~ed cxtalyst. At 235 "C, 2 Nllg-cat-h, the calcined 

c~tadyst formed roughly ]~alf the C]~ and C2-C4 products as the Imcalcined cata]3~, 4,3 versus 

7.g % (CH4) amcl 17.6 and 36.4 % (C=-C4), while the amo~mt of Cx2+ products iacreased from 29.4 

to 61.1%. SLmilaz dLfferences in the selectivity occurred at 235 °C, 4 Nl/f-ct t .h and at 250 "C, 

2 JVl/g-cat.h, and are compared in Table 3. We had dif6culties during the "test of the uncalciued 

c a ~ y s t  with atomic clos=res (the H balance was consistently ]ow) which m~" have some impact 

on selecdvi~, ]~owever, large errors in t]~e h vdro'c~rbon distribution are not expected. 

The ASF plots for the caldned Ruhrchem]e LP 33/81 catal}~t sho~d  a ~rong break in the 

distribution at about Cx0, which reflects the tendency of the calcined catalyst to produce large 

amounts of high mo|ecular weig]~t products. ASF plots for the ba]a=ces a~ 235 and 250 eC (2 

.~l/g-cat.h, 1.48 ~fPa)  are sho~-n in Figs. 3 and 4. Temperaxu~e had on]y a slight effect on the 

parameters, decreasing ~I  from 0.64 to 0.63 and ,~ from 0.82 to 0.80, and az~ remained unchanged 

at 0.92; the weight % hydro,'~rbon distributions at the two temperaxures are also simUar. 

2.2.2. Run FA-T6-Og68 (100 Fel5 Cu/4.2 IC./20 .,~120s). 

Run FA-76-0958 ~-as the test of 100 Fe/5 Cu/4.2 K/20 -A2203 c~tadyst, and the results of the 

six ms.~s b~'.~-.ces performed are summarized in Tab,: 4. The catalyst ~ . s  ground So 30/60 mesh 

before charging the reactor, a~d reduced using CO a~ 280 °C for 12 h-'During the fu~t t ~  balances, 

st  235 ~C, 1.48 .~'Pa, 2 (balance 1) and 4 ~l/9--cat-h (ba2a~ce 2), the (H~+CO) contortions were 

68.3 and 35.3 %, increasing to 73.4 % in balance 3 at 250 "C and 2 Arl/9-~t.h. The convenioas are 

lower :ha~ tIxe conversions obtained using the 8 parts AI~ O~ catalyst (r~n FA-73-0828, reported 

in the Technical Progress Report for 1 3anua.W - 31 .March 1988). The conversions obtained are 

b.igl~er than or comparable to the conve~ons using 25 parts SiO.~: 55.0 (balance 1), 38.5 (balance 2), 

and 67.6 ~0 (baiance 3) which were ru~ at the same nominai conditions as the alumina-containing 

c~taJys~. 
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C~t~lyst deacti~ttion occurzed before the fourth balance at 220 °C, 2 ~.I/g-cat-h. The 

(H2-i-CO) con~'ersiou obtained duzing this balance =~.s lower than e.x'pected, 22.1% ~s compared to 

31.1% for the silica--containing catalyst (25 pa.~s Si02) and 31.7 % for the 8 parts Al20a catalyst. 

A repeat of the conditions of balance 1 in balance 5 showed that the (H2@CO) conversion had 

dropped from the ordinal 68.3 % conversion to onIy 31.5 % over a 96 h time interval. Balance 6 

was made at ~gh  p~ssure, 2.95 MPa, at constant (P/bV) as balances 1 and 5. The (H2+CO) 

~'as 30.5 %, which is comparable to the balance 5 conversion, thus the t5g~ pressure did not ,~,trther 

dea~:t]~te the c~talyst. 

This catalyst ~'as selective towards tdg]~ molec~az weight products, with s maximum of 61.9 

C1~-+ products at 235 °C, 4 .~'l/g-cat.~ in balance 2. The space ve]ochy had little eiTect on 

selec6vi~- as the wright ~ hydrocarbon distribution and the o l e f t n / p ~  ratios were comparable 

between balances 1 and 2 (2 and 4 N'l/g-c~..h, respectively). Higher temperature (250 ~C, balance 

3) Lucreaxed the Wce~tages of CH4, C.~-C4, and Cb-Cz~ producus as is normally expected, from 

3.72, 16.6, and 19.2 % (235 °C, balance 1) to 4.84, 21.0, and 21.5 % (250 °C). The Czz'i- £r~ction 

decr~ from 60~5 to 52.T %. The deactivated c~talyst produced more of the gaseous hydrocarl)ons 

t~an the fres]~ catalyst In balance 5, the catalyst produced 5.02 Yo CH4 and 21.5 % C,.-C~, an 

Lncrease :from balmnce i at t}te sazne conditions, and the CI~.'F proc~ucts decreased to 53.2 %. }~er 

pressure (compazing balances 5 and 6) had little effect on the weight ~o ~ydrocazbon distribution. 

2-~.3. Run FA-31-1118 (100 Fe/5 Cu/4.2 1~). 

Six mass balances were performed d~ring run FA-31-1118, and the results are summarized 

Table ~. The cacMyst ~'as ~ro~nd to 30/60 mesh an~ xeducei, after locd~ng, ~t 280 °C for 

12 h ~ith CO reductant. The 100 Fe/5 Cu/4.2 K catalyst ~ s  tested to determine predpit~ted 

catalyst ]:m.]lav}o:r m the absence of support, at the ]1~]1 potassium and copper promoter leve/s 

ased in the supported catalys~s. The hdtial activity of the catalyst was ~h a~d comparable 

¢o the i00 Fe/5 Cu/4.2 K/8 SiO~_ c~talyst (run FA-63-0418, reported in the Teclmica] Progress 
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Report for I Janua~- - 31 March 1988), gi~-ing (H2+C0) conversions of 78.3 (233 °C, 1.48 MPa, 

2 ?,'Ug-ca~-h), ~ .$  (235 °C, 4 .~'I/r~.at-h), and 65.4 % (~0 °C, 4 ~'I/r-c~t-h) during 1~--ces 

I-3. At t~e same nominal condkions, the silica-containing catalyst achieved 76.7, 52.8,'and 65.1% 

conversions. Balance 3 at 250 °C deacti~-~ted the cata]yst, and the (H2-I-CO) conversion dropped 

to 33.0 ~ during balance 4 at 220 °C, while compared to the si~ca-con~g c~r~lyst, a conversion 

of approximstely 60 ~ was expected. Balance 5 ~-as run st the same conditions as balance 1, and 

the conversion was fotmd to ha~'e dropped from 78~ to 47~ %. 

Th~ unsupporte.d catalyst showed a grealer tendench" to produce low molecula,v weight products 

(CH4, C2-C4, and Cs-CI~) than ehher ~e slumiaa- or ~c~-conm£uiug catalvsm ~izh 8 pm~ 

s~ppor~ per I00 p~rts iron. At 235 and 250 °C (4 Nl/y--cat.h) the ~ght ~ of methane ~m 4.84 

Lnd 5.74 ~, wl~.e the 8 parts Si0.~ cata]ysl produced 3.27 and 3.69 ~ mad the AI~03 cst~ly~t 

produced 4.19 and 4.91% st the same nominal conditions. As ~be c~talvs-t deactivated, the Cr- 

(;4 and Cs-Cn percentages rema]ned constant: 21.8 and 22.2 % (halite 2) to 23.6 and 24.4 % 

(balance 5). The increase in pressure during balance 6 1o 2.96 MPa decreased methane and shlRed 

some Cs-C~ products to Cz.~%. Bet~'een balances 5 and 6 (1.48 a~cl 2.96 .~Pa, 235 °C), CH4 

decreased from 5.96 to 4.62 ~ and Cs-C~ decreased from 24.4 to 19.~ %. The Cz~.÷ produ¢~ 

increased from 46.0 to 52.8 ~ with the increase in press-axe. 

2.2.4. Discussion and Comparison of Supported Cstalysts. 

A s~nma.~" of the selectivity and sclivi~- results is given in Table 6 for the three silica- 

containing catalysts (rtms FA-63-0418, FA--66-0548, and FA-69-0668, reported in the Teclmir~ 

Progress Report for I 3anuary - 31 March 1988), the W.-o alumina-containing cat.alys~s , (r~s 

FA-73-0828, reported in ~he Techn~ca/Progress Report for 1 3amuaxy - 31 March 1988, sad FA- 

76-0968), the unsupported catalyst using supported ca~yr t  promoter levels (run FA-31-1118), 

and ~he calcined Rtthrchemie I,P 33/81 catalys~ (rtm FB--99-1348). The effect of support concen- 

tration ca~ be stnc]Jed over the range 0-100 parts SiO.~ and 0-20 parts A]_-O3/100 parts Fe. The 
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impregnation technique used to prepare the alumina-contalnlng catalysts ~ s  limited to a maxi- 

mum support concentration of about 30 l~arts ..~!.203/100 parts Fe, so a catalyst with high alumina 

concentration (£e., 100 parts) ~'as not a~L~ble for tes t~g.  

Catalyst activity, as measured by (H2+CO) conversion, decreases as t3e support concentration 

increases. The {H2+CO) convers|ons obtained at 235 =C at  the two space velocities used in h e  

tests are compared |m Figure 5. The 8 pa~ts SiO2 and the unsupported catalysts had the highest 

ac t i~ t im,  and on a per Fe basis, gave essentially the  same (H2+CO) conve_~ons. The 8 parts 

A1203 catalyst also had bigh activity. The shni]arity in conversions :[or the unsupported and 8 

parts supported catalysts show that the  ]~gh activity is not  due to surface areas alone. The very 

high potassium concentr'~tions are responsible ~or the increase in catalyst ~ctivity over previous 

unsupported catalyst tests. While tl~e BET surface areas of the $10.,-containing catalysts increase 

from 94, 148, and ~ m2/g at 8, 25, and I00 parts SiO../100 parts Fe, the (H2+CO) conversions 

decrease at all conditions tested. The unsupported catalyst has a BET surface area of 38 m2/g. 

The increased BET surface areas are caused by the addit]o~ of high surface area support  a~d do 

not necessarily reject a large increased active metal surface area in the p~sence of a support. Our 

lae~surements (Sect. 2.3 9 of this re!~o~ ) show that the ~actional metal exposures for CO reduced, 

sillca-containin 8 catalysts are the same as for unsupported whh  the same promoter concentrations, 

thus crys-w~te size is conszant. When alumina is added to the catalyst, the exposure ~-oughly 

doubles, lr.giebor and Cooper (1985) measured the  BET surface areas of bo~h fresh and used 

silica supported catalysts, ~ t h  composhions of 100 Fe/4.2 Cu/6.7 K with 21, 50, and 73 parts 

SiO~. Prior to use, these catalysts ~ sm'face ~ e a s  of 151, 252, and 275 m~/g, whie~ agree 

with our values, but after use the surface areas decreased to 71, 1L and 28 m 2/g, respectively. 

The authors attributed the decrease in surface areas to  carbon deposition on the catalyst during 

synthesis. Wax accumulation in catalyst pores may also contribute to low used catalyst surface 

areas. The h i #  surface a~eas of fresh catalyst may not  be representative of the actual area of the 
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acx.;x-~,-~. ~ :~ys t .  The high surfsce area catalysts hLve smaller pore diameters (Technical Progreu 

Report for 1 October - 31 December 10SS), inc, easing intraparticle diffusional limitations. Aiso, 

the catalysts ~ t h  high support conccnu-~dons show stronger resistance to reduction and m~" ~ot 

be fully acti~-a~. 

The weight % hydrocarbon distributions of the supported catalysts and Ratkrchemie LP 33/81 

(run FB-gg--134S) are compared in Fig~ 6 (235 °C, 1.48 MPa,  2 ,~'l/g--cat.h) and 7 (250 °C, 

1.48 2~P~, 2 or 4 J~'l/g-c~t.h). The addition of a small amount of support (8 parts/100 parts Fe) 

l~ad a minor effect on conversioz~, but improves the selectivity by decreasing methane and C2-C4 

formation, increasing the amoum of C~.,+ products. The calcined Ruhrcbemie catalyst shcm-ed 

good C12+ selectivity as well An increase in the alumina concenl:ratJon from 8 to 20 par~s/100 

parts Fe had no sigtfifieant effect on the hydrocarbon distribution at a~)- of the conditions tested. 

The selectivity of the catz])-st with 8 parts Si02/100 parts Fe ~ s  better than (low me@.ane, high 

C1_-4-) or comparable to the selec:.ivities of all the supported catalysts, calcined l~uhrchemie LP 

33/81, and masupported c~talyst. This catalyst is also one of the most active of the catal)~ts tested 

to date. 

• Our 100 Fe/5 Cu/4.2 K/~5 $i0., catalyst and the l~uhrchemie LP 33/81 catalyst (100 Fe]4 

Cu/4 ~./25 5iO.~ ) have nearly the same compositions, yet behaved differently at sim~ar operating 

conditions. Our catalyst ~-as more actinic than the Kuhrchemie catalyst, but produced snore 

hydrocarbons. At ?.35 "C, 2.0 2~:I/g-cat.h, the (H2+CO) conversions were 55.0 % for our cl~d)'s't 

gad 49.1% for the Ituhrchemie catab-st, while the methane was 5.7 and 4.3 % and the C,r-C4 was 

22-7 and 17.6 %, respectively. Similar differences were preseat at other conditions, which can be 

seen in Table 6. The 25 parts Si02 catalyst was also more selective to~-ards lighter prod~cta than 

e.ither of our 8 or 100 parts Si02 catalysts, regardless of di~erences in catalyst activity. We ha~e 

noticed that higher support concentrations increase catalyst stability, in that more hatant~s am 

be completed before catalyst deacti~-~tion becomes apparent. The 25 and 100 parts El02 catalysts 
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were stable during the 1)rocess ~rlable studies, wh~e t i e  8 parts SiOz and mnsupported catalysts 

deactivated. All of ~hese czt~)'sts appeared robust at the single high pressure (2.96 MJ~a) mass 

balance, The I~.u~chemie catalyst has also been found to be a stable c~talyst. 

Dr)" (1981) discusses the results obt~ued st  Sasol v, i th supported c~talysts. I$ is not possible 

to make quantitative comparisons beuveen our ~'or]~ and that at Saso], as Dry reports only reiative 

values for l~OtaSs:~um content, activity and hard ~'ax selectivity, but some qual/ta~ve comparisons 

can be made. 13sing an Fe/Cu catalyst cont~dning a relative T~20 concentration of 10 with 24 

])arts 5i02/100 parts Fe (by weJght), he reported a relative act{viw of 45 and g relative hard ~'ax 

selectivity (£¢., high molecular weight products) of 34. This w~ the most active c~talysts of ~he 

series reported and had the highest ha~d ~'ax selectivity. With an alum~ua supported catalyst (100 

parts AlcOa) ~ith a similar pota~sium Ioading (12), the activi~- deere~ed to 18 ~'hile the hard ~ x  

selectivity zem~dned constant. V ~ a  a second alumna c~tal)-st, contah~ing 23 p a ~  A120a and a 

potassium level of 3, activhy increased to 35 and hard ~ x  select/vity decreased to 10. Since higher 

potassium loading should in=ease activity a~ *.he leveis reported, the decrease in ac~i~" whh 23. 

and 100 parts .%.1.- 0_~ can be attributed to she increase in support concentra'don, which {s-whaz we 

have observed for both alum/ha and silica supported catzlys~s. (Dry shows that high potassium 

concentrations, ~bove 12, cause decreases in activiw for SiO.~ supported iron). The decrease in 

hard ~ x  selecti~i~- is due to the ~_hange in potassium loading, ~'here ~'e have found ~hat ~gh 

potas~um loadin~s give high select/vi~- to C n  ÷ products reEardle~ of support. 

The work of E~ebor and Cooper (1985) with 100 Fe/4.2 Cu/6.7 K and 21, 50, and 73 parts 

SiO~ catalysts can also be compared to our results. They did not report their hydrocarbon dL~ri- 

button per ~e~ but they noticed that the Cs-C~l fraction remained constant regardless of support 

concentration at ~ fixed set of conditions (300 °C, 0.71 .~Fa, H2/CO = 1 . 0 ,  240 ~-~) and ~-a~ 

40-50 w~ght % of the total condensed products. They found tha~ the re~ctnnt conversions changed 

only ~lightly as the support concentration increased, with no sigui{icant difference between the three 
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catalysts, ~'~ch is not wha~ we have experienced in our studies of supported c~taly~s~s. 

2.3. Catalyst Prepazation and Characterization. 

We have completed zhe catalyst preparation and physlcal/chemlcal characterization portions 

of z~s Luvestigazion. Based on overall performances ex~bited for the Fischer-Tropsch reaction, we 

resyn~esized zbzee of t.he preclpitaIed iron catalvs-ts, and have completed elemental analyses of their 

compositions. V,'e have also detea'mined mea l  exposures (dispersions) for several represent4~ive 

catalysts, in order to e~-~luate the effect of copper and potassium promoters and of m'lica and alumina 

supports on reduced iron crys~Rite size. Assessment of the reduction be]~a,~or of a commercial 

Ruhr~emie precipitated iron catalyst has been comple~,d and compared ~ those of catalysts 

~m~aesized during this project. Iz~razed spectroscopic studies have been lased to determine the 

ezTec: of potassium promoter on the suscep6bility of reduced silica-supported iron surfaces 

reo~dation. De~la~s of reseazch results in each of these areas are provided in the follo,wing sections. 

2~.I. Catalyst Resyn~heses. 

Based on overall performances exhibited for the Fischer-Tropsch reaction din-rag the caradyst 

t e s ~ g  phase of the project, three c~talys~ compositions were selected for resynthesis, in order to 

provide additional q u a n ~ e s  of catalyst for further ~esting amd to assess the zeproducibRRy of the 

c~.~.~y~ l:-'ep~-~on method. Using the contro]led-pH, continuous pzecipiza~ion teclmique that has 

been described in previous reports, approx~,ma~ly 100 g (dry weighO'of each catalyst ~-as prepared. 

Eleme=*.~ ~.n~_~ o~ each mazerial were performed using a~on~c absorption spectroscopy. Nominal 

and actual compositions (normalized to 100 pa~s Fe by weigh~) of the zhz'ee re~-nthesized cacal.vsts 

are summarized below: 
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Nominal Composition 

~00 Felz Cu/0.2 
100 Fe/3 CulO.~ K 

100 Fe/~ Ca/4.2 E/S SiO~ 

Ac~ma~ Composition 

100 Fe/1.1 C~/0.19 K 
zoo Fe/3.~ Ca/0.~ E 

100 Fe/6.3 C~/5.2 K/8 SiOz 

.M~hou~ the analyzed copper ~md potassium contents of the s'~ca-suppo~ed c a ~ y s t  were some- 

what higher than those of the pre~ous]y s3mthes]zed ¢~alyst ha~g the same nomiua] composition 

(I00 Fe/5.1 Cu/4.0 K/7.8 SiO2), all dementa] analyses w~e witldn acceptable limits. 

2.3.2. l~eta] Ex-posu~e and Phase Identit3" Determinations. 

]~ order to assess the influence of copper an~ potassium promoZer~ and of sili~ a~d alumina 

supports on cryst~li~e size in the reduced catal>-sts~ metal exposuze determinations were made 

for 12 selected c~talytt compositions. Using the appazatus employed previously for temperature- 

p r o ~ m m e d  and isothermal redaction studies, samples of each calcined C16 h in air al 300 =C) 

catalyst were Tedaced for 16 h in either Hz or CO (GHSV =~- 120~000) a~ 300 °C. Following 

an He puree ~or I ~, the samples ~-ere coo|ed in lowing H2 to 25 °C, in order to sat~ale  all 

av~lzble reduced sat/ace sites ~ t h  the adsorbate. The ~ n p l e  ~empexa~uze ~ s  then ramped az 20 

=C/rain in flo~-ing ~z to 800 °C~ and the quantity of desorbed If= ~ s  measured by monitoring the 

thermal conductivity, of the effluent ca.~er ~e~. Assuming that Hz adsorbs dissociatively and only 

on ~educed Fe ° ~tes, the concentrat/on oft~e latter can be calculated. The z e s ~  are summa~ized 

in Table 7. 

In ~u attempt to determine the ~dentit~ o[ bul~ ph~es ~ a t  are present in both predpitsted s~d 

r~ca-smpported iron catalyst, we per/ormed X-ray powcler di~'ac~on (XB.PD) measurement~ on 

selected catalysts. P~ior to ca]dual/on, an nup~omoted predphated iron sample ~ v e  no ~scendble 

~ o n  pea/cs, i~dicat]n~ that t~he mater]a] was either amorphous or contained very smz3J (< 

40 .~.) crTs~tes,  l~promote8 silica-supported c~m]ysts containing 25 ~ % Fe, as ~'e_J} as those 

containing 0.1% I~, 5 % K, 1% Ca, sad 5 % Ca promoters pzodaced no measurable diffraction peaks 

follo~iug ca]tin=ion in air for 16 h at  300 °C. Because of *2~e di~cu]~" experienced in obt~ning 
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.~tisfac~ory diffraction ~ for these catalysts, no further XR.PD experiments were p e z f o z ~ .  

2.3.3. P~eduction Behavior of R ~ c h e ~ e  Ca'~lv~. 

The reduction behavior and resulting surface properties of a commerdal Ituhrc~em/e cata- 

lyst were determined by application of the same temperature-programmed (TPR) and isothermal 

Teduction methods and X-ray pho~>electron spectroscopic (XPS) techniques used previously ~o 

characterize the catalysts synthesized during this investigation. The H2 TPK profile of the preca]- 

cined ]~uhrchem~ ca£a]yst, del~nnined at a tempera£tLre proL, Tam rate of 20 °C/rain, is showa in 

Fig. 8. The peak at 340 °C is due to the first step of iron reduction (Fe2Os - -  Fe~O4), wh~e the 

s-~aller peak at -,, 300 °C arises from reduction of copper c~de (CuO --* Cu). The broad peak 

centered at -- 650 °C is due ~o reduction of Fe304 tO ~eta].~c il.'On. The shapes and positions 

of the TPR peaks closely resemble those re'ported pre~iously for the 100 Fe/5 Cu/4.2 K/25 Si02 

ca~,~l.vst that ~ s  prepared for study during this project (Fil~. 9). The isothermal reduction profiles 

at 300 °C of the Ruhrchemie cstz]yst in H.~ and in CO are shown in Figs. 10 and 11, respectively. 

The results for b o b  reducmn~s are also very similar to those obta/ned previously for the 100 Fe/5 

Cu/4.2 K/25 SIO~ composition, demonstrating the similarity in reduction behavior of these m~) 

materials. It is apparent that the Si02 support inhibits the rate of the second reduction step in 

bo~l: H~_ ~nd CO. 

The chemical state of the l~uluchemie cat~Iyst surface follc~-ing calcination and reduction 

tre~.'.=,,,~;s ,wz.s determined by XPS meas~ements. Figs. 12-16 contain XPS spectra of this ca£alyst 

in the Fe 2p, Si 2p, K 2p/C ls, 0 ls, and Cu 2p regions, respecti,-ely. The Si 2p p e ~  locations 

in Fig. 13 were used as refereuces for each of the three series of spectra sho~'n in the fi~e Fiffares. 

The Fe 21~12 binding energy of 710-5 eV and the 3d --* 4s shake-up satellite peak at ,~ 719 eV in 

Fig. 12(a) confirm that the mzfface iron in the calcined cstalyst ~ s  p~,ent  as Fe~O3. Reduction 

in CO for 16 h at 300 °C (Fig. 12(b)) effeczed partial reduction to zero-,~ent iron, as sho~m by 

development of the small peak at -- 707 eV, but most of the surJace iron remained in the form of 
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m~'educed Ye2+/Fe 3+ species. By con~a~, ~eduaion in 1:[2 under ~ e  same c o n ~ o ~  res'~ted 

a much greater percentage of reduced iron, as 5holm by the 5h~-'p peaX at 706-707 e¥ in Fig. 12(c) 

that is ch~racte~stic of Fe °. Ttds behavior differs maxkecUy f~om tl~at obse~'ed previously for the 

predphated iron c~ lys t s  s~mtheslzed during ~lds investigation. For e~ch of the latter, reduction 

i~ CO a*. 300 °C ~l~vs  leads to a much larger percentage of zexo-valent surface h-on th~a~ does 

~rear~ne~t in H~ ~ d e r  the same conditions. Since the preparation metl~od e.mp]oved for the two 

c~ :ys t s  is pres~.mably similar, the reason for these contr-~ting reduction behaviors is not c]e~. 

l~eductio~ of the ltutLrchemie catalyst in CO at 300 °C results in subsmntiul deposition of 

su~ace carbon, ~ sho~m by the l~ge peak at ~ 284 e~ ~ in F~. 14(b). U~like t~e case ofm~suppor~ed 

ca~ysts ,  Iit~le surface enrichment i~ potassium occurs following reduction in H2, as demonstrated 

by the f~lh~re of peaks in the K 2p re~ion (293-296 eV) in long. 14(c) to increase as a result of 

H: tre~men~. Similar behavior has been observed pre~ously for the 100Fe/SCu/4.2I£/25SiO~ 

predpita~ed cat~yst; e~'idently, t]~e SiO~ support int~blr~ the surface migration and spreading of 

potassium promoter. Reduction in ehher H-. or CO at 300 °C results in complete conversion of 

CuO the s te ( gs. (c)). 

2.3.4. Spectroscopic Studies of Catalyst Reduction a~d Reoxidation. 

Previous sm~es using Fourier Transform infr~xed spectroscopy (~JT-I~) have complemented 

~l~ose by XPS and have provided informa~on aT0ou~ the extent of reduction of surface metal species. 

on ~li~-s~pported iron cat~vsts. These studies have been extended m include determinations of 

~he £~fluence of potassium promoter and reduction temperature on the susceptibility of ~educed 

25 wt % Fe/SiO~ (prepared by impregnation of SiO~ ~ t h  Fe(NO3)~) ~o~rd  reoxidation by 02 at 

ambient temperature. A sample of this material ~ . s  ~reated isothermalJy at 300 °C in flow~ug H~ 

fo~ 15 h (Fig. 17), and the resultiag "reduced ~ catalyst subsequently subjected to a D-pical H~ TPR 

experiment. The TPR profde (Fig. 18) sl~ows only a small peak in the region of Fe304 reduction ( 

-~ 400 "C), i n ,  caring that reduction of bulkiron h~l  been ]ax~e.ly completed l~y the prior treatment 

~2 



in H.~ st 300 °C. o4.u XP$ spectrum in the Ye 2t> region (Fig. 19), however, indicated the presence 

of bo~ zero-~-Ment iron (peak at 705-5 eV) and omdized iron (peak st ~ 710 eV) on the surface of 

the cata]ys~. 

The nature and behavior of surface iron species on this c a ~ y s t  were further investigated by 

FT-]]~, using nitric (xxide (NO) as a probe aclsorbate. Adsorption of N0 on iron and iron (~ide 

surfaces leads to Fe--NO surface species whose N-C) stretching frequencies are characteristic of the 

• -alence state and extent of coorclina~.]on of the metal ¢;~e. Exposure of a sample of the 25 wt % 

Fe/SiO2 c,~talyst ~hat had been reduced for 16/~ in highly purified H2 (containing < 1 ppm of 02) 

~ 300 ~C to gaseous NO for 15 rain ~ ~.S °C, followed b.v e~custion of the NO produced the 

uppermost spectrum in Fig. 20. The two pr;.ucipal bands st 1735 and 1810 c.m -1 are due to the 

1~'-O stretch of NO adsorbed on Fe ° and Fe ~+, respectively, and axe consistent with the XP5 data 

that indicate the presence of both iron species on the surface of the c~alyst following tteatmeat 

in H2 under these conditions. Since exposure of the freshly calcined ¢ata]ys~ (i.e., Fe203/Si02) 

to NO generates no observable bands clue to NO adsorption, it is likely that ~he oxidized form of 

iron is Fe -'+ in an  l : ' e304-$~ 'pe  s t r a c s u r e .  BOt]~ bands axe asymmetric and brc~d, suggesting that 

energe~icall.v heterogeneous arrays of both types of sites exist on the surface. It should be noted 

that if the H~ used for reduction is not rigorously purified of trace amounLs of O2, the band at 1735 

cm -3 , due to NO aclsorbed on Fe °, is much less intense in compazison to the band at 1810 an  -2 

than that shov.~ in Fig. 20. 

Following acquisition of the uppermost spectrum in Fig. 20, 15 tort of O2 ,~s  admJued to 

the sample ;Lt 25 °C and collection of the next lower spectrum (requiring -- S rain) ~ s  begun 

immedistely. The remaining six spectra in descend.;ng order in the Figure were obtained st 15 rain 

intervals. It is clear that both bands progres~vely decrease in in~eusity du:ing exposure to O~, but 

that the band ~t 1735 cm -~ diminishes more quickly than the one at 1810 cm -~, corresponding to 

the ]oss of NO sdsorption sites via the two-step reoxlda~ion process: Fe - -  F e 3 0 4  - -  F¢~_03. Both 
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bands become sharper and shift to higher frequendes as they dec2ease in intensity., reflecting the 

loss of site hete_rogene.ity during reoxidation. Concomitant with the decrease of the two origina] 

bands is the appearance of three new bands at 1550, 15S5, and 1615 cm -~ that  may be due to 

adsorption of NO2 (formed by oxidation of NO) on surface metal sites. 

The effect of  1 wt % tC promoter on the NO adsorption and surface reoxidat]on processes is 

shown by the spectra in Fig. 21. The original bands due to adsorption of.NO on Fe 2+ and Fe ° are 

somewhat sharpex and shifted slightly to lower frequencies than those observed on the unpromoted 

catalyst. In a~Idkion, the rate of reoxidation in O2 is ~pproximately ~jce as great in the presence 

of I ~'t ~ K, and the bands due to adsorbed NO2 a~e not observed. When the potassium content 

is increased to 5 wt % (Fig. 22) reoxidation occurs about six times faster than for the unpzomoted 

c~talyst. In tiffs case, ~Ithough evidence for the formation of adsorbed NO2 does not occur, bands 

due to surface nitrate (NO~) species begin to appear in the frequency range 1300-1450 cm -I. 

An increase in the severity of H2 treatment condkions to S h and 16/~ at 730 °C fails to 

completely reduce surface iron, as demonstrated by the spectr~ in Figs. 23 and 24, respectively 

Following such treatment ~.ud subsequent exposure to NO, a band at 1810 cxn -I, due to NO 

~ksozbed on Fe 2+, is still observed. However, tl~s ba~d is much sharper mad znore s)unmetrical 

thou tZ~t generated on the smme c~talys~ zeduce~ in H~. at oRly 300 °C (Fig. 20), in ,car ing  that 

]~gh tempe~t ' t~e zeduction leads ~o am enezge~cally more homogenous  m ~ y  of oxidized sites than 

~haz !~roduce¢~ at the lower txea'cment tempera~uze. Fuz~ter~ore, two closely ~ c e d  b ~ d s  at 174~ 

and 1760 cm -~, due to NO adsorbed on Fe °, axe observed following reduction ~n H~ at T30 ~C. 

These may be due to the presence of s~ructurally dissimll~ iron metal sites that zesult from a phase 

o.° 

transition occurring during the ~igh temper~tuze treatment. A]though these two bands decrease 

rapidly ~pon exposure to O~, the Fe ~-÷ species giving rise to the band at 1810 cm -~ appears to 

decrease to appro)dmatdy 33 % of its origiual intensity and then resist further oxidation. 
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TASK 3 m Process E~-a]ua~i~ Research 

3.1. Slur~" P~.~:tor C~al~°st Study. 

3.3.1. Run SA-99 - -0~  (Ruhrchemie LP 33]81). 

Run 5 A - 9 9 - 0 ~  ~.~ a long term test of the commercial, sta~e--of-the-ar~, R.u]~rchemle LP 

33/81 c~talyst. The calcined cata2yst was reduced in ~tu with CO at 280 °C for 16 h at 0.79 MPa, 

3..3 ,~Tl/g--cat.h. 34.6 g of the c~talyst was charged to the reactor, and pur~ed n-octscosane was 

used as the inizial slu_,~" liquid. The run was ~vided into zwo portions: during the first part of the 

run (up ~o 343/~ on stream), caza]yst stability was e ~ u a t e d  at a fixed set of condhions: 250 °C, 

1.48 JtfPa, (H2/CO) = 0.67.. 2.0 ATl/g-cat-h; during the last part of the run, process condhions 

were ~,-ied :o evaluate their effect on catalyst activi~- and se.lectivhy: 235-265 °C, 1.48-2.96 ~fPa~ 

(H~./CO) = 0.67-1.0, 1.0-4.0 .~'l]g--cat.h. The major events occurring during run SA-9O~-0888 are 

summarized in Table 8, and the wax and solids inventory for the run is shov,-a in Tab]e 9. Fi~e mass 

balances ~'ere performed during the stability portion of the run and 8 mass balances were performed 

during the process ~'mdable studies. The res-ults obza/ned during these balances are summarized in 

Ta51e 10. 

A s~ability plot, (H2+CO) conversion versus Time on stream, is $ho~-n in Fig. 25 for the 

s~abilhy portion of the run. The cata])-sz ~ s  very s~ble, and no significant deactivation occurred 

during 343 h on stream. At 46 h, the (H~+CO) conversion ~'as 46.0 %, and ~t 338 E, the conversion 

~ s  44.2 %. The conversions obtained during the s~abilhy test ~-aried between 42.6-46.4 %, ~'hich 

has s range of 3.8 %. V,:a.x ~.s wizhdra~'n after the cazal~st scOt.Zion and ar the end of balances 

2, 3, 4, snd 5 r.sing t]~e external settling tank system described in the Technical Progress Report 

for 1 January-31 March 1988, and this procedure did no~ cause d e a ~ , i o n  of the catalyst. The 

selecr, is~tT of t]~e ~ y s t  changed with time on stream, ~'ith more gaseous products formed as t~e 

catalvsz aged. The effect of time on c~t~lyst selectivity is c h o ~  in Fig. 26. During balance 1 (49 

A) the ~ g h / %  h~drocarbon ~istribntion ~ s  4.3 CH~, 17.8 C~-C4, 22.1 Cs-C~,  and 55.8 ~ C~_,+ 
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• ,'kile during balance 5 (336 h ) the distribution was 4.6 CH~, 21.3 C2-C4, 29.5 Cs-Czz, and 44.6 

% C1.~ +. The oleFm/par~n ratios decreased with time, for ex~mpIe, the C2 ratio decreased :from 

1.82 in balance 1 to 1.45 in balance 5. A repeat o:f the conditions was made in balance 11 C619 h), 

after 5 ha]ances at different process conditions. The (H2+CO) conversion dropped to 35.9 % in 

b~lance 1I, showing that the process ~x~able studies h~l accelerated deactivation of the ce.t~lyst. 

The trends in selectivity seen in balances 1-5 ~ere also evident during balance 11. The weight 

% of methane increased to 7.0 % and C12+ decreased to 31.5 %. The wea~ trend in decreasing 

olefm/pa.~Tm ratios continued as ~'ell. 

During the process ~xiable studies, the effect of temperature was studied at 2.0 1Vr/g...cat.h 

in balances 8 (235 °C), 5 (250 °C), and 10 (265 °C), ~ d  at 1.0 ~l/9-cat-/~ in balances 9 (235 

°C) a.~d T (250 °C), with ~11 balances at 1.48 ~irpa and (H~./CO) = 0.67. A comp~r/son of 

caza]ys~ seleczivi~- a~ these conditions appe~s in Fig. 27. Conversion increases as expected with 

temperature: 23.0 (235 °C), 44.4 (250 °C), and 56.9 % (265 °C) at 2.0 ~/g-caz-h, and 35.8 

(235 =C) and 56.1% (250 °C) at 1.0 .~rlb--~t-/~. Temperature had little effect on the weight % 

hy&ocarbon distribution between 235 and 265 °C (2 A'Z/g-cst.h) mid 235 and 250 °C (I.0 A'l/g- 

c~t.h), ~-hic.]: is unexpected since selectivhy ~'pica]ly sl~frs to~-ards lower md.ecu]a~ weight products 

~-ith i~creased temperature. Olefm/paza.ffm ratios deczeased w i ~  ~emper~ture, presumably as 

hydrogenation act/v/ty increases ~ t h  temperature. 

The feed gas sp~ce velocity was ~x/ed at 235 °C in balances 9 (1.0 A'~/#-caz-h) and 8 (2.0 NI/~-  

ear-/z), and at 250 °C in balances 7 (L0 A'Zlg--cst-]z), 5 (2.0 JV~Ig-c~t-/0 and 6 (4.0 ~VZ/g--c~t./z). 

Space velocity has a ~n~mal  effect on ~che weight % ]~ydrocarbon distribution, as sho~m in Fig. 

28~ A space velodry of 1.0 N~/g-cst-/~ at 250 °C tended to produce more lower molecular weight 

products than at higher space velodties, but rids wend ~ s  as strong at 235 °C. Olefin/para/Fm 

ratios increzsecl with space velod~- at both temperatures. A Itigher (H~/CO) feed ratio, 1.0 (b~l~ce 

12) increased the (H~+CO) conversion from 35.9 % (H~./CO - 0.67, balance 11) to 45.4 %. The 
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(H2/CO) = 1.0 feed also increased the amount of methane formed from 7.0 to 9.4 % and decreased 

the percentage of C12+ products,  as shown in Fig. 29. An increase in pressure to 2.96 MPa in 

balance 13 showed a decrease in (H2+CO) conversion to 39.8 % which indicates that some c'-ata]yst 

dexcti~-xtion occurred at the ~gher  pressure. The Xigher pressure suppressed the formation of 

gaseous hydrocarbons, and the se]ect]vities at the ~ ' o  pressures are a]so compared in Fig. 29. 

The results obtained in slm'ry can be compared to the results obtained in the fixed bed reactors 

at 250 °C, 1.48 MPa,  2.0 N'l/g.-caz.h, H2/CO = 1 in balance 12 and in balances 4 of  The fixed 

bed runs FB-99--1348 and FB-99--3477, and balance 6 of the stabiliW run FB-99-1588 (Sect. 3.2~ 

of rlds report). Comparisons can be made using (H2/CO) = 0.67 feed be~ 'eea  balances 1-5 and 

I I  of the slurry run and balance 6 of run FB-99--1588. The (Ha+CO) conversion obtained in 

runs FB-99--1348 and FB-99-3477 was approximately 60 %, and was 56 % in run FB-99--1588, 

compared to the 45.4 % conversion obtained in slurry (balance 12). The selecti,'i~- in the slurry 

reactor run favored more lighter hydrocarbons than in fixed bed when the higher feed ratio (l.0) 

~s employed. The slurry test produced 9.4 (Cli4), 34.5 (C.*-C4), 33~ (Cs--Cll), and 23.0 % 

(CI*.+) at these condir.ions, compared to 7.5 (CH4), 32.0 (C~-C4), 28.1 (Cs-C21), and 32.4 % 

(Ct.~+) for the uncalcined Ruhrchemie catalyst in run FB-99-3477. The calcined catalyst tested in 

ran FB-9.a-1348 produced e,'en less gaseous ]aydrocarbons. With the 0.67 feed gas, the (H.,+CO) 

conx'ersion declined f~m 58.6 to 50.2 % between #-1 and 426.5 h i~ Rxed bed (balances 1-5, run 

FB-99-~..$88.) while in the slurry run the conversions were lower but  more stable, decreasing from 

45.9 Io 44.4 between 49 and 336 h (balances I-5). The selectivity with the (H*./CO) = 0.67 feed 

for fixed bed and slurry were comparable in the first 5 balances of both runs. Comparing balance 

2 in fLxed bed (YB-99-1588) and balance 3 in the slurry a~ approximately 170 h for both runs, 

the weight % hydrocarbon diszribur3ons were 5.34 (CH4), 2!.1 (C2-C4), 18.8 (Cs-C11) a~d 54.7 % 

(Cl.,+) in fixed bed and 5.09, 20.8, 21.9, and 52.2 %, respectively, in slurry. 
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3.2. Fixed Bed Cau~lyst Studies. 

3.2.1. Run FA-63-1305 (100 Fe/5 Cu/4.2 K/8 Si02). 

Run FA-63-1305 was made as a long term fixed bed stability test o~ the catalyst containln~ $ 

parts SiO.-/100 parts Fe, wh~.h is among the most active of the catalysts tested to date and also 

sho~ desirable sdectivizy behavior. This catalyst was previously tested at a variety of process 

conditions in run FA-63-0418, reported in the Technica~ Progress Report for 1 January-31 M~rch 

1988. The catalyst was reduced ~n .~tu at 280 °C for 16 h, 3 JVl/g-cat.h ~-ith a pure CO reduct~.ut. 

Stabili~" testing was conducted o~er a 552 h period, at 235 °C, 1.48 M]>a, 2.0 .~'I/g...caz.h, using 

(H.~/CO) = 1.0 synthesis gas (up to 271/z) and (H.~/CO) = 0.67 s3mthesis gas Cup to 552 h). T]aree 

mass balances were completed ~-ith ear.h feed ratio tested. A single mass balance was made at 250 

°C during b~flance 7, a~d a repeat of the original conditions was made in balance 8. The resulus 

obtained during ~hese balances are summarized hi Table 11. 

A ~bilizy p]ot of the (H_~-I-CO) conversion versus t/me on stream is given in Fig. 30. The 

c~tz]yst deactivated stead/ly with the (H2/CO) = 1.0 synthesis gas, with the (H.~d-CO) convers/on 

dropping from an in/tial ~-alue of 7?.4 ~ (24.5 h) to ~ anal ~-alue of 55.0 % (264 h). Deactivation 

continued after the s~-ltch to (H.~/CO) = 0.67 feed g-as, bu~ the rate of deactivation decreased. 

Bet~-een 294.5 and 552 h, the (H~.+CO) conversion dropped from 47.5 to 39.0 %. The average 

de~cti~tion r~tes (average change in conversion/unit time) were 0.09-~ and 0.033 %/A with (H~_/CO) 

= 1.fl z.ud 0.67, r e s p e c t i ~ :  

The difference in deacti~-ation behavior ~.~th feed ratio is di~cul t  to explain as we do not know 

with any certain~- the cause of deactis-a~ion in the Ttxed bed reactors. Decre~dmg the (H~/CO) feed 

ratio from 1.0 to 0.67 between balances 3 and 4 caused the CO p~,3al  pressure to increase from 

0~36 to 0.64 M P a  and the H.~ pzrtial pressure to decrease from 0.63 to 0.49 M P a  (exit v-~lues). The 

higher CO partial pressure drives t]ae ~ter-gas shift (WGS) reaction to the right, thus the CO~ 

and H~O paxtial pressures change from 0.34 and 0.09 J~IrPa to 0.27 and 0.05 3~P~, respectively 
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the primary, caase of deactivation is carbon fouling, ~$her CO partial pressure should increase the 

rate of deacti~-stion (Dry, 1981), whic~ is not what is observed. If the primary cause of deacti~ticm 

is catalyst reoxid~tion, the higher CO partial pressures can explain the decreased deact3~tion in 

several w~ys: (1) as ~'e have found that CO is a more effective reductant than H.~ (e.g., Technical 

Progress Reporz for 1 July-30 September 1987), a lower feed ratio will lend to a stronger reducing 

en~'ironme.nt in the reactor to offset oxidation, (2) the excess CO consumes oxidizing H20 ~ a  

t]~e WGS and decreases the rate of c0ddation, or (3) higher CO partial pressm'es compete more 

effectively with ~-4ter for surface sites on the cata]ysL i ~ b i t i n g  ccdda~ion. 

The efl'ect of thne on strean~ on the selectivity of the silica-containing catalyst is shown in 

F~g. 31 for both feed r~tios. The lo~'er (H~./CO) feed ra~io decreases CII4 sad C~-C4 selectivity, 

increa~ug the amount of C1.~+ p~oducl:s formed. The oteJin/parmTm r~tios using (H:/CO) = 0.67 

sya~esis gas are ~gher  than or comparable to those using (H2/CO) = 1.0 feed. Little change in 

se]ec'civi~- with t~me is seen in t]~e f~rst three Balances ~'~th (H.~/CO) = 1.0 or the balances using 

(H.~/CO) = 0.67 feed gas. However, after the cam]ys~ ~ s  heavily deactivated at the repeat of 

the ori~nal process conditions (balance 8, 662 h, H=/CO = 1.0), the product distribution shifted 

towards lighter products (CH~ and C.~--C4) ~t the expense of C~=+. The same effect ~ . s  observed 

d v , ~  ~ o  ~,,r~." reactor s ~ b ~ "  test of the P~uhr~e.m~e LP 33/81 catalyst. T h e e  ~ .z  no defi.,dte 

trend in the olefin/para/Tm raZios with catalyst deacti~Zion. 

-~-~- .x-SF ~'~.~:.~ for active c a ~ y s t  at 235 °C, (H~/CO) = 1.0 (balance 1), (H~/CO) = 0.67 

(bal~uce 4), and deactivated ca~Jyst ~t (H~/C0) = 1.0 (b~lance 8) are shown in Figs. 32-34. The 

feed r-4tio had little effect on ~ ,  w ~  wr ied  between 0~0 and 0.91 for the three balances. ~ 

i u c r ~  from 0.74 to 0.79 and ~ decreased from 0~0 to 0.62 as the feed r ' ~ o  decreased from 

1.0 to 0.67, wtfich are representsti~-e of the ~gher  hydrocarbon selecti~'ity of ~he lower feed r'stio. 

D e a c t i ~ o a  caused a decrease in ,~ ,  ~rom 0.74 to 0.62, with minima] change in either ~ or o i i .  

thus the gaseous hydrocarbons are the most strongly i~fluenced by deactivation. 
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In the lust balance of the run before deacti~Rtion, the catalyst activity, and selectivity ~vas 

similar to ~he p;e~5ous test of t]~s catadyst (run FA-63-0418) at tlle same conditions (235 °C, 

1.48 J~rPa, 2.0 J%~I/g-cat.h). The (H2+CO) conversion at these conditions in the most recent 

run ~ s  77.9 % as compsred to the 76.7 % obtained previously. The weight % hydrocarboa 

distribution during run FA-63--041g ~ s  3.47 (CH4), 16.4 (C~-C4), 20.1 ( C s - C n ) ,  and 60.0 % 

(C2.~+), compared to 4.25, 17.8, 21.4, mid 56.5 % obtsined in t~ s  run. At 250 °C (bahnce 7) the 

cata~.vst was deactivated and the (H.~÷CO) conversion w ~  on]y 46.4 %, while in the previous run 

the (It-.+CO) con~'ers~on a.t the same temperature and double t]ae space velocity (4 _~'l/g-caz-h, 

balance 3) was 65.1%. The ]aydrocarbon selectivity did not ~ange  si~hicantly with deactivation 

at these conditions. 

3.2.2. Runs FA-15--1695/FA-15-1768 (100 Fe/1.0 Cu/0.2 K). 

Runs YA-15-1698 and FA-t5--1768 were made to e ~ u a t e  the performmice of a predp/zated 

cs~£ys~ (100 Fe/1.0 Cu/0.2 K) over the long term in a f~ed bed resctor. For both runs, 30/60 mesh 

c.zmlysts were employed and the c~talysts were reduced w/th CO st 280 °C for 16/z. This cstalyst 

• ,'a5 tested previously in :~ fixed bed reactor during runs FA-15-2097 (Technic~ Progress Report for 

I Ju]y-30 September 1987) and FA-15-0278 (Techn/cal Progress Report for 1 January-31 ]~[arch 

19SS). 

During run FA-15--1698, the c~talyst rapidly deactivated upon~eachlng tlle desired ~mthesis 

conditions (235 °C, 1.48 M.Pc, 2.0 ~I/g-cat.h, H,./CO = 0.71), with the (H2-{-CO) conversion 

de~easin~ from 78.0 % at 0.5 h to 51.1 ~ at 46.0 h. During run FA-15-209? at the same tem- 

peratuze, pressure, and space velocity with an (H2/CO) - 1.0 feed ratio, the (IT2-t-CO) conversion 

~-as measured at 72_9 ~. In ran FA-15-0278 the ~H2+CO) conversion was 44.7 % at these con- 

~tions but this result ~ obtadned with deactivated catalyst (balance 2). Run FA-15-1698 ~-as 

terminated voluntar~y after the frst balance, and a retest ~s made in run FA-15-1768, which 

is currently in progress. Catalyst deactivation has also occuned in the most recent run, and the 
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s t ~ ' ~ y  plot for both sta'Bili~ runs is shown in Fig. 35. At  approximately 50 h, the (Ha+CO) 

conversions ~'ere 53.7 and 47.5 % in runs FA-15-1698 and FA-15--1768, whJ~  are mnc.h lower than 

the conversion obtained in run FA-15--2097. 

Based on these results, it appears tha t  the  100 Fe/1.0 Cu/0.2 K catalyst, is not su~cient ly  

sta~le. V, rhile in run FA-15-2097 the  catalyst did not deactivate untl] a high pressure (2.96 MPa) 

~'as employed, in all subsequen'c tests deacti,-ation occurred rapidly during sTathesis testing. In the  

~ ' o  recenz staBillcy tests, the denc t i~ t lon  is apparent from the stability plot (Fig. 35) and in run 

FA-15--0~78 deacti~'~rlon occurred a~ter the  first balance at 250 °C, 1-48 MPa, 2 .~:l/g--cat-IL The 

only dHference between runs was the reduction duration, w l ~  ~-a.s 8 h in FA-15--2097 and 16 h in 

runs FA-15-0278 and the stat~ility runs, although we found tha t  a longer CO reduction durat ion 

at  280 °C improves st~bili~" during the act i~t ion/reduct ion task of this project (e.g., Teclmical 

Progress Report  for 1 October-31 December 1987). We have also improved our ability to  control 

reactor temper~tuxes and hot  spots r~nce the original test, thus it seems that  run FA-15-2097 ~-4s 

an anomaly. The restdts of the stability tests of the 100 Fe/1.C Cu/0-2 K catalyst ~'ill be discussed 

in tbe nex-t quarterly report.  

3.2.3. Run FB-99-1588 (RutLrchemie LP 33181). 

Ru~ FB-99-1588 was a long ~erm stability test of the Ruhrchemie LP 33/81 commerda l  

catalyst, and =~.s made to complement the  slurr?." run SA-99-0888. The  initial process conditions 

for the sts'oiliw test were 250 "C, 1.48 MPa, (Hz/CO) = 0.67, 2.0 JVl/g-cat..~, which are the same 

t]aose during the first five balances of d ~ ' y  run 5A-99-08~. The results of the sevea balances 

of run FB-99--1588 axe summarized in TaBle 12. Balance 7 was made  after the end of the report ing 

period, but  ~-as included in the cu_~ent report  for completeness. The  calcined Rakrchemie catalyst 

~-~ r e d u c e d / n  s/tu at 280 °C, using CO reductant for 12 h, and 30/60 mesh catalyst particles were 

used. The  stability plot of  CH~+CO) conversion versus time is sho~'u in Fig. 36. After an initial 

rapid decline ~n catalyst activity; the catalyst ~ s  relatively stable, with the conversion dropping 
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from 58.3 % ~o 53.6 % betwee~ about 100 a~d 340 h. At  382 h, a power failure occurred, interrupting 

the run :for approximately 50 m ~  which caused an immediate decrease in the (TI2-~CO) conversion 

to 50 % a.~er the process conditions were reestablished. The cstalyst was stab]e~ at lower activi~; 

at'mr the inlerruptlon. After the F~fth mass bsla~ce was coznp]eted the feed rstlo ~s c~a~ged to 

1.0 (nominal) a~ ~he same temperstttre~ pzessure, and space velocity-. The (Hz+CO) conversion 

increased m 57.2 % at 478~ ]~ and declined slightly ~o 55.7 % at 629.5 h. Cat~lyst sc~t~, was 

stable ~qth the l~i~her feed ratio. 

Catalyst seleccivi~" as ~ function of time on stream is shown in Fig. 37 for ran FB-99-158S. 

The Irst five bMances ~re with (H.~/CO) -- 0.67 and balances 6 and 7 ate with (H2/C0) -- 1.0. 

The se l~ t i v i t y  ~-as not strongly a~ected by Xhne on stream, ~.ncl neither the weight % hydrocarbon 

cliszribution ~or the olefm/p~ rstios show" any spedfic trends as the c~talyst aged. At l~gher 

~eed za~io, ~noze 8aseo~s hydrocarbons were ~ormed, increasing from 6.38 (CH~) and 25.0 % (C2- 

C~) in b~ance 5 (H.~/CO = 0.67) to 8.54 and 29.6 %, zespectlvely, in ba1~nce 6 (H.~/CO = 1.0). 

The olefin/p~af'nn ratios decreased ss wall when the concentration of H± in the feecl ~s increased. 

The ~xed bed run shows ~he~ cstzlyst activity than slun'y, ~'ith s conversion of 53.2 % in 

the fixed bed (b~lance 4) before the power fail~re compared zo the 44.4 ~0 conversion obz~necl 

in the slurry reactor (bzl~nce 5) at approx'hn~te]y the same time oR stream ~-ith the (H2/CO) = 

0.(~7 feed gas. With the (H2/CO) - 1.0 feed gas~ the Fixed bed run ~ave a conversion of 56.0 ~ in 

balance 6 (250 °C, 1.48 .~fPa, 2.0 Ni/9-.c~t.h) wb£le dining balance 12 of run SA-99--0888 ~t the 

sm~ne conditions, ~he conversion was 45.4 ~, although c~talyst deacti~tlon occurred before t~s 

m e a s ~ e m e a t  ~ a s  made .  

The selec~ivities o~ the ~,xed bed and slurry ru~ ~re compared in Fig. 38. The hydrocarbon 

sdectiv~ty of the two runs using (H~/CO) -- 0.67 are shnil~r, with the weight % of hydrocarbons 

in ~xed bed (balance 2) st 5.3 (CH~), 21.1 (C~-C~), 18.8 (Cs-Cz~), and 54.7 % (C~.-l-) wl~le in 

slurry (balance 3) the distribution ~s .5.1, 20.8, 21.9, and 52-? %, respectively. ~,Vizh (li~/CO) - 
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1.0, the sIurry reactor produced more CH4 and C2-C4 products than L e d  bed. The preference of 

the sluro" rum towards lig~hter products may be due to catalyst deactK~tion since the catalyst was 

deactivated during the balance using (H,./C0) = 1.0 in slurry. We observed that the ¢leac~,-~ted 

catalyst produced more lower molecular weight products than fresh ca~a]}~. Also, the diffesences 

in the Cs-Cn a~d Cx2-1- fractlons mR" be due to differences in the product collection proced~es 

for the ~'o systems, and the Cs+ franions axe not as dissim~ax. The olefm/pazaln ratios, ~-Zich 

are also comp=ed in Hg. 38, are lowex in slur~" than in the fixed bed, which may be due to the 

different mixing behavior (i.e., plug~ow and completely backnfixed) of the m~ reactors. 

~ask 4 - Economic Evaluation 

No york on thls cask was scheduled during this quarter. 
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Tnhle I. S~mmnry ol" wnx nnnly.~i.q re.qult.~ nnd hydrnrnrhnn dlstril,~tlons for selerl.~,d ILe,l,cl.io,~/Artlvntion study fixed he,I r,n~. 

Run/l]~ln,,ce lled,tclion C:ondltlonq a ASF Re.qtilt.q ~ WI % of Hydrocnrbon.~ ~ 
ol  olw fl CI!4 (:~-C~ Cs--Ci~ C,~+ a W n x  p 

FA-25-2737-I CO, 250 °C, 8 h 0.68 0.87 0.92 13.0/13.0 37.0/37.0 34.5 
FB-25-0098-2 CO, 250 °C, 24 h 0.71 0.89 0.81 8.4/8.4 31.5/31.5 35.8 
FA-25-3077-2 CO, 280 °C, 8 h 0.74 0.90 0.84 6.8/0.8 2fi.R/21;.8 32.!) 
FA-25-2967-I CO, 280 °C, 24 h 0.60 0.94 0.85 7.1/7.1 25.8/25.8 22.7 
FA-25-3517-2 CO, 280 °C, 24 h, 1.48/IfP~ 0.70 0.92 0.08 5.8/,G.9 26.0/26.1 24.5 
FII-25-3377-2 I12+CO -- t, 280 °C, 24 h 0.73 0.92 0.92 6.5/6.5 27.0/27.0 32.7 
1.'A-25-3237-I lls, 250 °C, 24 h. 0.69 0.84 0 . 9 1  12.4/12.4 38.9/3R.9 42.0 
FB-25-3227-2 11j, 280 °C, 24 h 0.60 0.88 0.01 11.7/II.7 38.3/38.4 34.2 

134.~ ]5.5115.4 0.0/0.9 
f35.9 24.3124.2 18.316.8 
133.2 33.5133.2 25.4/9.4 
f23.n 44.4/44.1 40.8/21.1 
124.9 43.7/43.1 40.0/2.6 
~32,8 33,8/33,8 24.3/13,1 
I42.2 ~.716.5 ~.0/3.0 
134.3 15.8/15.7 12.318.6 

• Atmospheric pressure, 3.0 N l / g - r n t . h ,  exrept where whown. 
m ,  = ~(1 - a l ) a T - '  + (!  - ~ ) ( l  - o , , ) - 7 ; ' .  

c (llefore wax Analysls)/(Pollowing wax analy.~h). 
Includes wax. 
Prior ¢o ansl),sls I wax Is defined as Lhe ,nanal.yzed producLs collected tn LEe hot trap. Following analysis, w~x is redefined 
R.~ Lhe weight or sample unrecovered during Ihe nnaly,qis. 

" (lleh,rr. wax nnaly.qls~/fl"nllnwi,g wnx  • "~). 
~ih !,, ~,' "V/I) 

I '  . *  . . . .  | | "  . : ; ~  ~.L , ~ , 1 ~ ' , ' ,  :1.~ . .  . . 1 , . 1 1 f . ' . .  . " " .  ' 



Table 2. Sunmmry of trsults f.r  f]xe~! hrd r,n FII-09-1348. 

Catalyst:  ;1,40 g', I~.ltrehrmle LP 33/81 
( nlnlygt vni.mr: 5.40 ~e 

i'efio-~'( - I 

Dale 5/I r,/88 
Time on Stream (h) 
Balance b, ra t ion (h) 

Average Telnperatm'e (oC,) 
Maximum A Tenlperature (°C)b 

Pre,~sure (M Po) 
II~/CO Feed rt,tio 

Space Velocity (171/9-eat,h )a 
Space Velocity (Nt/g-Fe.h) 

( ' l i a r  (h "* )" 
CO ('o.verslo. (~)  

!!2 4-CO Conversion (%) 
II 2/f'O Usage 

STY (mats llsq CO/9-cat,h) ~ 
Pco~' l ' . , /  l'co , r ' . ,o 

W:igl,t,,% or o,,ttet 

!120 
CO 

C02 
llyd,oearbo.s 
Oxygenates 

W.x a 
_y!~ld (o/~'m" ";~ co eo.,.~,t~d) 

(:114 
C'2-C:4 llydtoearhon,q 
Cs-CI I llydror.rlmns 
CI~+ llydroenthon.~ 

Wax 4 
Oxygenales 

Total 
i +20lef ins/n-Pammn Ratio 

Cl 

C4 
Cs 
Cio 

48.0 
0.0 

235, 
3.40 
1.48 
.980 
1.00 
3.55 
238. 
47.0 
49.5 
1.05 
,044 
2.21 

3.05 
53,1 
21,5 
9.36 
331 
8.12 

8.08 
34.0 
05.7 
109. 
I111. 
11.14 
22& 

1.73 
,5.70 
4.6ff 
4.85 
4.31 

48,0 
0.0 

235. 
5.00 
1.48 
.980 
4.0~ 
7.24 
4R4. 
30,A 
33.8 
1,18 
.001 
.704 

3 
,~/I,;/RR 

OG.O 
(LO 

23.1, 
4.00 
1.4R 
.080 
1.9,q 
3.55 
238. 
46.9 
49.1 
1.07 
.04,1 
.aon 

Dihnrut: 35.5 #, Glass beads 
Dihwnt Volume: 23.0 cc 

sl inleS 
114.0 
6.0 

250. 
4.00 
1.48 
,OAO 
1.09 
3.55 
238. 
64.5 
60.3 
.850 
.0.M 
2.51 

~la.i~R 
1.14.0 
7.0 

220. 
3.00 
1,4A 
.080 
1.09 
3.55 
238. 
22.9 
25,9 
1,24 
,023 
.415 

4.20 
5.66 
66.3 
10.0 
4.02 
.575 
7,30 

3.37 
8.41; 
I~2.0 
20.5 
10.6 
.787 
4.32 

, ,  , , , , , ,  

3.01 
7.24 
34.3 
36.5 
14.2 
.895 
3.88 

4,85 
5.86 
74.0 
0,57 
5,4l 
.017 
2.10 

9,36 
34.6 
40,0 
155. 
144, 
11.2 
251. 

8.40 
34.3 
33.2 
120. 
50.8 
10.3 
200. 

10.4 
40,6 
37.5 
I07. 
41.9 
9.67 
205. 

8.00 
315.4 
3T.0 
107. 
t52.7 
15.5 
204, 

2.18 
~.8,1 
4.fig 
2,1)8 
2,50 

1.94 
.5.93 
4.76 
3,00 
2.25 

s/20/m8 
108.5 
5,5 

235. 
3.00 
2.0fi 
,980 
3.09 
7.11 
476. 
33,4 
36.7 
1.17 
,Od5 
,487 

4,50 
6.51 
70.7 
8,70 
3.50 
.ill3 
6.43 

5.74 
24.7 
23.3 
01,0 
81~.0 
0,04 
155. 

• Based on unreduced catalyst s Maxhmm, axial tempernh, re difference ' llasrd on reactor voh.ne 
J Ilalances 1,2,0' Unanalyzed produds eolleded from hot trap; Imlanees 3-5: Unteeovered products born wax analysis. 

1.04 a.ia ~.so 
G.13 5.17 4.20 
4.34 ,4.,2 3.2e 
2.47 3.31 3,03 
1,00 2.30 2,24 



TAble 2 (eont'~l). Snmmnry or results far flxrd heal run l'PI.PD.1348. 

---  Vellutl I "+] 2 l 3 I . . . .  4 L _  
Weishl % "~" I~lro+nrbons . . . .  . ~_ 

(.:114 
Ethane 

P, thylene 
Propane 

Peopylene 
.-HulRne 

14.2 flnlenes 
C4 Isomers 
n-Pentane 

I +2 Pentenes 
(?1 IqOlllers 
. - I lexane 

I.I 2 Ilexenes 
C's Isomet,q 
n-Ileplane 

I F2 Ileplenes 
C'.; l~nmers 
n-Octane 

I -t 20clenes 
C',s Isomers 
. -Non~ne 

I +2 Iqonenes 
(!o IsonlelS 
n-De¢~ne 

1-12 Decenes 
C:z. Isomers 
n- Undecane 

1 4-2 tfnderenes 
(!s ~ Isomers 

(,:z-(-'0 

C;-Gi t 
C . +  
Wlx  d 

4,11 
1.62 
2.A3 
.fl27 
5.00 
.tiff2 
4.32 
,400 
1,31 
4.1~ 
.270 
.Trio 
2.08 
,386 
,570 
2.fl2 
,290 
.f~70 
3,10 
,191 
.839 
3 ,ft7 
.270 
.815 
3,47 
.302 
,000 
2,59 
,381 
16.0 
30.1 
40.9 
46,5 

3.[11 
1.30 
2.05 
,P27 
4.AI 
.RSA 
3.85 
.355 
1.0R 
3.55 
.222 
,781 
2.31 
.349 
.542 
1.54 
.605 
.370 
I.I0 

,0780 
.321 
.808 

.0383 
.442 
1.13 

.0688 
.484 
1.08 

.07E3 
14.4 
17.1 
B4.8 
O0,1 

• , I 

4.32 
1,07 
3.01 
.993 
5,O2 
1.04 
4,78 
.452 
1.37 
4.45 
.282 
.852 
2.51 
.435 
,570 
!,01 
.268 
.300 
.885 

,0304 
.244 
.043 
,0372 
.362 
.802 
.117 
.372 
.76A 
,0606 
17.0 
17.0 
01.1 
20.0 

K,33 
2.82 
2.75 
1,10 
6,77 
1.20 
5,50 
,510 
t.f l l  
5.08 
,3AI 
,092 
2.72 
.4PO 
.638 
l,f14 
.265 
.437 
1.06 
.!05 
.372 
.758 
.0527 
.441 
.no0 
.261 
,,187 
,ngl 

.0521 
20.8 
19,2 
5,1.7 
21.5 

4.72 
1.30 
3.97 
1,10 
5.88 
1,10 
4,75 
,437 
!,40 
4,,IR 
,283 
,878 
3.25 
.521 
.687 
2,38 
,373 
.401 
1,50 
.118 
.208 
,543 

.0382 
.324 
,7fl5 
.118 
.387 
.795 

.0574 
IR,8 
IO,+ 
5fl,9 
27,9 

3.07 
1.20 
O.IR 
1.20 
5.24 
1.37 
4,32 
.404 
1.6,1 
4.04 
.321 
.881 
2.83 
.KO6 
.043 
I.O0 
.311 
.382 
1.14 

.0315 
.130 
.298 

,0252 
.163 
.361 

.0442 
.169 
.334 
.0500 
17.1 
16.1 
62.9 
00,8 

a Dalanees 1,2,6: Unanalysed pwod,cts eulleeted from hot trap| bnlsnees 3-5: Unfecovered products from wax analysis. 



Table 3, Comparison of calcined (FI1-99-1348) and uncaleined (FD-90-3477) Ruhrehemle LI D 33/81 catalyst, 
112/CO = 1.0. Calnlysts red,red el 280 oC t and)lent press, re, u.~ing CO al 3 IVI/9-rat.h For 12 (F!1-99- 
1348) and 8 (FI3-99-34TT) h. 

Comliiions R.n/ i la la . re  Conversl.. Wt % Ilydrnrarhnns 
CO !I2-1 CO Usage (',11~ ("s-(:4 C's-Cnn Cnz I 

220 °C, 1.48 MPa FB-99-1348-5" 22.9 25.9 1.24 5.5 21.7 19.6 53.2 
2 NI/y-cat.h 1,'B-99-3477-1 37.8 37.0 1.10 4.8 20.8 19.1 55.3 

235 °C, 1.48 MPo FB-99-L3,18-3 46.9 49.1 1.07 4.3 17.6 17.0 61.1 
2 Ni/g-cat.h FB-99-3477-2 39.6 43.7 1.31 7.9 36.4 26.3 29.4 

235 °C, 1.48 MPa FB-99-L348-2 30.8 33.8 1.18 3.9 14.4 17.1 64.6 
4 Ni/g-cat.h F1|-99-3477-3 28.6 33.7 1.47 8.2 37.5 27.9 26.4 

250 °C, 1.48 MPa FB-99-1348-4 6,1.5 60.3 0.85 5.3 20.8 19.2 54.7 
2 Nl/g-cat.h F!1-99-3477-4 64.4 60.6 0.97 7.5 32,0 28.1 32.4 

L , , , , , , ,  . . . . . . . . . . .  

235 °C, 2.96 M P a  FB-99-1348-0" 33.,1 36.7 1.17 3.9 17.L L6.1 62.9 
4 Nt/g-cat.h F13-99-3477-8 36.2 42,0 1.43 4.6 25.6 26.0 43.8 

m = ,  i i i | . l  m s  , ,  , ,  

o Catalyst was deactlval.ed prior to Imlnnce, 
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Table 4, Summary of res.lts for fixed hed coon FA-71].OP(,8, 

Catalyst: 3,60 p ' ,  tWO Fel5 Cu/4.2 I(/20.3 AI~O.~ 
Catalyst vohnme: 3,00 cc 

Period 
Date 

Time on Stream (h) 
llalance l)uration (h) 

Average T('mperntnre (*C) 
Maximuo. A Tempernt .re  (°C)* 

Press,ore (M P~) 
llr/CO Feed llntio 

Space Velocity (Nl/g-cat,h)" 
Space Velocity (Ni/g-Fe.h) 

GIISV (h - t )  t 
CO Conver.~ion (%) 

I l r t C O  Conversion (%) 
t ie/CO Usage 

STY (molJ ll2+CO/g-cat.h)" 
eco, : P . , /  eco " P..o 
Welsht % of Outlet 

I!) 
l l20 
CO 

CO~ 
Ifydrocnrbo.e 
Oxygenate.q 

Wax d 
Yield (g/Nm u 11~ I CO CoaT,erred) 

CII~ 
Cz-C4 Ilydrocarbons 
C5-Con ilydrocarbons 
CII ' I  11ydrocnrbons 

Wax d 
Oxygenates 

Total 
I+2 Oleflns/n-Parnflin flntio 

CI 

C4 
Ca 
Cjo 

Dihuent: 30.4 17, Glass bead~ 
Diluent Vohnme: 2,1.0 ce 

I 2 3 4 5 0 
41o7188 

47,5 
0,5 

235. 
2,80 
1.48 
1.00 
2.03 
3,53 
270. 
R2.2 
08,3 
.fl02 
.002 
16,0 

41o8188 

3.10 
3.57 
10,8 
56.7 
8,00 
1,08 
10,8 

0,78 
30.3 
34,9 
II0, 
105. 
10,5 
103. 

2.92 
0.72 
6.40 
3.77 
3,58 

71.8 
0.1 

235. 
2.40 
1.48 
1.00 
4.03 
7.04 
538. 
41.2 
35.3 
.714 
.063 
4.96 

410o188 
05.5 
0,5 

250, 
3,30 
1.48 
1.00 
2.03 
3.53 
270. 
8A.A 
73.4 
.653 
.000 
21.0 

4/jo/se 
120.0 
0.5 

220. 
1.40 
1,48 
I.no 
2,03 
3.53 
270. 
24.7 
22.1 
.7fl2 
,020 
2,64 

4/In/00 
143.5 
0.0 

235, 
.000 
1.48 
1,00 
2.03 
3.53 
270. 
37.1 
31.5 
.697 
.028 
3.70 

4.70 
2.71 
55.1 
27.4 
4.00 
.518 
5.47 

4tan/as 
168.0 
5.5 

235, 
2.30 
3.00 
1.03 
4.03 
7.04 
538. 
33.0 
30.5 
.874 
,055 
2.27 

2,81 
4.41 
10.4 
62.1 
0,50 
,959 
0,75 

• llased on unreduced catalyst 
e Based on rearlor volume 

5,35 
2,64 
60.6 
15.0 
3.07 
.343 
3.03 

1 5.01 
3.15 
59.1 
24.2 
4.10 
.455 
4,02 

5,08 
3.09 
63.8 
18.5 
4,03 
.485 
4.33 

0.75 8.58 7.52 8.62 8,70 
30.5 
31.4 
112. 
103, 
9.79 
190. 

3.14 
6.50 
5.21 
3.28 
3.13 

37.1 
38.1 
93.3 
99.3 
P.78 
186. 

36,3 
40.0 
102. 
92.5 
10.5 
107. 

30.0 
34.7 
01.3 
8S.9 
9.61 
In l .  

38.8 
34.0 
90.0 
02.0 
10.3 
188. 

2.45 
7.88 
6.51 
4.21 
4.00 

2.22 
5.73 
4.07 
2,78 
3,38 

2.13 
6.03 
6.53 
3.00 
3.35 

1.97 
5.11 
4.28 
2.05 
2.82 

s Msxim. um axial lemperatnre differrncc 
Unannlysed produets collected from hot trap 



g 

Table 4 (font',l), S.mnmry ,of re+..,,+lt+, lot" fh~d hed Pint 1:A-7~.~968, 

Period 
Weight % ul" Ilydrocnrbons 

C!14 
Bth~ne 

Ethylene 
Propnne 

Propylrne 
n-l)utnne 

I+2 Hutches 
C4 lsolncr.~ 
n-Pentane 

I -I-2 Penlenes 
C;s Isomers 
n-llexane 

I+2 Ilexenes 
Cs Isomers 
m-lleplone 

1-t-2 lleptenes 
Ct Isomers 
n-Octane 

1+20ciene.s 
Cs Isomers 
n-Nonane 

1.1-2 Nonenes 
@g Isomers 
n- l)ecane 

I +2 De.canes 
C'.to Isomers , 
n-llndeenne 

14-2 U ndecenes 
Ctt Isomers 

C=-C4 
C~-GI t 
Ci2+ 
Wax 4 

_ I I 2 

3.72 3.74 
1.32 1.40 
3.61 4.10 
.83? .833 
5.30 5.17 
.804 . f i l l  
4,24 4,13 
A60 .465 
1.19 1.20 
3.83 3,91 
.250 .211A 

-.501 .696 
2.39 2,75 
.540 .687 
.422 .413 
1,01 1.02 
.356 .572 
,300 ,274 
1.35 .882 
,216 ,0811 
.384 ,244 
1.36 .703 
.280 .122 
,302 .306 
!,36 .945 
,303 ,213 
,334 .314 
1.14 ,931 
,367 ,243 
10.6 16.9 
19.2 17.4 
GO,5 01.9 
5?.4 5?,4 

J Unnnalysed products collecte.d ~om 

[ 1 4 

4+84 
1.03 
4.41 
,011 
6.83 
.R65 
,~.44 
.560 
1,49 
5.36 
,444 
.017 
2,70 
.080 
.404 
1.75 
.401 
.334 
1.38 
.208 
.345 
1.39 
.246 
,338 
1.33 
.398 
.276 
1,04 
.270 
21,0 
21.5 
52.7 
50.4 

4.03 5.02 
2.59 2.48 

5.36 4.94 
.046 1,03 
5.17 G.49 
.801 .953 
4.01 5.08 
.470 .553 
1,24 1.37 
3.~9 5.02 
.278 .540 
1.2A .708 
4.1~ 3.14 
1.04 .830 
.934 .473 
2.63 1,70 
350 .557 
,305 .274 
i.08 .969 
.i63 .233 
,200 .242 
.6~3 ,773 
.0545 ,113 
,328 ,325 
1,09 1.07 
.120 .207 
,325 .299 
!.17 1.04 
.187 .204 
ID.4 21.5 
21.B 20.2 
54,7 53.2 
40.6 49.5 

hol trap 

4.n3 
2.52 
4,63 
1.34 
6.54 
1.21 
5.09 
.610 
1,57 
4.70 
.452 
1.01 
3.00 
.800 
.696 
1.88 
.533 
.393 
1,02 
,230 
.203 
.481 
.0864 
.255 
.659 
.157 
.220 
.051 
,140 
21,0 
19.2 
54.1 
5].8 

. +  



Table 5, $}.nmn|y or te..Its rot fixed bed r.n PA.31-1 !18. 

Cntnt.yst: 3.40 g', 100 Fe/5 C./4 ,~ K 
Cntaly.,~t voh, me: 3.00 c'c 

Period 
I)nte 

Time on St.'am (h) 
B~lance D.ration (h) 

Avernge Tempernturc (oC) 
Mnxin,! . .  A 'l 'e.tt~erat.re (°C)' 

P,essn,e ( Af l'n) 
11~/C0 Feed Rntio 

Spruce Velocity (HI~O-tat 'h)  a 
Space Velocity ( hi I /g -  Pc.h) 

GIISV (h" ! 1' 
CO Conversion (%) 

III"FCO Conversion (%) 
I l l /CO Usage 

STY ( , , ! Is  II,-I.CO/g-cat.k)' 
,"co,' r. /_Pco ..Z%o 

Weisht % of Outlet 
l i t  

I110 
CO 

C02 
Ilydroesrhons 

0 xygenates 
Wax d 

Yield (g/Nm ] I l l  + CO Co.,,erted) 
CI14 

C2-C, Ilydroesrbons 
Cs-C!I llydrocsrhons 
Ct~+ Ilydrocnrho,s 

Wax d 
Oxygenates 

Total 
J +20leflns/n-I 'arafl ln Ratio 

C) 
Cs 
C~ 
Cs 
CIo 

4122188 
47,5 
6.0 

235. 
4.50 
1.48 
1.03 
2.00 
3.09 
252. 
93.0 
78.3 
.097 
.070 
34.8 

2.62 
4.41 
0.18 
03.8 
!1.3 
1.50 
10.2 

I1.1 
3A.2 
38.9 
80.8 
83.1 
12.2 
187, 

1.08 
6.34 
5.19 
3.75 
3.50 

Dil.ent: 30.0 .q, GIs.~.~ heads 
Dilnent Volume: 24.0 cc 

4/23/ 8 
71.6 
6.5 

23.5, 
3.60 
1.48 
1.03 
3.99 
6.15 
602. 
05.0 
54.8 
.094 
.007 
0,~3 

412418  
94,5 

250. 
6.00 
1.4R 
1,03 
3.P0 
6.15 
502. 
7A,R 
05.4 
.685 
.I Ill 
8.25 

4 
412;,18i 

110.8 
6,0 
220, 
2.90 
1.48 
1.03 
1.99 
3.08 
251. 
37.3 
33.0 
.795 
.020 
2.77 

5 
4/26188 ' 

143,7 
6,0 

235. 
1.30 
1,48 
! .03 
1,99 
3.08 
251, 
54.7 
47.2 
,740 
.042 
4.18 

3.R6 
4,34 
32.2 
43,5 
0.04 
1.02 
8.00 

iL73 
34.0 
34.7 
102. 
07.1 
12.2 
193. 

2,51 
0.32 
5,18 
3.60 
3..50 

• Based on an,educed catalyst 
' Based on reactor volume 

0 
4127188 

168.5 
5.5 

235. 
3,80 
3,00 
I .O3 
3.99 
6.15 
502. 
55,0 
51.3 
,873 
.001 
3.18 

3.28 
5.07 
10.8 
62.3 
0.15 
1.32 
8.10 

. m  . . . .  

; LJ.(I 
39.I 
38.6 
87.4 
P2,7 
13,4 
IRS. 

5.o3 
3.96 
59.0 
22,9 
4.30 
.578 
3,30 

 .62 
3S.2 
34.7 
71.0 
04.4 
11,3 
161, 

4,21 
4,07 
42.0 
34.0 
7.00 
1,03 
5.25 

10.2 
40.2 
41.n 
78.4 
72.5 
14.2 
185. 

3.73 
6.28 
42.4 
33.6 
6.9R 
.750 
7.34 

8.32 
41,6 
35.0 
95.2 
92.3 
0.56 
100, 

2.10 
7.05 
6.87 
3.04 
3.80 

1.1)! 
6.36 
4.46 
3.P6 
2.87 

i.02 
8.17 
5.22 
3,51 
3.19 

1.94 
4.50 
3.60 
3.08 
3.20 

Maximum axial t¢lnperat.~e dilrerence 
d Unanalyzed products collected rrom hot trap 



Table 5 (coat',i). Summ~ry of res,ltx for Gxed l,e~t t .n  FA-31-1118. 

........... l~eri,~d . . . . . . . .  ! I 2 I ~ I 4 . . . .  [ 5 
Weight %of  Il jdroenrbon..-- 

CII t. 0,37 "' 4,M4 5.74 5'.70 5.0~ 
Etlm.e 2,48 1,80 2.24 3.04 3.11 

F, thylrne 4,30 4.43 4,56 5.42 4.68 
Propn ne I .I 6 .082 1.00 1.33 !.24 

Propy|ene 7.00 5.92 7.1,1 0.79 7.2P 
n- l l , t ane  1.05 .008 1.01 1.21 1.10 

I +2 llutenes G,27 4,54 5.70 5.21 5.56 
@4 Isomers .572 .511 ,043 .600 .500 
n-Pentaue 1.41 1.25 1.44 1.61 !.55 

1 4.2 Pentenes 5.13 4,77 5.35 0.07 5.03 
Cs Isomers .434 ,477 ,420 .703 .608 
, - I lexnne .753 ,738 .670 !.34 .919 

14.2 l|exenes 2.94 2,80 3.15 3,76 3,37 
Co Isomers .503 ,570 .691 .755 .720 
n- Ifeptnne .517 ,488 .500 .830 .594 

I I-2 Ileptenes 1.00 1.70 2.00 2.23 2.15 
(iT Isomers .370 .401 ,404 .576 .578 
n-Octane .410 .334 .381 ,342 .410 

1+20ctenes 1.51 1,15 !.30 1.04 !.4L 
@s Isomers .244 .105 .288 .176 .261 
fl-Nonane .415 .2on .310 .183 .300 

14-2 Nonenes 1.44 .870 !. 10 ,493 1.24 
Go Isomers .354 .108 ,333 ,0745 .236 
n-Decane ,388 .283 ,300 ,316 .445 

1+2 Decenes !,34 ,979 !.18 ,892 1.40 
Cio Isomers t ,302 .271 ,370 ,181 .342 
n-Undecane ,310 ,257 ,202 ,340 .399 

14-2 Undecenes 1.02 .1~84 .981 1.01 1.20 
Clt Isomers .301 .249 ,270 .202 .277 

0~-C4 21.8 19.2 22.3 23.6 23.6 
Os-OI i 22.2 I 9,2 22.0 23.2 24.4 
Ct~+ 49.0 50.8 49.9 47,5 46.0 
Wax ~ 47.5 53,8 47.2 43,1 42.5 

d Unnnnlyzed prod,ors collected from hot trap 

i o 

4,d2 
2,44 
4.41 
! .55 
6.80 
1.58 
5.44 
.862 
! .58 
5.10 
,588 
.053 
2.96 
,042 
.577 
1,03 
.424 
.301 
,909 
.147 
.275 
.844 

.0072 
.205 
.952 
.148 
.227 
.761 
.130 
23.1 
10.5 
52.8 
51.3 



'I'AGI," fi. 5,mmney ,~r Ilin,lee/Slll)pnrl cafnlyst 1¢51.~., 

CnIAly,~I I I ,n 

Condilio.~ 
1~nl TO.~(/I) T ( ' C )  P (A ! i ' . )  ,~V' I tz /Co 

% C~onvers;o, WL % Ilydrc, cn,I)on~ 
STY ~ ('O IIt.l-@O Uamge Cl1~ CI-C,  Cs-C~t C.4-  

100 Fe/5 Cut4.2 K FA-31-1118 I 47.5 235 I.,111 2,00 1.03 
2 ?1.5 235 1.48 3,09 1,03 
3 94.5 250 !.411 3.00 1.03 
4 r 110.8 220 1.48 1,99 I.O3 
5' 143.7 235 !.48 1.00 I.O3 
8' IGA.5 235 3.0(I 3,09 I.O3 

0.f170 P3,G 78.3 0.70 6.4 21.11 22.2 49,0 
0,097 05.0 54,8 0.t10 4.8 10.2 10.2 50.8 
0. 110 78.8 85.4 0.qO 5.0 22.3 22.0 49.9 
0.fl29 37.3 33.0 0,80 5.7 33,fi 23.2 ,17,5 
O.fl,12 54,7 47.2 0.75 fi.O 23.0 24.4 46.0 
0.O!ll 55,0 51.3 0,87 4.11 23,1 19.5 52,8 

100 Fc/5 ( : , /4 .2  K/8 SiOs FA-03-0419 i 40.O 235 1.48 2.00 
2 72.0 235 1.4A ,I,01 
3 90.0 250 I,.18 4,01 
4 121.0 220 1.411 2.fl0 
5 • 145.O 235 3,00 4.01 
6' 1~0.0 235 1.48 2.00 

.IO 0.089 ,1:13.8 70.7 0,71 3.5 IG,4 20.1 00,0 
,IO 0.O!14 04.5 52.8 0,71 3.2 18,9 20.3 59.0 
,10 O.I II1 AI),5 65,1 0.7(I 3.7 18.0 12/I 07.0 
,IO 0.055 73,G It2.1 O.77 2.11 18.0 15.4 65.8 
,10 0.07~ 411,4 42.7 O.03 2.8 IT.5 10.7 03.0 
,IO 0.040 52,9 44.8 O.711 3,4 I11.A IG.5 01,3 

100 Fe/5 Cu/4.2 K/25 SiOa IPA-60-O54 t~ I 40,0 234 1,48 2.00 
2 70.5 235 1.48 4.01 
3 n5,5 250 1,40 2,01 
4 130.0 220 1.4a 2.OI 
5 1,14.5 235 2,05 4.OI 

1 .O0 O.040 511.11 55.0 0.85 5.7 22.7 15.2 50.4 
I,O0 0.060 39.4 38.5 0.05 5,0 22.4 17.? 54,0 
I,OO 0.0111 714.2 87.6 0.73 R.I 30,0 19.0 42.0 
I.OO 0.O28 20.7 31.1 1,0!1 4.8 23,2 211.7 51.3 
1,00 0.080 49,,5 48.1 0,94 4.0 22.8 15.5 57.7 

100 Fe/5 C, /4 .2  K/100 SiO3 PA-60-066R ! 40,5 234 1.48 1.00 
2 72.0 235 I.,IA 3.99 
3 9n,O 250 1,48 1.09 
4 119.0 22(1 l,,IA 2.OI 
5 143.0 235 I,,IR 1.00 
0 169,0 335 2,9fl 3.99 

1.00 0.020 24,3 20.1 1.39 5.2 17.2 20.4 57.2 
1.00 0.1139 17,5 22.0 1.61 4.4 14.0 10.5 04.2 
I.O0 0.031 30.8 35.2 1.29 ~.8 18,6 25.9 40.7 
I.(10 0.014 11.3 I ,"l.n 1.70 4.5 15.8 18.3 01.4 
1.00 0.023 20, I 25.7 1.50 5.2 10.8 18.5 5,9.5 
1.00 0.0:,2 22,4 29.4 1.63 4.5 15.0 15.5 64.4 

100 1",'/5 @,,/4.2 I{/8 AI)Os FA-73-0828 1 47,5 235 1.48 2.01 
2 72,0 234 1,48 4.02 

06,0 250 1.48 4.02 
4 118.5 220 1.48 2.01 
5 • 143.5 235 1.48 2.OI 
0 e 16A.0 235 2.OG 4.01 

1.00 0.007 00.3 75.1 O.flO 4,8 18.4 19.3 57.5 
1.00 0.084 5ft.0 47.0 0.GR 4.2 17.4 18.4 G0.0 
1,00 0.104 60.R 5T,A (I.OG 4.0 19.2 20.2 55.7 
1,00 0.028 3fi.9 31,7 0,72 4.1 17.0 18,9 50.1 
1,00 0,038 50.8 42,1! 0 .~  4.0 19.~ IR.3 57.2 
1.00 0,1171 42.2 411.11 0.00 4.fi 21.0 10.3 54.2 

100 F',`/5 C,,/4.2 K/20 AIsOs PA-70-0968 I 47.5 235 1,48 2.03 
2 71.8 235 1,48 4.03 
3 95.5 250 1.48 2.03 
4 120.0 220 JAR 2.03 
S e 143.5 235 1,4a 2.03 
0 e 1~8.0 235 3,00 4.O2 

.00 0.m;2 82.2 ~R.3 0.06 3.6 Ifl.T 10.2 00.5 

.110 0,(lt13 41.2 35.3 0.71 3.7 IG.0 17.4 62.0 

.I)0 0,008 88.8 73.4 0.65 4,8 21,0 21.5 52.7 

.00 0.020 24.7 22.1 0.70 4.0 10.5 21.N 54.7 

.00 0.028 37.1 31.5 0.70 5.1 21.5 20,2 53,2 

.00 0.055 33.0 30.5 0.87 4.8 '  21.9 IP.2 54.1 

lh~hrche, mie LP 33181 
(100 Fe/5 Cn/4.3 K/24 SiO:) 

FB-00-1348 2 48.0 235 1.4R 4.Off 0.08 0.061 30.0 33.0 1.10 3.8 14.5 17.1 04.6 
3 06.0 23,1 1.48 1,00 0,08 0.044 46.9 40.1 1,07 4.3 17.6 17,0 gh l  
4 120.0 250 1.48 1.99 0.08 0.054 04.0 60.3 0.85 5.3 20.6 1fl.2 54.7 
5 c 144.0 220 1,48 1.09 0.08 0.023 22.0 25.9 1.24 4.7 18.8 10.6 56.0 
0 e 1011.5 235 2.00 3.99 0.98 0.005 33.4 30.T 1.17 3.9 17.1 In.I 02.9 

"Space Velocity (SY) [=l NI/g-cat.h ~Spaee Time Yield (STY) [-)  molto(lit + OO)/g-cal .h 'Dalance made with partially deactiv~led calmlysl 



Table 7. Fractional metal exposures for selected H~ mxd CO Teduced cata]tySts. 

Nominal Catalyst Composition 

100 Fe 

100 FeD Cu 

100 Fe/3 Cu 

100 Fe/0.2 E 

'zOO Fe/2 K 

100 Fe/1 Cu/0.05 E 

100 Fe/1 Cu/0.2 K 

100 Fe/5 Cu/4.2 K 

100 ~'e,/5 Cu/4.2 K/8 Si02 

100 Fe/5 Cu/4.2 E/25 Si02 

100 Fe/5 Cu/4.2 K/8 AJ~Os 

Z00 Fe/5 Cu/4.2 E/25 A]20s 

ZFract~onal Met~l Expomzres 

Reducta~t 

It2 CO 

0.036 0.064 

0.015 

0.022 0.077 

0.035 

0.035 0.02O 

0.020 0.023 

0.020 0.023 

0.022 0.023 

0.034 0.022 

0.036 0.021 

0.023 0.040 

0.022 0.051 

°.* 

z~ 



Table 8. Major events occurc~g in rum SA-99-0888. 

TO5 (h) Event 

- 17 

0 

4.0 

49.0 

94.5 

166.5 

264.0 

336.0 

343.0 

391.0 

439.0 

4 8 8 . 0  

531.0 

584.0 

619.0 

627.0 

699.0 

721.5 

Cata])'st pretreatmc~t: 
CO, 280 °C, 0.79 MPa, 16 h. 

Initiated syathes~ gas. 

Ac.]fieved desired operating conditions: 
250 °C, 1.48 MPa, (H~/CO) = 0.67, 2.0 J~'l/g-~t.h 

Conditions s~able, (H2+CO) 

Conditions stable, (He+CO) 

Cond~tio~ szabl¢, (H~+CO) 

Conditions stable, (Hz+CO) 

Conditions stable, (Hz+CO) 

Changed process conditions: 
250 "C, 1.48 MPa, (Hz/CO) 

Changed process conditions: 
250 °C, 1.4s MP=, (H2/CO) 

Changed process conditions: 
235 =C, 1.48 Jt~Pa, (H2/CO) 

Changed process conditions: 
235 °C, 1.4s MP=, (H:/C0) 

Changed process conditions: 
265 °C, 1.48 MPa, (H2/CO) 

Changed process conditions: 
250 °C, 1.48 MPa~ (H2/CO) 

conversion = 45.9 %. 

conversion = 46.1%. 

conversion = 43.1%. 

conversion = 4 3 . 8  %. 

conversion = 44.4 %. 

= 0.67, 4.0 JvUg-cat.h 

= 0.65, 1.0 ]~'l/g-cat.h 

= 0.65, 2.0 Nl/g--cat.h 

= 0.67, 1.0 JVl/g-cat.h 

= 0.67, 2.0 J~:l/g-cat.h 

= 0.67, 2.0 Nl/g-cat.h 

Replication of init ial process conditions: 
(H2+CO) converaicm = 36.0 %. 

C h a ~ e d  process c o n d i t i o n s : .  

250 °C, 1.48 MPa, (H2/CO) = 1.0, 2.0 Nl/g-cat.h 

Changed ln'ocess conditions: 
250 °C, 2.96 MP~,  (H2/CO) = 1.0, 4.0 Nl/o-¢az.h 

Vol~utary t e rnd~t ion  of run 5A-99-0888. 



Table 9. V,'a~ and solids inventor)" for run SA-99-0888. 

TOS (h) Desc~ption 

- 42 

- 1  

101 

17.3 

266 

342 

390 

438 

488 

534 

577 

607 

650 

722 

722 

Re.actor charged ~ith 301 9-wa~ 34.6 9-cat 

5.2 9-wax, 0 g-cat removed a:l'ter reduction 

269 9-wa~, 1.5 g-cat removed 

176 9-wax, 0.3 9-cat removed 

231 9-wax, 0.1 g-cst removed 

158 g-wax, 0.5 g-cat removed 

101 9-wa~, 0.4 g-cat removed 

49 g-wax, 0.2 g-cat removed 

27 g-wax: 0.1 g-cat removed 

23 9-wa.~ 0.1 g-:st removed 

61 9-wa~ 0.3 g-cat 1"e~oved 

47 g-wax, 0.3 g-cst removed 

36 9-~ax, 0.2 g-cat removed 

69 9-~'ax: 0.4 g-cat removed 

315 9-wax, 24.4 g-cat removed at  emd of ~,uz~, 
106 % wax Tecovery, 83 % solids recover)" 

40 



"l~ble I~. S.mmaly of ,es,lts for sl,rry rim SA-99-0888. 

Catalyst: 34.0 9% I,P 33/8t Shnrry l iq,id: 270 g, P.rilled n'octacosane 
lteactor vol,me: 385 cct 

4:" 

l'eriotl 
Date 

Time on Stream (h) 
13nlance Diiration (h) 

Avernge Temperat .re (°C) 
l'ressure (MI 'a )  

1121C0 Feed Ratio 
Space Velocity (Nl/g-eat.h)" 
Spare Velocity (Nl/g-Fe.h) 

C'IISV (h - t )  i 
CO Conversion (%) 

11r+00 Co,version (%) 
IIz/CO Usage 

STY (mole l ib+GO/o-rat.h)" 
l'co~ •/'p,/Pco • P.,o 

Wei8ht % of out le t  
II) 

I I t0  
CO 

COz 
llydrocarbons 

Oxygenates 
Wax e 

Yield ig/Nm a 112 + CO Oon~erted) 
C:114 

Cz-C+ Ilydroearbons 
Cs-C, n Ilydroearbons 
C! z-t- ilydrocarl)ons 

Wax e 
Oxygenates' 

Total 
1+20leflns/n-l~araAlu llatlo 

G3 
Cs 
C~ 
Co 
Cio 

! 

~/30/88 
40.0 
7.0 

250. 
1.48 
.007 
2.00 
3.81 
180, 
42.7 
45,0 
.700 
.041 
1.21 

2.33 
4.86 
56.3 
25.0 
5.85 
.505 
5.24 

9[.80 
32,0 
40,7 
103. 
87.1 
8.40 
193. 

1.82 
7.51 
0.21 
3.32 
2.80 

2 
4/!/8o 

94.5 
6.O 

250. 
1.48 
.007 
2.00 
3,81 
180, 
43.2 
40.I 
.770 
.04 I 
1.20 

2.34 
4.86 
55.8 
2F17 
5,03 
.407 
5.24 

8.33 
37,0 
35,0 
08.8 
80,6 
0.72 
180. 

3 
414188 
160.5 
(1.0 

250. 
1.48 
.007 
2.00 
3.81 
172, 
41,2 
43,1 
,740 
.038 
1,19 

2.52 
5.13 
56.9 
24.2 
5,81 
.552 
4.83 

n.73 
30.7 
41.0 
90.8 
80.8 
0,02 
201. 

1,08 1.04 
O.OI 7.33 
6.61 5.06 
3.30 2.89 
2.77 2.03 

4 

204.0 
0.0 
250, 
1.48 
.607 
2.00 
3.81 
171. 
41.1 
43.8 
.774 
.039 
1.35 

2.45 
4,31 
62.7 
24.0 
0.18 
.643 
4.78 

9.R6 
42.8 
43.8 
95.3 
83.0 
11.2 
203. 

G 
4/no/88 

336,0 
Ii.O 

250. 
!,48 
.fi07 
2.01 
3.82 
171. 
40.4 
44.4 
.835 
,040 
1.20 

2.28 
4.48 
87,2 
23.7 
7.34 
.366 
4.01 

0.8'/ 
44,9 
02.0 
93.8 
81.1 
0.44 
217. 

8 
4/i;~100 

38G,o 
6.0 

25o. 
I ,,18 
.6,17 
4,00 
7,,12 
3.16. 
26.'/ 
28.3 
.83fi 
.050 
.706 

3.2i 
4.16 
73.2 
11.8 
6.23 
.252 
2.14 

lO.8 
43.0 
61.0 
82.8 
57.6 
O.TO 
208. 

7 
4/nolsS 

385.0 
6.0 

250. 
1.40 
.652 
!.00 
1.91 
82.9 
50.0 
66.1 
.655 
.025 
2.54 

2.01 
3.69 
43.1 
35.4 
10.O 
,678 
4.23 

12,0 
85,3 
01.4 
72,9 
58,2 
D.30 
217, 

I.S~ 1.45 2.21 .543 
7.02 6.9i 7.3~ 5.73 
6.82 6.68 0.00 4.07 
2.05 2.8~ 3.39 2.28 
2.44 2.36 2.TR 1.86 

d , ,  

a ,need on unred.eed eatnly~tunnnalysed wax withdrawn from renetort fln.qed on .qtnti¢ sl,rry volume 



Table I0 (col ,i'd}. Summary or results for shnrry r.n SA.99.0888. 

.... Period 
Date 

Time on Stream (h) 
Balance Duration (h) 

Average Temperature (°C) 
Pressure (M Pa) 

ils/CO Feed Ratio 
Space Velocity (Nl/~-cM.h)" 
Space Velocity (NI/9-Fe,h) 

OlISV (h- l )  t 
CO Conversion (~} 

IIs-FCO Conversion (%) 
lfs/CO Usage 

STY (mob lf:+CO/g-eat,h) ~ 

8 D 
4/17t88 4/1~/8S .... 

4~ 1,5 528.0 

!0 
4121/88 

571,0 
f .0 0,0 

2 |5, 2,'15. 
! 48 i.,18 
,a;52 .067 
2.01 t.O0 
3.83 1.91 
105. 82.3 
18,8 30,6 
23,0 35,9 
1.01 .940 
.021 .010 

0.0 
2~5. 
lAX 
.057 
2.00 
3.82 
104. 
57.3 
56.9 
,053 
.051 

II 
4123/88 

010.0 
6,0 
250. 
1.48 
.000 
2.02 
3.85 
163. 
32.9 
35.0 
.829 
.032 

12 
4/2~/88 

667.5 
6,0 

250. 
1.48 
1.00 
2.02 
3.85 
162. 
48.5 
45.4 
.869 

,.04J 

13 
4127198 

715.5 
6.0 

25n. 
2,9~ 
1.02 
4.03 
7.68 
:!21, 
30.6 
30.8 
1.20 
.071 

/ ' c o . ' / ' , , / I ' o o '  P . , o  
Weight % of Outlet 

llzO 
CO 
COs 

Ilydrocarbons 
Oxygenates 

Wax e 

,418 .700 

~.~3 ........... :~.~o 
4,20 5,19 
78.0 60.6 
7,00 16.5 
4,54 6.65 
.318 .479 
1.10 2.02 

Yield (g/Nm ~ i t s  + c o  co.,,~i.i~d) 
Ci14 

C2-C4 Hydrocarbons 
Ct-Ctl Ilydtoearbons 
Clz+ llydrocarbons 

Wax r 
Oxygenales 

Total 
I-F20Jeflns/a'Paraflin Ratio 

C2 
Ca 
C4 
Cs 
Cuo 

11.1 10.7 
57,4 
70,8 
51,8 
37,3 
10,8 
202, 

2.19 
0.01 
5.33 
2.98 
2,39 

51.1 
67.0 
59.0 
44.1 
10.5 
200. 

t .70 
6.58 
5.01 
2.85 
2.34 

4,38 

,, , i J  , ,  

2,06 
2.52 
41.9 
39,4 
11,0 
,420 
2,03 

15.0 
84,0 
04.0 
40,0 
35.3 
5,73 
180, 

.700 ' " 
5,12 
4,68 
2,23 
1.71 

1.13 

3,80 
3,07 
05,7 
18.5 
0,53 
.527 
2.05 

I t 8  
52.6 
60.8 
57,6 
43,0 
11.2 
194. 

!.05 

, ,  , ,  , J J  | 

4.04 
6.35 
50.0 
27.0 
lO.O 
.070 
1.90 

15.8 
58.3 
56.1 
39.0 
27.0 
9.49 
179. 

iA7 .805 
0.59 4.85 
5.43 4.16 
2.53 2.13 
2.05 1.63 

,590 

4.11 
8.53 
02.2 
13.4 
9.01 
.835 
1.91 

11.6 
50.8 
60.4 
50.3 
30.3 
I3.2 
180. 

1,44 
4.62 
3.81 
2.60 
1.92 

a nase(l on unredueed catalyst b nnsed on static slurry volume 
c Unnnalyzed wax wlth¢lrawn from reactor 



Tnhle 10 (copt'd). S ,mmnry of respits for s h . r y  r . ,  SA-00-0888. 

Period 
Welsht % ot' ltydrocarbo.ns 

0114 4.20 
~thnne 1.80 

Ethylene 3,32 
Propane .700 

Propylene 5,73 
n-llulnne .010 

I +2 B.lenes 4,00 
C4 Isomers .480 
n- Pen t,me I. I 8 

143 Pentenes 4.40 
Cs lsome,s .207 
n-llexnne .881 

I +2 llexenes 2.04 
Co Isomers .500 
~-I|epfnne ,537 

I +2 Jleptenes 1.74 
C7 Isomers .333 
n-Oetnne ,478 

1 +20cienes 1.50 
Ca Isomers .242 
n-Nonnne .452 

14-2 Nonenes 1.4fl 
C, Isomers ,OOS2 
n-Decnne .030 

14-2 Deeene- 1.77 
Oto Isomers , ,135 
n-Undeenne .721 

I +3 Undecenes 1.78 
CI t Isomers .100 

Ca-C+ 17.8 
CI-Ct  I 22. I 

GI~÷ 55.8 
Wnx e 47.2 

I 2 I .~ I 4 I 5 I n I 7 

4,;4 ~00 r, 14 4.~,0 5.~0 5 i s  
2.30 2.40 2 . , ,  2.0~, l.nT 4.51 
3.70 3.70 3.78 3.02 4.0(1 3,55 
1.00 ,050 1.00 .000 1.03 !.56 
0.33 0.71 7.08 6.57 7.14 d.54 
1.00 .043 1,00 1.00 !.07 1.35 
5.70 5.42 0.10 5,80 G.17 6.42 
.052 .533 .556 ,511 ,533 ,fl53 
1,33 1,28 1.40 1.30 1.41 1,70 
4,01 4,t]3 5.45 5,12 5.41 15.50 
• 310 .351 .431 .410 .320 .80L 
.580 I, 12 .044 !.34 1.00 1.40 
1.01 2,02 3.T5 4.02 0.00 3.04 
.441~ .473 .415 .54.q .500 ,037 
• 440 .304 .502 1.00 !.01 1.26 
1.35 !.03 1,09 2.71 3.07 2.76 
.281 .307 .250 .383 ,450 .442 
,357 ,450 .477 .810 ,703 1,09 
1.10 1.30 1.38 2.29 2.54 2,44 
.111 ,558 .150 .28! .230 .410 
,430 ,438 .408 .745 .707 1.05 
1.35 1.28 1.34 2.02 2,28 3.18 
.lOft .353 .100 .208 .300 .370 
.573 ,505 ,638 ,870 ,880 !,05 
!.57 1.40 1.51 2.02 2.42 !.00 
,140 ,335 .232 ,SOl .257 ,451 
.054 .037 .087 .878 .04• 1.03 
1.50 1,43 1,42 1,73 2.23 1.50 
.204 .303 ,300 .315 .348 .430 
20.9 30.8 23.3 21.3 32.0 20,0 
10.5 21.0 32.8 30.5 31.0 32.5 
55.0 53.3 40.1 44.0 41.7 35.1 
48.2 45.4 43.0 38.0 20.0 28.1 

+ Unnnnlysecl wnx wiihdrnwn from lenctor 



k.n 
0 

'rable 19 {cor)t'(I), S~mlmary of res.lts for sl.rry r~n SA.g9.f1888. 

........ R 1,,o I Io I I 13 
Welght % of llyJrocarL, ons 

c.4 ~.~3 n.~3 :s.tr, ?.on n.,15 
Ethnne 3.30 3.31 5.35 3.80 5.78 

I~[hyZene 6,03 5,26 3.50 5.20 4.66 
Propane 1.42 1'34 1.87 1.42 2.28 

Propylene 8.93 8.38 9.14 8.94 10.5 
n-Butane !.42 1.38 1,61 1.38 2.07 

I+2 B.tenes 7.30 0.70 7.28 7,23 8,31 
04 Isomers .064 .037 ,681 .003 .841 
n-Pentane 1.85 1.09 2.17 1.92 2.45 

1-1-2 Pentenes 8.32 0,63 0,/~9 7.54 7,23 
Cs Isomers .978 .670 I. 14 .889 1.02 
n-llexane 2.90 1,76 1.70 1.57 1.66 

14.2 llexenes 5.03 4,24 3.63 4.43 4.07 
Cs Isomers .963 .604 .787 ,893 .784 
n-Ileptane 1.05 1,63 1,43 t.0O 1.14 

I+2 lleptenes 2,85 3.07 2.52 2,~17 2,41 
CT Isomers 1.03 .442 .079 .047 .5L5 
n-Octnne .724 1.04 1,05 .779 ,894 

1-t-20ctenes 2.12 2.92 2.29 1.93 1.87 
Ce Isomers .283 .288 .507 ,334 .393 
fl-Nonane .608 .911 1.06 .643 .848 

14-2 Nonenes 1.88 2.46 2.03 1.47 1.52 
Co Isomers .280 .310 ,536 .250 .383 
n-Decane .809 1.03 1,18 .800 1.000 

14-2 Decenes 1.91 2.38 1.08 1.63 1.60 
CIo Isomers , ,473 .409 .fl48 .386 ,403 
n-tlndecane ,823 1.05 I.lO ,880 1.02 

I-~2 Undeeenes 1,66 2.01 1.68 1,52 1.39 
Cit fsomers ,488 .418 .624 ,459 .509 

Ca-C4 30,0 • 27.0 20.4 28.8 34.5 
Cs-Ctl 37,0 35,9 35.4 32,7 33.2 
Cis+ 27.1 31.5 27.0 31.5 23.0 
Wax e 19.5 23.3 10.2 23.9 1.5.9 

e Onanalyzed wax withdrawn from reactor 

I , 13 

3.82 
5.15 
2.01 
8.80 
!.87 
0.87 
.752 
2,13 
IL80 
.823 
1.53 
4.80 
,862 
1.15 
3.02 
.026 
,902 
2.30 
.398 
.860 
1.83 
.308 
,983 
1.80 
.385 
1.04 
!.71 
.437 
29.3 
34,9 
29.1 
17.6 



Table ! 1. ,Sttmlnary ol' results for fixed hed run FA-t13.1308, 

Catalyst: 3.40 g*, 100 Fe/5 C./4.2 K/8 SiO2 Diluent: 35.1 g, (ilass 5ead.q 
Catalyst volume: 3.80 cc l)il.ent Vohime: 23,0 cc 

" Period 
Date 

Time on Stream (h) 
I)alnnce Duration (h) 

Average Temperature (oc) 
Maxim.m ~ Tempernt.re (°C)t 

P,e .ure  (Af Pa) 
IIs/CO Feed Ratio 

Sp~ce Velocity (Nllg-eat'h)" 
Space Velocity (NIIg-Fe.h) 

altSV (k - ' ) '  
CO Conve.ion (%) 

lls +CO Conversion (%) 
I l l /CO Usage 

STY (mo/a Ilk+CO/p-cat,h)" 
Poo,' .~,~/;'ao' P.~o 

Weight % of O.tlet 
lls 

I120 
CO 
COs 

Ilydroenrbons 
Oxygenates 

Wax d 
Vlehi (o/Nm" iS, + c o  Co.,,e,,e~) 

CI!4 
C~-C4 Hydrocarbons 
Cs-Ctt llydrocurhons 
Ct s+ Ilydroearbons 

WL~t a 
Oxygenates 

Total 
1.4...20leitns/n-Por~mn ll.atio 

Ca 
Cs 
C4 
Ce 
Cto 

1 
5/11 
48,0 
8.0 

235. 
2.30 
1.4R 
1.0:1 
1.00 
3,24 
351, 
04.6 
77,0 
.660 
.069 
34.1 

2.7O 
5.53 
S,ll 
62.7 
15.0 
1.33 
7.58 

b 

8.01 
33.6 
40.3 
Ion, 
83.1 
11,1 
100, 

2,08 
0.49 
5.23 
5.00 
3,00 

2 3 
sits s/t0 
144,0 240.o 
0.0 0,0 

335. 235. 
1.50 1.40 
1,46 1,49 
1.03 1.03 
1.00 1.00 
3,24 3,24 
251, 351, 
87.5 08.1 
71.8 50.0 
,084 ,803 
.004 .051 
13.7 8,0,'1 

3.04 3.70 
0.01 4.60 
11.8 20.0 
55.8 43.0 
15,0 11,2 
t.s8 1.il 
0.17 5.75 

5/23 
336.5 
6.0 

235, 
2.00 
1.48 
.080 
! ,00 
3.24 
351, 
49.6 
40.0 
.598 
,041 
4.52 

5/27 
432.0 
0.5 
235, 
1.40 
1.48 
,d80 
1,00 
3.24 
251, 
43.7 
43,1 
.830 
.037 
3,71 

5/31 
528.0 
7.5 

235. 
1.50 
1.49 
.680 
i,O0 
3.34 
251, 
41,3 
40,1 
,647 
.030 
3.56 

7 
0/3 

600,0 
0.5 

250, 
1.50 
1.48 
.080 
1.00 
3.24 
251. 
48.7 
46,4 
.600 
,041 
4.48 

2.?5 
3,30 
49.3 
33,d 
8.10 
.510 
4.30 

2.88 
3.34 
54.4 
28.0 
7,20 
.427 
3.84 

2.02 
2,32 
56.5 
28.1 
6.80 
.346 
2,00 

2.71 
2.36 
40.1 
33,8 
8,00 
.410 
2,07 

8 
e/G/s8 
802.0 
7.3 

235, 
2.40 
1.48 
1,03 
1.00 
3.24 
351, 
37,1 
31.7 
.740 
.028 
2.00 

5,1i 
3.71 
50.0 
22.5 
8.05 
.002 
3,10 

6.01 
32.4 
38.7 
120. 
56.1 
14.3 
212. 

7.88 
32.4 
38.8 
!18. 
00.4 
12.0 
208, 

0,07 
37.4 
34,5 
141, 
T3.(S 
8.70 
218. 

7.40 
20.4 
31.2 
133. 
00,0 
7.70 
208. 

8.10 
30.3 
27.3 
1221. 
50.0 
0.n4 
195. 

12,0 
38.3 
30.0 
113. 
49.0 
6.93 
200. 

13,1 
40.2 
33.9 
04.1 
43,4 
12.5 
200. 

2.94 
0,50 
6.28 
4.17 
3.33 

2.70 
6.44 
5.30 
3.72 
3,35 

2,S0 2,2'/ 2.0s 1.62 i.04 
7.5s 7,35 7.40 7.78 o,se 
0.17 (i,05 0.12 0,50 5.10 
4,n2 n.50 4.S0 4.08 3.nn 
3.70 3,87 3.48 s,oJ 2.02 

• na.d  on unred.c~l catalyst 
t l)ased on reactor volume 

5 Mnxlm.m oxinl lemperature dilre~nce 
d Unrecovered proclacts from wax Rnalysls 



Table II (eont'/t). Summmry or results for fixed bed r .n  FA.~3-1308. 

Period 
- We~++h! ~",, ,r  ! , l y , ! , . - , i , o . ,  , 

0114 
Ethane 

Ethylene 
Prolmne 

Ptopylene 
n-Butane 

I+2 llutenes 
C4 Isomers 
n-Pentsne 

I-t-2 Penlenes 
Cs Isomers 
. - l lex~ne 

I-t-2 llexenes 
Ce Isomers 
n-lleptane 

1+2 Iieptenes 
CT Isomers 
n-Octane 

I +20ctenes 
Cs Isomers 
n-Nonane 

! -I-2 Nonenes 
Co Isomers 
n-Decane 

I +2 Decenes 
CI~ Isomers 
n-Untleeane 

I +2 Undecenes 
C,s Isomers 

C2-C4 
Cs-Ctt  
Otter 
Wax 4 

4.25 
1.48 
3.71 
.940 
r,.82 
.890 
4.E2 
.471 
! ,23 
4.00 
,270 
,5D2 
2.29 
,448 
,373 
1.75 
,207 
,3U8 
1,80 
.260 
.4~12 
2,02 
,lfi4 
.522 
2.05 
.29p 
.422 
1,65 
.232 
17,8 
21,4 
56.5 
33,8 

2 1 ~ I 4 

3.4o .... 4.,~ . . . . .  ~.1o 
i,33 1,4o z,24 
s.~s 3.v3 2,99 
.847 ,R~9 .6oI 
5,32 5.3~ 4.24 
.7.o .v73 .5~3 
4.07 a.o4 3,1n 
.432 .414 .300 
I.!O 1.o5 .779 
3.57 3.30 2.74 
.249 .24n ,J57 
,454 .003 ,458 
1.97 2.17 1.73 
.381 .463 .300 
• 347 ,480 ,328 
1.52 1.46 1,28 
,235 ,304 .270 
,397 ,376 .255 
1.02 1,37 1.10 
,130 . 1 0 4  ,0542 
,457 .415 .326 
1.70 1.40 1,38 
.197 .147 .llO 
.501 .604 .475 
1,84 1.07 1.77 
,365 .257 .267 
.517 .489 ,479 
I.f19 1.57 1.79 
,222 ,223 .243 
10,3 10.6 13.1 
19,5 18.8 10.5 
00,7 O0.O 67.3 
28,3 34,0 35.2 

0 7 

3.72 4,34 
1,55 1,78 
3.27 3.45 
.674 ,739 
4.73 6.21 
.507 .0~5 
3.49 3.87 
.342 .375 
.810 .937 
2.93 3.27 
,185 .210 
.3G2 .477 
1.70 1.02 
.410 ,464 
,231 ,299 
1,28 1.20 
,205 .252 
,189 ,194 
1.04 .800 

.0987 .0371 
,282 .214 
1,17 ,830 

,0802 ,0700 
,412 ,321 
1,57 1.10 
,215 ,190 
.452 .348 
1.65 1.14 
,205 .210 
14.7 IG.I 
15.5 14.5 
66.1 65.1 
04.8 30,I 

2,74 
4.14 
.873 
6,48 
300 
4.49 
.438 
1.03 
3.69 
.235 
.415 
1.91 
.~04 
.247 
1.18 
,299 
.182 
.888 
.0651 
.212 
.883 
.lOB 
.424 
1.22 
,243 
.390 
1.32 
.222 
19.9 
15,6 
68.4 
25.7 

0.09 
2.04 
5.32 
1.30 
7.80 
1.12 

,60 
.576 
1.42 
4,41 
.366 
.674 
2.32 
.5E5 
,414 
1.43 
.272 
,223 
,847 
.0989 
.241 
.822 
.0837 
.437 
1.26 
.184 
.442 
1,36 
,264 
24.7 
18.1 
60.2 
23.2 

a Unreeovered pTo(lucts from wax annlysis 



Table 13, lq.l.mary of res.lts roe fixed bed run Fll-OO.15RS. 

Catalyst: 3.40 .Q', Ruhrcl,emle I,l' 33/8i Dil,ent: 35,0 g, rJInss beads 
Catalyst volume: 5,40 cc Dil.ent Voh,me: 23.0 cc 

Period 
Date 

Time on Stream (h) 
Flalance Duration (h) 

Average Temperature (°C) 
Maxim.m A Temperature (°C)b 

Press.re (Af Pa) 
I l l /CO Feed Rstio 

Space Velority (NI/g-cat.h)" 
Space Velocity (NIII;-Fe,h) 

GIISV (h - t )  e 
CO Conversion (%) 

I l l + C O  Conversion (%) 
I l l /CO Usnge 

STY (mo|J l ie+CO/g-cat.h)" 
Pco," P.,/Pco' P.,o 

Wright % of O.t let  
l i t  

11~0 
CO 
COl 

llydrocsrbons 
Oxygenates 

Wax d 
Yield (g/Nm" I l l  4- CO Con~cHed) 

CI14 
C1-C4 Ilydrocarbons 
c o - n i t  llydrocarbons 
Ct 24- Ifydrocarbone 

Wax ~ 
OxyMnntes 

Total 
J +20lef lnsyn-Pnlal l in Itatio 

C1 
Cs 
C4 
Ca 
CIO 

i 
n/o/so 

71.0 
7,0 

250. 
4,00 
1,4n 
.090 
2.00 
3,81 
230. 
50.4 
58.6 
.757 
,052 
2.22 

1.88 
3,97 
43,4 
35.8 
11.4 
.045 
2.88 

i 

I0.1 
41.2 
33.0 
08.2 
30.5 
8.18 
180. 

1.88 
7.e5 
0.22 
3.80 
2,42 

n/13/88 
167,0 
7.2 

250, 
4,00 
1.48 
.680 
2.00 
3.81 
230. 
52.4 
55.3 
.780 
,040 
2.03 

1,00 
3.86 
47.0 
32.5 
0.26 
.545 
4.82 

10.2 
40.3 
35.8 
104. 
05,2 
7.37 
198, 

1.02 
7.83 
0,35 
4.08 
2.0n 

3 
n/17/a8 

202.5 
7.0 

250, 
5,00 
1.48 
.n80 
2.00 
3,81 
239. 
5l.O 
54.4 
.77R 
.040 
2.05 

i,OO 
3,Pl 
47.0 
32.4 
0,43 
.5f),'1 
4,01 

11.2 
45.8 
40.7 
103, 
08.8 
7,05 
208, 

1.00 
7,80 
0.33 
3.71 

• 2.78 

0121158 
300.0 

0,8 
250. 
0.00 
1.48 
.880 
2.00 
3.81 
230. 
~0,1 
53,2 
.700 
.048 
2,i4 

2,01 
3.48 
48,1 
31,2 
0.43 
.30n 
5.3d 

!1.5 
46.2 
42.8 
113. 
77.3 
5.72 
210. 

2.00 
7.75 
0.23 
4.03 
2,81 

0125188 
42(;.5 

7,0 
250, 
0,00 
1.4R 
.880 
2,00 
3.81 
230, 
40.0 
50.2 
.803 
.045 
1.07 

2.14 
3.62 
51.1 
29.9 
8,00 
.421 
3,87 

12.n 
40.1 
40.4 
88.7 
50.4 
0,46 
203. 

3.10 
7,74 
0.22 
4.15 
3.00 

6 
0/28/88 

528.0 
7.1 

250. 
e.O0 
!.48 
.080 
2.00 
3.81 
230. 
59.1 
50.0 
,878 
.050 
2,07 

3.i0 
5.50 
39.0 
35.5 
13.0 
,088 

' 2.92 

16.1 
55.8 
47.0 
O0.0 
34,n 
II.T 
200. 

1.44 
8.44 
5.13 
3.25 
2.27 

7/2/8e 
022.5 

7.5 
250. 
6.00 
1.48 
.980 
2.00 
3.81 
239. 
50.1 
55,5 
.859 
,050 
2,83 

3.24 
h.76 
30.0 
34.5 
12,0 
.000 
3.63 

15,5 
54.7 
45.9 
81.2 
43.2 
10.8 
208. 

1.54 
8.50 
5.20 
3.10 
2.31 

• l las~l on .nred.~ed ralalyst 
• limed on ,eactol vollme 

b Maximum axial lempelatme difference 
d Untecovered products horn wax annlyds 



Table 12 (conli'd), S~mlnmry cr res.tts for ~]xrd bed 

rerlod 
Wr!sht % of tiydror~;i,o,s .... -" 

C114 
Elhnne 

Ethylene 
Propane 

Propylene 
n-ButRne 

I +2 Fhflenes 
04 Isomers 
, -Pen tane  

I+2  Pentenes 
Cs Isomers 
n-Ifexane 

I + 2  11exenes 
Ce Isomers 
n-l[eptane 

1-1-2 ileplenes 
CT Isomers 
n-Octane 

1+20etenes  
Cs Isomers 
,-Nonane 

1+2 Nonenes 
Co Isomers 
n-Decane 

14-2 Dccenes 
CIO Isomers 
n-Undecane 

I -t-2 Undecenes 
CII Isomers 

C2-C4 

Cs-Ct t 
Ct2+ 
Wax a 

i ..... I .... 2 ..... i, 3 

5.34 5,5  
2.4A 2.18 2.25 
3.87 3.92 4.18 
1.05 .975 1.04 
7,70 7.29 7.76 
1,01 .878 .984 
6.05 5.39 6.01 
.580 .500 .543 
!.43 !,!5 1,35 
5.11 4,18 5,10 
,333 ,263 ,305 
.634 .7fl9 ,605 
2,56 2,66 2.87 
.578 ,536 .583 
.372 .3(}2 ,401 
1,51 1,60 1,60 
.343 ,323 ,347 
.292 .311 .324 
1.09 1.24 1,18 
.165 .102 ,174 
,280 .383 ,370 
.872 1.16 1,14 
,0998 ,107 .I i0 
,359 .457 .450 
.927 1.20 1,23 
.174 .181 ,224 
• 418 .475 .473 
• 892 1.01 1.09 
.150 .185 .IO5 
22.7 21.1 22.8 
18.6 18.8 20,2 
53.1 54.7 51.4 
20.2 34.2 34.2 

run F11.99-1588, 

4 ...... t 5 

5.4i 6.38 
2~00 2.33 
3.90 4.50 
.983 1.13 
7.27 8.35 
.Of)O 1.14 
5,99 0.85 
.524 ,508 
1.46 1.65 
5.51 0.21 
,325 .372 
,665 .701 
2,72 3.50 
.594 .632 
,469 .460 
1.93 2.02 
.377 .442 
.295 .363 
1.17 !.48 
.258 .146 
.288 .377 
,913 1.20 
,0676 .0631 
.360 .472 
1.02 1.40 
.121 .119 
,408 .502 
.050 1.26 
.124 .158 
21.7 25,0 
20.0 23.6 
52,0 45.1 
30,2 30.2 

! i 7 

8.54 
3.50 
4,70 

i 1.50 
9 3 9  

1.57 
7.78 
.670 
2.04 
6.85 
,490 
.826 
3,30 
.595 
.550 
1.03 
,389 
.465 
!.49 
.163 
.553 
1.38 
.102 
,621 
1.39 
.190 
.602 
1.10 
.175 
29.6 
25.3 
36.6 
t8.4 

a Unrecovered products from wax analysis 

7.87 
3.12 
4.4g 
1.48 
0.20 
1.4~ 
7.35 
,624 
1,87 
fl,38 
.450 
.755 
3.00 
.517 
.497 
1.76 
.306 
.422 
1.32 
,152 
.475 
1.22 
.126 
.564 
1,2B 
.173 
.603 
1.15 
.202 
27.7 
23.2 
41.2 
21.9 
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FiK,rr 3. ^mlerson-Sch,ls-Plory plot for r,n F!1-00-1348-3 (¢nlcinrd It, hrchemie t,P 33/01), toLal plod,eLm exrl,d- 
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F i ~ e  10. Isothermal reduction profile in H2 for e.alcined (16 ]n-s in air at 300 °C) sample of com- 
mexdal ~.uh.rchemie c.a.'~yst. 
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Figure 13. XPS spectra of commercial Ruhrc.hemie cazaly~ in Si 2p region. (a) foDowing calch~tion 
for 16 ba-s at 300 =C; (b) following exposure of (a) to CO at 300 °C; (c) fonowi~  exposure 
of (a) to }t_- at 300 °C. 
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e.~os'=e of (a) to ~... at 300 °C. 
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Fi~uTe 15. XPS spectra of commerded Ru]u'chemie catalys~ in O Is region. (a) following calcination 
for 16 hrs a~ 300 ~C; (b) foUo~ring ~posare of (a) to CO at 300 °C; (c) followiag ~ o s ~ r e  
of (a) to ~I= at 300 °C. 
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Figure 17. Isothermal reduction pro~e in ~I~ for calcined {16 hrs in O~ at  300 °C) ~rnp|e of 2,5 wt 
% Fe/Si02. 

71 



tJ~ 
e ,mmmD 

c- 

b 
1:I 

..Q 

t:1 

m 
c 
0 
CL 
(jr} 
Q,) 

rv- 

C~ 

F--- 

, , i i i  

' I " I " I " I " I " I ' I ' • 

i ,  . _ _  . =  

l I v I , T, , 1 , I l l , I , ! 

0 200 4-00 600 800  

Temperature (Oc) 
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F i ~ e  20. F T - m  ~ec~ra ofNO a ~ o r b ~  a~ 25 °C on 25 ~-t % Fe/$iO~ ttmt had been r~cined for 
16 ]lrs at 300 °C and subsequently z~-eatect in ]~z for 16 ]n~ at 300 °C. ~rh~ uppermost 
spectrum was obtaiu~ followiug exposure of the sa~np]e to 10 tort of ~qO for 15 rain, 
foUowed by e~cuation. T/~e second spectrum was obtained immediately a~te~ admission 
of  10 torz of 02 at 25 °C. The ~ ' e m a ~ g  spectra -.~'ere then obtained at 15 in~u intervals 
in the ¢ontinuiug presence of gaseous Oz. 



" * ' t  ¸ " . . . . .  

 .11 . . . . . . . .  

> ~  - 

~ ° -  

. , ~ .  
c . _ . .  
~ - . . . . . - - . ~  ~ ~ 

C , I  . 

- . __ ]_m_= 

.--'--=F..--.':' 

~ R  

i 
, o  

p 

, °  

m 

m o .  . 

• t - • t -  - - r - - - ~ t - - - - - - t - - - - - t - - - ~ - - - - -  t ' - - - - t  - - - -  r "  . . . .  L _ - - ~ -  I " - -  " "  t ' ~ ' ' - "  

2500 2000 1800 1600 

- ~ - ~  - - - - !  • - - - t -  T 

WaveruJmber (~-I) 

, ° . . ,  

" i  

" - - - ' T -  - T "  t 

i 
m 

| : • 

1300 

Figure 21. FT-IR spec~m of  NO a~orbed  at 25 °C on 25 ~ % Fe/SiOz containing 1 ~ t  % K that 
had been calcined for 16 ]~'s s t  300 °C and subsequently treated in H2 for 16 hrs at 300 
°C. The uppermost spectrum was obt.zined following exposure of the sample to  10 ~ r  of 
NO for 15 m ~  followed by e~cua~on .  The  second spectrum was obtalned immediately 
after admission of  10 tort of 02 at 25 °C. The r ~  spectra weTe then obr.~ined az 
15 mJn intervals in the continuing presence of  gaseous 02. 
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Figuye 22. FT-IR spectra of NO adsorbed at 25 °C on 25 ~ % Fe/SiO2 containing 5 ~rt % K that 
]aacl been calcined for 16 hrs at 300 °C and subsequently treated in H2 for 16 ]xrs at 300 
°C. The uppermost spectrum was obtained following exposure of the sample to 10 tort of 
NO for 15 ~ followed by e~cuation. The second spectrum was obtained immediately 
a~ter admission of 10 tort of 02 at 25 °C. ~ e  remaining spectra were then obtained at 
15 rain i n t ~  in the continuing presence of gaseous 02. 
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Figure 23. FT-IR spectra of  NO a~sorbed at 25 °C on 25 wt % Fe/SiOz that had been calcined fo~ 
16 hrs at 300 °C and subsequent])- treated in H2 for 8 hrs at 730 °C. The uppermort 
spe~ruzn was obtained followin 8 exposure of  the sample ~o 10 tort of  NO for 15 rain, 
followed bs  evacuadon. The second spectrum was obtained immediatdy after admission 
of  10 t o ~  of  0.- at 25 °C. The remaining spectra were then obtah~ed at 15 ml~ interrals 
in the conr2nuing presence of gaseous, 0 , .  
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