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EXECUTIVE SUMMARY 

In the f i f th  q u a r t e r  of the Air Products  and  Chemicals, I n c . / U n i t e d  States 
Department of Energ~ Contract ,  "Novel Pischez--Tropsch Sturz~ Cata lys t s  and 
Process Concepts for  Selective Transpor ta t ion  Fuel Production " ,  work  continued 
on the two major t a sks :  Tssk 2 --  Development of Improved S ~  Catalyst  
Compositions and  Task  3 --  S lur ry  Reactor  Kinetic Studies.  

Four ca ta lys t s  were p r e p a i d  d ~  th is  q ~ .  A ColZ~'ISIO~ cata lys t  
was p z ~  from a more oonven~om~l cobalt source (coba!t nttl-ate~ t o  
establish a compara~ve basis for the  s i l ica-suppor ted ,  cobalt ca rbony i  based 
ca ta lys ts .  A Zr-promoted Ru catalyst  was p repa red  on sf l lm,  s ince  the  sitlca 
suppor t  p rov ided  enlmnced performance fo r  the  cobalt ca ta lys t .  ~ was 
examined in a dual purpose  suppor t /p romoter  role for the  Co catalyst  by  
prepm-ing Co2(CO)8 on TiO 2. A Zr-p~omoted, Fc~(CO)I 2 on silica 
catalyst was p~epaz~d to establish the inherent water-gins shi f t  autlv~y of 
this type of Fe-based catalyst .  

During r.hls quar~r five ~ phase sc~-ee~Ing tests were pe~~. Tim 
effect of T£ as a promoter for the silica-supported cobalt cat-bom~! (~talylst 
was investigated by  a test of 4.4% Co/4.0~ Ti on silica. The ~ ' ~ i ~ t T  ot  
Ti-promoV~d ca ta lys t  was lower t han  the Zr-promoted c a m l y ~  with a ~ t  
sh i f t  in hyd roca rbon  select ivi ty to l igh te r  p roduc t s ,  ~ l y  C3_ 5 
oleflns. Comb'ming the suppo~ prope~ies of ~ aud SiO 2 was examined by 
teslJng a Co2(CO)81Zr(OPr)4 on magnesium silicate catalyst. Activities 
were smmar Zo the alumina-supported Co/Zr catalyst rather than to the ~glca 
catalyst. H ~ b o n  select ivi ty was also sh i f ted to l ighter  pz~dncts  wi th  

CA_ 5 oleffm selec~vi ty  and C12 + selectivity that  was 
The cobalt  nil~ate derived, ziz~onated silica catalFst me~io~ed 

above was tested. I t  was 20 to 50% less act ive than the c ~ b o n y l  b a ~ d  
cata lys t  and  p roduced  a greater  amount of wax.  The 

R u 3 ( C O ) 1 2 1 Z r . ( O l • ) 4 1 S i O  2 catalyst ~ em-lier was tested a n d  
howe] the  highest b u l k  and specific act ivi t ies  of any  ca ta ly l t  to  date. 

Generally,  the  hydroca rbon  select ivi ty of th i s  camly~-t was sh i f t ed  toward  
]z[gher molectfla~ weight  p roduc ts .  Final ly ,  the  TiO2-s ~ cobalt  
catallmt was tested and showed moderate acq:ivity ~ to t lmt  d 
Ti-promoted,  Co on silica catalyst  and  was 35 to 50% more act ive t h a n  the  
Tioln'omoted, Co on alumina catalyst .  The tota l  liquid fuels  se l ec t iv i ty  
(C5_23) was in the 60-671 range.  

Dm-ing t h ~  qua~el - ,  slul-t-y s c ~ a e m g  z e s ~  were p e ~ o ~  on ?.]xtwm 
catalysts  and  an  ex t ended  test  was ini t ia ted on a fou r th  ca ta lys t .  The  t .mults 
az~ ~ e d  as follows: 

• Co2(CO)8/Fe3(CO)I21Zr(OPr)41SiO 2 - -  This catalyst was px't,~ 
m another  a n e m p t  to incorporate wa~er-gas shfl~ ~ ~nto t h e  cobalt  
ca ta lys t .  I t  was hoped tlmt the  silica suppm-t would also enlmnce the  
ac t iv i ty  of the  Fe. Compared to the  mixed Co/Fe catalyslm on ~ ,  thin 
ca ta lys t  was subs tan t ia l ly  more active wi th  sima3~ ~ b o n  
seleedvR-p'. It  was not quite as active as the ColZrlSiO 2 catalyst and 
did not  show entranced water-gas  sh i f t  a c ~ v i t y .  



D Co2(CO)$[Zr(OPr)41MgO-3.6SiO 2 -- Examination of a l t e ~ t e  supports 
was conllnued with this screening test of a magnesium silicate-supported 
catalyst wh/ch was directed at combining the properties of MEO and S~O 2. 
The activity and hydrocarbon selectivity were both low com!oal, ed 1:0 lorevious 
catalysts acl/vated with H 2. Bulk and sloeci~£c aetivil/es were never 
greater thsn 22 tools syngas/kg cat/h2 and 0.14 tools Co/tool Co]rain, 
respectively. Tota/ fuels selectivity was gene1~lly between 50-62%. 

Co2(CO)81Ti(OPr)4/SiO2 -- This catalyst was prepared and tested to 
examine the effect of the silica support with the Ti-premoter. Thl~u~hollt 
this test the synEas conversion ranged from ii to 41% compared to 21 to 62% 
for the Zr-promoted ca~mlyst, indicating the lower activity obtained by 
using T'i. The total fue/s selectivity was fai~ at between 60-70%. 

@ Co2{CO)8]Zr(OPr)41SiO 2 -- This catal~t was chosen for an extended 
slurry test because £t had Eiven the besZ pet-fo!mnanee of any ~ttalyst to 
date in the SlUZTy reactor. Besides deteznniniug catalyst life, other 
objectives of the test were to collect liqllid products foe fuel pro!oert-y 
chamacteriza1~on, to obtain data for kinetic studies and I;o collect wax 
produce fox" DOE-funded wax-upgrading studies at UOP/Signal Co. For the 
in/I/a/ 350 hours on-siR-earn during this quainter, catalyst 10erfozmmnee was 
stable with bulk activity between 47-53 reels syna"aslkE ¢mtlhr at 240°C. 

Catalyst e ~ e t e r i z a t i o n  du~ng this quarter centered around surface 
determinat/on s~d H 2 ehemisorpdon on the Co/Zr/SiO 2 c~talyst. The surface 
a ~ a  was 316 m Jg, which was 50%o ~Teatez" than the Co/Zr /AI203 catalyst 
and likely accounts for some of its enhanced activity. The ColZrlSiO 2 
catalyst had an active metal surface area which was 8/t order of mag~itllde 
lar~er than Idmt of the alumina czta/yst, indicative of improved dis!oe~sion. 
The chemisorl0don data was simzqar to l£tetmtuPe values reported for Co on 
silica. 

Data from the sluzTy test of the H2-aetivated Co]Zr/Al203 basecase 
ca ta lys t  was f i t ted to two k ine~e  expzessions .  At a h igh  H2/CO feed  z~a~o 
and high space velocity, the data was best descm'bed by the following t-ate 
equation: 

N 
-R CO+H 2 =kPH2, where n=1.1 

The dalm at low H2/CO feeds were best fit by the following expression, 
which incorporates H20 in~-bition: 

kPH2 PCO 

-RCO+H2-1~CO+Ki~H2 O, w h e ~  k= 0.349, K=0.425 

The activation energy was ~/ztively low for Fiseher-Tropse/t c~mlysts, 
being in the ~ of 33-44 kJlmole. 

The CotZrlSiO 2 clam was best desem~ed by thesecond exl0~ession also, with 
k~.328-0 .775 and K=0.466-0.302 for  the 240uc-280uC range. The act ivat ion 
energy was sliEhtly higher at 51 k31mole- 

II 
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1.0 INTRODUCTION 

The f u t u r e  use  of coal as a t ranspor ta t ion  fuel  will 
depend  on the  development of an  economical and enm, g y  e~ic ien t  
l iquefac~on process .  The two most advanced  processes  are the  d i rec t  
l iquefact ion ~oute involving the  d i s s o l u ~ n  of coal in a sotvent  a ided b y  
a mild hydrogena t ion  and  the  indirect  route  in which coal is  firm: 

to syn thes i s  gas followed b y  the Fischer-Tropsch r-~L--,tion. The 
t n ~  lk lue~a~f l~  process  ~s the  only one cu r r en t l y  p r ~ t i e e d  
~ y  and ,  in rids respec t ,  has a firm dam base of pm~-~ic~l 
exper ience .  

The Fls~__er-Teopsch r ~ - ~ i o n ,  in which carbon monoxide is r~dueed b y  
h y d r o g e n  and  polymerized,  produces  hyd_wx~bons  wl~h a b~oad range  of 
'molecular weiKh~s, from methane to ~ warms. This creates the need 
fo r  fm-thez, downstream process ing  such as h y d r o c r s c k i n g  and  l ight  oleftn 
olig~o~11:i~ to maximize the  yield of l iquid fuel produc t .  S~nee the 
discovery  of the  P~schez- -T '~sch  z~wt ion ,  extens ive  r~ .sea~h has been 

a t  c o n t m l l i ~  the  p roduc t  s e l e ~ v ~ y  in o rde r  to ~ e  
downstream re.fining and  sl:Rl remains a 1~rime ~ t  fo r  innovation.  
Previous zwsearuh has shown tha t  se lect iv i ty  is mainly eonWolled b y  
~ a m l y ~  compos~on and  process  condit ions.  Despite Lhe vast  e ~ o r t  in  
catalyst z~m_~h,  no m t s l y ~  ]ms ~ developed t]lmt yield~ a naz~0w 
produc t  dJs~ 'bu t ion  of only  gasoline or  diesel ~uel. Because d th i s ,  
produc~ ~ ~ y  has been  more successfu l ly  conZrotled by manipulaRu~ 
process  condit ions.  

Since the Fischer-Tropsch reaction is exotherm/c, control of ~he 
reec~on heat plays a major ~ole in detewninin~ product ~ .  
Suspencting the eatalyst i n  a l iquid medium offers the best mesns of heat 
~ans fe r  and temperature control. Thus s l u r r y  phase opeml~on has been 
shown to give improved l iquid produc t  se lec t iv i ty  nminly b y  ]owe~ng the  
l igh t  gas y ie ld .  The amonn~ of data  from s l u r r y  phase  operat ion,  however ,  
is limited to only a few s tud ies  and  s ignif icant  d i f f a r e n ~  have been 
r epo r t ed  in  y ie lds ,  ca ta lys t  life and  ease of operat ion.  One e o ~ t  
ol~sm-vm~on ~s the  ]owe~ gus yields  and  ~aproved gL~lJne  and diesel 
p roduc t  select ivi ty .  The improved tmnpm.at'm,e contl-ol hss  allowed 
tecbz~logy to be useful in  eonvm-ting carl~on mono~de- r i ch  syn thes i s  gas 
from the  ]ates~ coal g ~ . r s .  

S l u r ~  phase  o p e r a ~ n  a ~ o  appears  to be more amenabYe to sca le -up .  
Much reseL--ch remsJ~s to  be  done to ~ d e t e r m ~ e  the  po~n~ml of 

p I m ~  ~ T T o l ~ e . h  p ~  and  i ts  ~ dovelopnmnt is an  
hn]polHl:ant ~ ~nn our c o u n l ~ s  prog'rmn to e s t a b t ~  ~ h l l ~  technology for  
conver t ing coal to conventional hyd_wcar~n fuels. 
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Under pzdor connmct number DE-ACZ2-80PC300£1 with the De_~mr~ment of 
Energy,  Air Products and Chemicals, Inc. developed several new 
sluzTy-phase FLsche~-TTopseh catalyst systems that provided enhanced 
selecldvity to l~quid fuel lOZ~clucts. One E~oup of these catalysts 
included Co or Ru esmbonyls on a spe~y lom0motedlmocli~ed SUlO!Ooz, t. To 
further develop and :improve these catalyst systems, Ai~ P1-oducts, by the 
current contz-aet to DOE, has begun a lOZ~oETam to 1,epx~cluce, evaluate and 
chaz~ctez4ze these cats/ysts in detail. Exa tion of the cata/yst 
kinetics in the slu_-Ty phase, alone with fuel pz~luet P.hs~ac~ezdzaldon 
will be used to improve process design. KnowleclEe Eained from these 
studies wSl provide a basis for the developmeuZ of novel improved 
catalysts and process concepts for the selective pz'oduetion of liquid 
trsmsportadon fuels from synthesis gas. Work accomplished in the F_LPth 
qua1~er is descn'bed in this l, elOOrt. 
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2.0 OBJECTIVE 

The major goal of this p~ojec~ is to thoroughly  inves t iga te  the  
p repara t ion ,  character izat ion and  performance of metal ca rbony l  
c l u s t e r - b a s ~ t  ca ta lys ts  fo r  u se  in s l u r r y  phase  Ffschet~-Tropsch 
technology.  As this  unde.~standing of  ca ta lys t  bebavto~ inca~as~s,  
improved camlys~s will be  des igned  and  p rocess  concepts  deve loped  
incz~maing ca ta lys t  ac t iv i ty ,  lifetime and select ive p~-odueUon of liquid 
fuel  p r o d u c t .  The object ives  will be  add_~ssed b y  the following fou~ 
t asks :  

Task  1 - -  Develop a p~oject work plan which p~esents  the  detailed 
act ivi t ies  to be  performed in achieving the object ives  of  th is  p ro jec t .  
This task  has been completed in the  f i r s t  qua r t e r .  

Task 2 - -  Develop improved s u p p o r t e d  cobalt  and z-utheu~um caz'bonyl 
c l u s t e r - b a s e d  ca ta lys ts  b y  u ~ ] ~ - g  the  promising leads d ~ c o v e r ~ l  dul'i~E 
10riot work a t  Air Products  u n d e r  DOE contrac t  number  DE-AC22-SOPC~021, 
which has  shown that  metal eaz'bonyls suppo r t ed  on ~ a l t o  
exhibi t  h igh a~iviTy,  s tabi l i ty ,  and good se lec t iv i ty  to l iquid fue ls  in 
the  slUrTy phase  F t sche r -Tropsch  p roces s .  New ca ta lys t  composit ions 
designed to give enhanced selectivity to l~quid fuels  will a lso be  
deve loped .  

In th is task,  catalysts w~l be evaluated and tested for  the i r  
potent~Jl to convart synthes~ gas into l iquid hydzocm*bon fue l s .  
C a m l y ~ s  will be  s tud ied  b y  a combination of t e s t s  in s t i r r e d  and  
f i xed -bed  r eac to r s  and will be  eva lua ted  on the basis  of  a c ~ v i t ~ ,  
se lec t iv i ty ,  stab i l i ty  and aging.  In addi t ion,  ca ta lys ts  w E / h e  
charac te r ized  b y  sur face  and bu lk  8na lyses .  

hnpr~vements in these catalysts will focus  pz~domiuanr.IF upon:  

• Increasing catalFst activity 

• Improving p roduc t  se lec t iv i ty  fo r  liquid fuels  and  
r e d u c i n g  the yield of methane 

• Developing ca ta lys t  systems act ive  a t  high CO:H 2 r a ~ o s  

• ~ c o ~ p o r a ~ n g  wa te r l~as  sh i f t  ac t iv i ty ,  e i ther  direc 'd~ 
in the  ca ta lys t  or  ul~lizing a mixtur~ of  ca ta lys ts  in the  
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Task 3 -- The baseline catalyst compositions de~ved from 
both cobalt and ruthenium cavbonyl clusters will be used to 
establish baseline slUZTy Fiseher-Tzolosch rate constants and 
activation energies. Then the more active and selective sltUTy 
cata lys t  compositions, identiEied undex  Task 2, wE/a l so  be 
used in deriving slurry FT kinetic parameters. An existing 
ba~ed CSTR model will be used in fitting the kinetic 
parameters. The kinetic lOSammeters obtained will then be input 
to a three-phase bubble column computer model in order .to 
predic t  convez~-ions and space time yields in commet~£81 scale 
bubble column u ~ t s  under a range of operating conditions. 

An attempt will be made to determine kinetic expressions 
that desczu'be the rate of formation of individual products or 
product fractions. This will be used to predict space time 
yields of individual  product  components o r  fueI  f rac t ions  in a 
commercial scale bubble column. 

Finally, mechanistic concepts will be examined, such as 
oleffm reincozlooration into growing chains, by adding smaIl 
amounts of olef'ms to the feed and determining the affect on 
produc t  selecVdvifies. 

Task  4 - -  In  ~ rusk,  hydroca rbon  l~roduct f rac t ions ,  
accumulated from some of the  longer  s l u r r y  t es t s  of the  improved 
ca ta lys t s ,  will be collected u n d e r  cons tan t  process  conditions 
and subje~'~ad to a s a r i ~  of t e a ~  to evaluate  ~ ~ro~__.-~de~ 
as specification fuel. 
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3.0 

3.1 

RESULTS AND DISCUSSION 

Task 1 - -  Project Work pIRn 

This task  was completed and ~epor ted  on in the f i r s t  q u a r t e r  r e p o r t .  

3.2 Task 2 - -  Development of  Improved Suppor ted  Cata lys t  Composi13ons 

(a] Catalyst  P~epamtion 

(i) Co(NO~)_?IZr(OPr)41SiO ? (Ca~t ~ 4 ~ - 2 8 )  

This catalyst was pre~ from a more conventional cobalt 
source to establish a comparative basis for the 
s£Uca-supported,  cobalt carbonyl  based  ca ta lys ts .  This  
ca ta lys t  composition was also similar to tha t  descm'bed in a 
patent by  Shell Oil Company (1) ,  except that our catatyst had a 
lower cobalt  loading.  This composition will thus  p rov ide  fo r  a 
compazd_son between low-oxidation s ta te  cobalt ca rbonyl  and  
convent ional  cobalt salts as active metai pt~=cuz-sors. C o M t  
and ~ n l u m  loadings were kep t  a t  a level similaz" to  o u r  
tmsecase cobalt  cBrbonyllZr/SiO 2 c~talyst (#8466-18) to 
facflltate performance c o m ~ n s .  

(ii) Ru~(CO)1?IZr(OPr)41SiO ? (Catalyst #8466-S"/) 

Our previous gas phase test of the alumna-supported, 
Zz--promoted, Ru3(CO)l 2 mtaiyst showed some of the highest 
specific activities for any of the alumina-supported cetatysts 
(see  gas phase  r u n  #7977-32-478 in Oct-Dec 1984 Qum-terly 
Repo r t ) .  Tt did per form 10oor]y, howevee,  in the s luzTy 
r e a c t o r .  Since the  sRica suppoz-t i m p ~ v e d  the cobalt  ca t a lys t  
pez~ormance,  i t  was worthwhile to  t r y  it  as a s u p p o r t  f o r  the  
ru then ium ca ta lys t .  It  was p r e p a r e d  with a s l ight ly  h i g h e r  Ru 
lcading than  the  shmina  s u p p o r t e d  ca ta lys t .  The R u - t o - Z r  atom 
mffo was kept  the same as the Co-to-Zr  atom ml~o in the 
basecase composition. 

(ttD ,Co?(co)q/TiO? (Catalyst #8466-38) 

A t i tanium-promoted Co on alumina ca~lys-t was p r e v i o u s l y  
s tud ied  in bo th  the  ~Dced-bed and  shn-r~ reac tors  and  showed a 
t r e n d  t o w m ~  p roduc ing  l a rge r  quant i t ies  of C 3 and C 4 
aleffzm. This  unusual  se lec t iv i ty  might be enhanced f u r t h e r  b y  
usdz~ TIO 2 as the  s u p p o ~ ,  as  well as the  promoter .  T h u s ,  
th is catalyst was also prepared as ~ of ou~ effoet in 

-5- 



(iv) ~~IZr(O~)~ISiO~ (Catazyst #scss-4o) 

One of our objectives has been to incorporate watez=-gas 
shif~ (WGS) activity into the cobalt-based c~ta/ysts. This has 
been attempted by adding Fe to the composition but with only 
Hmited success at t-elativel 7 low Fe loadings. It appeared 
that an Fe-only catalyst with a slmadaz~ metal loading: should 
be p r e p a i d ,  from the metal cs~bonyl to establish its inherent 
WGS activity. This was pre!oaz~d this quarter using a silica 
supDo~c and the standard z£Tt~nium promoter. 

(b) Gas Phase S ~  

All of the ~ttnlpsts semeened in the fixed-bed reactor this 
quarter were aotivatecl using a pure H 2 proceduz~ as descrR'bed 
in Section 4.1 (b). Specdd~e run conditions did vary somewhat 
and are documented aeeordinElY. Gas l~hase lOeZ'foz~nance data is 
summaz4zed in Table 1. 

(i) Co?(CO)~ITifOlh-)4/SiO ? - Run #8413-51-27~ Catalyst #8466-27 

The effect of titanium as a promoter for the 
s i l i ca - suppor ted  coba/t carbonyl catalyst was iuvesliEated by 
this gas phase test of 4,~% Co/4.0% TI on silica. The 
10erfoz~mnce is c.0m~ in Table 2 with the zizconium-promoted 
catalyst that was examined last quailed. The activity of the 
t~tanlum-promoted cetalys~ was si~cant13r Iowe~ than the 
~ninm-promoted. catalyst. At 220°C, the ~ e  activity 
was only 0.072 moles CO/mole Co/rain, whie.h was 71"% lowem than 
with zirconium. The diffez~nce became less with incmeasing 
r u c t i o n  "camperatu~,  b u t  stt'd, a t  260°C the specif ic  
ac~vi ty of the titaninm-promomd camlys~ was sl i l l  27% 
lower. Bu]~ activity was a/so low with the t i tanhun promoter 
com!oa_-'-ed to the zi_--%-onium l~romotem. A~ 220°C the bulk 
act/vity was 13 moles s y n g a s / k g  ~ t / t ~ ,  a 58% decline from the 
zirconium-promoted ca ta lys t ,  wh~e a t  260°C ~t was 20-~ less 
act ive than  with zh-conium. 

A shnRar c o m p a ~ o n  of zirconium a n d  t i tanium promoted 
cobalt  ~ t a l y s t s  s u p p o r t e d  on alumina d id  no t  show s u c h  a 
d i f ference  ~n e~Lv£W, al though the l~tsnlum-promotecl camlys~ 
showed the lowe~ a e t i v ~ y  in  t h a t  e o ~  also. I t  shou ld  
be noted that the ti~-promoted cobalt catalysts 
either mYdc~ or alumina supports had ~ aetfvif ies  when 
tested at sim~aL~ cond/vfioz~s. Per]m]ps lil~ZLimn iRterac~s 
cobal t  mo£~e s11~ngly than does  zi_~_~n~nm and  inln'bits the 
cobalt activity. ~EPS and chemisorpt~on studies may help to 
explain this difference. 

-6- 



There  was also a s u b s m n t i s /  shift  in h ~ b o n  
select ivh 'y  to l i gh te r  pl-oducts with the  l~anium pz~no t e r ,  
which was most p r e v a l e n t  at  the  lower temperRTul-es. A 
s ignif icant  amount of  C3, C 4 and C5 olefins was p roduced ,  
accounting fo r  39% selectivity at 220uC and 29% at 240°C. 
The best liquid fuel (C5.~3) selectivity was 71%, obtained at 
260°C with the major poPtlon beiug the lighter, 
Easol/ne-rsnEe fuel. A high olefin selectivity was also 
observed for the alum/ha-Supported Co/Ti catalys~ but i t  was 
only half of what the silica catalyst produced. 

(1/) Co~_(CO)~/Zr(Ol~)~tM~J'3.SSiO? -Run #8413-45-25, Catalyst #8466-25 

An alternate suppol ' t  consistin E of a commez~ally available 
magnesium silicate (Florisi l ,  MEO-3.63iO2) was examined for 
the Co2(CO)slZr(Ol~-)4-PrepeJ~ed ests/yst system. The 
object ive was to  combine the  p roper t i es  of MgO and  SiO 2 as 
d i scussed  in the p r ev ious  q u a r t e r l y  r e p o r L  

The resu l t s  fo r  th is  3.7% Co/7.2% Zr/MEO'SiO~ cata lys t  
in Table 1 show t ha t  the  bulk  and specific a c t i v i l ~ s  were 
similar I:o Cite basecase ColZr/Ai203 catalyst. At 240°C 
t h e  bulk ac t iv i ty  was 24 moles s y n g a s / k  E catJhl-  and  specific 
a c t i ~ t y  was 0.23 moles COfmoles Colmin. 

Hydrocarbon select~vtl-y, however ,  was qu i t e  d i f f e r en t  from 
t he  basecase Co/Zr/A1203 cata lys t  bu t  s'uzi]ar to  the  
t~mnium-promoted C o l ~ i c a  ca ta lys t .  Se lec t iv i ty  was sh i f ted  
to l ight p r oduc t s  with C12 + selectlvlty n e v e r  g r e a t e r  t han  
15%. The bulk of the hydrocarbon product was in the C 2 to 
~o11 range. The selectivity to C 3 - C 5 oleFms was high 

this ca1"-lys¢ also and was 38~ at 220uC and 28% at 
2~0oc. 

(iii) Co(NO~?IZr(OPr)~/SiO? - Eun #8413-58-28, Catalyst #8466-28 

As p rev ious ly  done with the  alumina-suppol- ted,  cobalt 
ca ta lys t ,  a more convent iona l  cobalt source  was examdned with 
t he  sl l ica-suiE~l,  ted  ca t a lys t .  Cobalt ni13mte was u s e d  and the  
r e su l t i ng  ca ta lys t  con ta ined  4.6% Co and  7.5% zirconium. 
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Table 3 compares the gas phase results of this 
nitrate-derived c~m/yst with those of the carbonyl-baseul 
catalyst. As with the alumina-sup!oorted cobalt catalysts, this 
nitrate-derived, silica-supported catalyst was less active and 
produced a greater amount of high molecular weight hydrocarbons 
than the carbonyl catalyst. At 240°C, the nitrate cate/yst 
had a bu lk  activit-y of 31 moles syngaslk g eatsdyst/hr compa_~ 
to 55 moles syngaslkg ca t /h r  for the carbonyl catEtyst. When 
the tamperanu~ was inez~ased to 260°C, differences in 
activity were not as great.  The bulk activity for the n~trate 
catalyst was 62 moles syngas/k E catlhr at 260°C, w i th  a 
specific activity of 0.43 moles CO/mole Colmin. This coml~z~s 
to 74 moles syngaslkg cat/hz, and 0.62 moles CO/mole Colmin, 
respec'dvely,  for the carbonyl catalyst .  It ~s worth notin E 
that the ~ica-sup!~orted, nit_~ate-derived catalyst showed 
higher activity and similar selectivity when compaz~d to the 
carbonyl-derived catalyst on alumina. 

Liquid fuels (C5.23) selectivity was reasonably good with 
the glasolme ranEe predom~n-H= E at 220°C and heavy ddesal 
product at 240°C and 260°C. For -11 ~ temperatures the 
C5_23 fraction was between 57 and 61%. 

I n l a y  at 240°C the wax seIec l /v i ty  (C24+) was low 
at  <1% bu t  du r ing  the z-an at 260°C the wax selecGvity . 
Lucm~ased substantially. Followiug the 260°C mass balance, a 
sample was obtained at 240°C and showed 23% wax selectivity. 
This compares to 3% for the carbonyl catalyst. It ~s l~e.ly 
that a certain amount of time was needed for the heavy product 
to bu~d up and drain from the l-eactor. 

( iv) ~ 2 1 ~ ( 0 ~ ] 4 / S i 0  ? - Run #~413-73-3T, Catalyst#8466-37 

Because zqmChenium ew.h~itecl IziEh activity with the alumina 
suppol-t, a 4.0% Ru13.3% Zr on silica catalyst was examined and 
it gave the highest bulk and specie activities of any 
catalyst to date. At 240°C, this Ru/Zrfsuqica catalyst gave 
49% syngas conversion with bu~ activity of 71 moles syngas/]~ E 
c~t /h r  and s'~ee~c acl~vit'y of 0.83 moles CO/mole Ru imin .  A t  
260°C, synges convers ion/ncreased to 56% wi th  bu lk  ac t i v i t y  
and s'peci~c activity i n ~  to 81 moles syngas lkg  ca±lhr 
and 1.05 moles CO/mole Ru/min, resloecCive/y. 
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(v) 

When compared at the same temperatu2~ of 260°C, this 4.0% 
Ru/Zrlsilica catalyst had triple the bulk activity and double 
the specific acxiviry of the 2.91% Ru/Zr/slumlna camlysz. An 
increase in  usJ~/yst su~ace aree is at least ~ y  
responsible for the  enhanced act ivi ty  but catalysts prepared 
from differen~ supports will have to be coml0az~ at s~mfl~ 
surface areas to ru le  out this factor .  

The ~ater -gas  shift aetivit~ of this RuJZr/silica catv/yst 
was low as ~ndicated by compaz-htg the feed l~Eio, which ~ I, 
to the observed usage ratios of 0.45, 0.39 and 0.46 at 220 °, 
240 ° and 260°C, respectively. This was ~ to the 
shift activity observed on the alumina-supported Ru catalyst. 

In geneu~, the h y d r o c ~ b o n  selec'dvily of this 
RulZrlsilica cata lyst  was shifted toward higher molecular 
weight products. At 240°C, the C19 + fraction ws.s 54% of 
the h ~ b o n  p~:xluct and at  260uC it  decreased m 39%. 
This enhsneed se/ec~vi1~y to wax is not unusua l  since Ru 
camlysls  are  u s e d  for  the  polymethylene syn thes i s  (2). In 

process ,  CO is hydrogenated  over  Ru me~al at  low 
tempexatuxe (100°-140°C) and h igh  p r e s s u r e  (1000 arm) to 
give 50-55 wt% sol id wax having an average molecu l~  weight of 
15,000-20,000. MeT/rune selec~viry was low, especdally for the 
gas phase reactor, and neve~ was Erea1~r than 5.3%. The C2_ 4 
cut was aLso small and at most accounted f o r  6.4% of the 
hydroce~bons.  Total  l iquid fuel (C5_£3) se]ec~viCy was 
between 59 and 64% w i th  the major port ion be ing  in the diesel 
~ °  

Co?(CO)91TiO ? - Run ~3413-82-38: CataIVst #8466-38 

R ~  b y  Bartholomew's group on suppor ted  Co cata lys ts  
for CO hy~tion has shown that TIO 2 as a support y/e]ds 
catalysts ]ravin g super /o r  scarify (3) .  As one of  ou~ 
objectives to exam~e altec~at~ su]ppo~Ls, we prel~ez~d a 3.5% Co 

tilania c~talyst using Co2(CO)8. This cataIFst would 
test the effect of very high ]oadings of titanium as a 

promoter and i n  ef fect ,  examine the use of t i tanium as both a 
promoter /suppor t  combi~gtion. 

-9- 



This catalyst had moderate activity similar to that of the 
Ti-promoted Co/silica catalyst and was 35 to 50% mo£~e active 
than the Ti-promoted Co/alumina carafe?st. At 240°C, this 
Co/t£tan~ catalyst gave 30% syngas eonvez~ion with 32 moles of 
syngas conve~ted/kg cat/h~ and 0.31 moles of CO converted/mole 
Colmin. At 260°C, there was a modest increase in synEas 
conversion to 39%, while bulk activity incs~essed to 45 moles 
syngas /k~  cs t /h r .  S.Decific activity ~ucreased 23% to 0.38 
moles CO/mole Co/rain. Overall, the activity was substantially 
lower than that of the Co/Zr/sRiea catalyst, which had given 
the best pez~o~mance to date i n  the cuzTent contz~et, unld/ the 
Ru/ZrlsiIica catalyst jus t  tested. 

The enhanced light olefin selectivity observed with the 
T£-promoted, silica and alumina-suppoz~ced Co catalysts was not 
obtained with this Co/T£O 2 catalyst. This resulted in an 
increase in the C5.23 liquid fuel selectivity to the 60-67% 
range at 240°C and 260°C. Also, the dis11-z'bution of liclRid 
fuel products was more evenly spread-out between the 8~so]itte, 
diesel and heavy diesel range. Wax (C24 +) selectivity was 
substantial at >19% for all tsmpe~tt~. Thi~ my be the 
z~sult of low cobalt dis10ez~ion on the low surface area titania 
(50 m2/g). 

(e) S l u ~ .  Reamtor Tests 

Du~ this quaz~er, slurry s c ~  tests wez~ perfoz~ned 
on ~ catalysts and an extended test was initiated on a 
four th  catalyst,  all in the Z- l i ter  reactors. I n  the screening 
tests ,  the o!oeralimE 10aTametet-s were vaned to determine the 
conditions n e c e s s a ~  for  oplimum catalyst performance.  Since 
:pure H 2 acGva~on was previous ly  shown to improve catalyst  
!oez~ormauca (see Apz~-June 1985 Report) ,  i t  was ~se~ for  all 
suBsequen~ catalyst tests, including this quarter's tests and 
wRI be used for all futu~ tests. The followhtE four 
catalysts were tested: 

A Zr-promoted, cobalt ca~bonyl catalyst  s u I ~ o r t e d  on s ~ c a  
and c o r i n g  some Fe in auothe~ attempt to incorporate 
water-gas shift ac t ivi ty .  The use of s ~ c a ,  which is less 
~esetive towaz~t metal ca~bonyls, may a~ow the aetivit~ of 
Fe to be obsez~zed. 

@ A Zr-ptmmoted, cobalt ~ , b o n y l  catalyst supported on a 
magnesium sz~cate to examine an altezmate sttlol0ort t tmt 
combines the l~oRert ies of magnesium oxi~le anct silica. 
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(i) 

A s i l i ca - suppor ted ,  cobalt ca rbony l  ca ta lys t  promoted with 
Ti to examine the use  of an a / te rna te  promoter  with the  
more act ive s i l ica-suppor ted  sys tem.  

The Co/Zr /s i t ica  cata lys t  was se lec ted  foe s t u d y  in an  
ex t ended  s l ue r y  t es t  since i t ' s  per formance  was the  b e s t  to 
date  of any  ca ta /ys t  examined d u r i n g  this  c o n t a c t .  The  
object ives  of the  t es t  were twofold: (1) to exam~e  
peffozmanee s tabi l i ty  and (2) to s t u d y  the  eeael~on 
kinet ics  in more deta~.  

In gas phase  t es l lug ,  all fou~ ca1~flys1~ w~1~ as active or  
more ac t ive  than  ~ e  basecase Co/ZrJA1203 c a l ~ y s t .  
Selected resu l t s  from the  sltUTy tests  are l is ted in Table 5,  
along w/th ~epeesen~tt ive resu l t s  of  all p rev ious  s lu rey  t e s t s  
from this  con t rac t  for  comparison. 

Co.( CO ).lFe~( CO )121Zr( OI~ )~/ SiO ~ -- Test 
~g~70-12:-23,- C a t ~ t l ~  #8466-2~. 

The inclusion of Fe into the  tmsecase Co/ZrtA1203 
cata lys t  did no t  improve the wa te r -gas  shif t  actir/ l :y as was 
ho.~fd. Since the  use  of a silica suppoe t  eesul ted  in enlmnced 
cata lys t  pezformanee,  pe rhaps  the wate r -gas  shif t  ac t iv i ty  of 
Fe woudd also be  enhanced.  Thus  th i s  cata lys t  was ~ ,  
containing 3.7% Co and  0.72% Fe on sflt(m with the s tandaz~ Zr  
(7.3%) promoter .  The ca1~y~ ac~vation 1~xmdu1"e is 
descr ibed  in Section 4.1.  The a c t i ~ ' y ' ,  e o n v e ~ k m  and 
selec1~-~ty dam of thin screening test ate ~ in Table 
6 .  The data fo r  each mass balance sample a re  listed in Tables  
7-34 and  h ~ b o n  distlu~ution$ a re  i]lusl~-ated in F i g u r ~  
1-14. 

The cal~ly~ was b r o u g h t  on-$tz~m at 240°C and the  fh ' s t  
3 mass balances were done at  ~ 1:empemTu_~. Ini1~Llly the 
ColH 2 feed m1~o was high in CO at 1.6 and the space ve/octty 
(SV) was a t  2.0 l l g  c a t . h r .  For  the  fin'st 3 samples, the 
CO/H 2 ra t io  and  sImce veloci ty  were  var ied  as follows: 

COfH 2 S_~V 

6 1.6 
14 1.7 
17 1.0 

2.0 l i g  c a t . h r  
1.0 
1.0 
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Compaz~d to the gz~viously tested Co/Fe ca ta lys ts  on 
alumiua, this catalyst showed roughly twice the bulk activity 
and  50-100% ETeater specif ic  ac t iv i ty  a t  240°C. Sample 6 
showed good bulk activity at 34 tools syngaslkg catlhr, which 
decreased b y  half  as  the space veloc£ty was lowered by 50%. 
Total fuels selectivity (C5.23) was quite good for Sample 6 
at 73%, due to low methane selectivity (<5%) but with a faiPly 
high wax make (13%). Surprisingly upon lowering the space 
veloci ty  from 2 .0  to 1.0, the l ight  gas make inc~.ased to 14% 
C I and 24% C2_ 4 (Sample 14). Then, while keeping the s i0ace 
velocity at l .O,  the H 2 concentration was increased (Sample 
17) and the hydrocc=rbon selectivity retulmed to heavier 
products. Both of these selectivity trends are opposite what 
would be expected. Comlmz~i to the previous Co/FelAI20 3 
cata lys ts  a t  240°C the selec¢i~ry was similar or s l ight ly  
be~ter  fo r  the c u r r e n t  ca ta lys t .  

The ~empez-atuz~ was then inc1~asecl to 260°C for the next 
series of samples which are outlined as follows: 

20 1"0 z.o L/g 
23 1.5 1.0 
26 2 . 0  2~0 
32 1 . 5  2 . 0  
35 1 . 0  2 . 0  
38 1.1 2.0 

z ~ ~  the  temperRtaz~ fz~nn 240°C to 260°C resu l ted  
in a s l ight  improvement  in total fuels  selectivil-y to  67% b y  
lowering the  l ight  gas  an__dd wax se lec t iv i ty .  The a c t / v i ~  
increased only very slightly, however, as the tempetmtuz~ was 
z ~ s e d .  Perhaps ca ta lys t  deact ivat ion was beg inn ing  to 
accelerate. CO-r ich  f eeds  were examined in the ne.~ two 
samples and, as expected, the C1-4 selectivity decmessed to 
~.ve the besl; C5.23 selecl:iv~ty o f  th is test  a t  74-76% 
(Samples 23 and  26).  The h ighes t  s ~ t o r u n  diesel 
(C12_18) select iVity was also obta ined a t  t h e s e  conditions at  
>30%. Surp r / s ing ly  the  wax  s e l e c t i ~ y  d id  no t  increase .  Bulk  
ac t iv i ty ,  howeve r ,  was al: i ts  lowest  level  wi~ch these  C O - ~ c h  
f eeds .  
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From this point  the ef fec t  of increas ing  the  H 2 
concentrat ion was examined in the  nex t  two mass balance per iods 
(Saml~les 32 and 35, Tables 19-22, ~ 7 and  8).  The resu l t  
was a doubling of bulk ~ from 14 to 30 moles synEaslkg 
cat/he upon decreasing the CO/H 2 ratio from 2.0 to 1.0. 
Specific activity also increased by 70%. The hydrocarbon 
sele~ shifted as expected to lighter products with 
methane a t  13% and  wax (C2~+) a t  <5%. The sU~ight  r u n  
gasoline fract ion became p r e ~ o m t  at  40%. The f inal  mass 
balance point in this set a t  260°C (Sample 38, Tables 23 and 
24, Figuee 9) had only a s l i g h r ~  ~ CO eoncen~a t ion  than  
the  previous  sample (CO/H2=I.1 vs .  1.0) bu t  a doQblfng in 
p r e s s u r e .  A c t i v i ~  cont inued to rebound from the  CO-~eh  
conditions and the  ca ta lys t  performed nicely a t  h igher  
pnessure .  Total fuels selec~vi~y was s~Eh~ly improved from 
the previous sample as the select ivi ty  sh i f ted  bank slXghf2y 
towa_~t heavie~ p~wduct. Th~ shift was Kzwater than 
fo r  such  a sl ight  increase  in CO concenU-ation a n d  was p robab ly  
more influenced b y  the  p re s su re  in~e. 

The tJMnpex~Uxre was f u r t h e r  increased to 280°C for  the  
following three  samples: 

CO/H2 SV 

41 1. I 2.0 LI g catlht- 
44 1.5 2.0 
47 2.0 2.0 

The highest bulk  and  specific activit ies fo r  th is  ca ta lys t  
were achieved with this  temloel-atnuu~ i n ~  but  t he  
total fuels  s ~ i t y  (50%) resu l ted  as well, with m e ,  me  
se lect iv i ty  at  23% (Sample 41, Tables 25-26, F igure  I0 ) .  The 
COIH 2 ratio was inm~ssed  to 1.5 and then  2.0 fo r  the  ne.~t 
two samples. The previous  obsex, vation tha t  the  ca ta lys t  
p re fe r s  CO-lean feeds  was r e c o ~  b y  these  two mess balance 
1~ints .  R"alk and  s p ~  activities ~ and  C5_23 
se lec t iv i ty  increased with the  incresse  in CO concent ra t ion  
(Samples 44 and 47, Tables 27-30, Figures 11-12). This third 
sample a t  280Oc showed a bulk ac t iv i ty  of 24 tools s y n g a s / k g  
catlhr compaeed to 21 tools syngaslkg cat lh r  for the 
Co/Fe/AI20 3 calalyst at the same condi~ons. Total fuels 
selectivity was also ~ for both catalysts. Appax~nt/y 

silica--supported catelyst had deact ivated.  
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The de~=e of deactivation was determined by %he next sample 
point in which conditions from earlier in the test (see Ssmple35~ 
were repeated as fol lows: 

~le Temp_= ~ S_.~V Same as Sample 

50 260OC 1.0 2.0 l l g  c a t / h r  85 

Bulk ac t iv i ty  declined 14% from the  middle ~ of the  t es t ,  
while s p e c i e  ac t iv i ty  dropl0ed 9%; Total fuels  se lect iv i ty  
also declined fTom 62 tO 54% (Sample 50, Tables 31-32, Figuz~ 
13). The erposuz~ to 280°C was a h~ely  ~eason fo r  the  
accelerated deactivation and  se lect iv i ty  c h a n ~ .  

Finally, with no change in CO/Hg_ ratio and space velocity, 
the temperature was lowered to 240uC. Activity was quite low 
aZ 18 reels syngas/kg catlhr with no change in selectivity from 
the previous 260°C sample. I t  was now showing simOaz- 
ac t iv i ty  to the  Co/Fe/A1203 ca ta lys t  with even poorer  
C8_23 se lec t iv i ty ,  ind ica t ing  that  the Zr 1Dzomoter was hav ing  
utl:le effect on catalys¢ performance once deactivation had 
become too extz~me. The ins.in objective of incoz-poratiz~ 
watez~-gas shi~-activity into the  cobalt ca ta lys t  was not  
achieved as indicated by the low usage ratios comlma~cl to thei~ 
con~esponding feed raldos. The usage ratios weme in the same 
z~nge as those for the Co/FelAI20 3 catslyst. The water-gas 
sh i f t  ac t i v i t y  of the Fe was stS/ in ln 'b ieed,  perhaps b y  no t  
including enough Fe in the composition. To addmess this an 
Fe-only ears/yst on s~ca wSl be examined in the future. 

(2) C~(CO),/ZrCOP~)41M~O-3.SS.iO £ --Test #8670-60-25, Cata]ys% #8466-Z5 

Examination of  alte~naee suppor ts  was cont inued w i t h  th is  
soreening test  of a magnes/nm s'Kicate-snlOlOO~-ted catalyst .  As 
discussed in the prev/ous qua~temly (July-September 1985), i t  
was hoped that magnesium silicate would combine the favorable 
properties of MEO and SiO 2. The catalyst contained 3.7% Co 
and 7.2% Zr whie, h were ~ lOa~ to the ~asecsse al~ 
and s~ea catalysts. The activation procedume is descz~'oed in 
Section 4.1 and the activity, conversion and se/eetivity data 
of this sc~dn E test are summsz, Jzed ~n Table 35. The data 
fo r  each mass balance sample ate l is ted i n  Tables 36-61 and 
hydroesrbon distm-butions are Slustmted in FiEuz~s 15-27. 
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The  f i r s t  se r ies  of condit ions were at 240 ° and  a space  
veloci ty  of  2.0 l / g  c a t . h r .  The  CO/H 2 rat io wss ~ f rom 
1.0 to 2.0 as shown: 

Samv~ COlH2 s..~v 

3 1.0 2.0 1/g cat.hr 
6 1.5 2.0 
g 2.0 2.0  

The  initial  sample showed z~_latively low ae~v i  W at  22 
tools s y n g a s l k g  cat.h.r which became worse as the  COIH 2 r a~o  
was i n k e d  (Samples 3-9, Tables 36-41, FIgu~s 15-1T). The 
h y ~  se lec t iv i ty  c b a n g ~  u n e x p e c t e d l y  towa.--d l i gh t e r  
p r o d u c t s  as  the  CO concen t ra t ion  was increased  in th is  sex~es 
of samples.  The  sl:raight r u n  gasoline f rac t ion  (C5_11) 
m c ~ m s e d  from 29 to 4.l%. At t he  same condit ions ss  Sample 3, 
the ColZr/sflic~ ~ ta l ys t  had 6796 greater bulk  ac t iv i ty  and a 

fuels  se lec t iv i ty  of  70~. 

While . ~ i . , . i . i , ~  the  t empera t t t r e  a t  240 ° and  
the  SlmCe ve loc i ty  to  1.0 1/g c a t . b ~ ,  t he  CO/H 2 ra t io  was 

as  follows: 

s v  

12 2.0 1.0 1/g cat .hr  
15 1.0 1.0 
18 1.5 1.0  

Bulk ac t i v i t y  con t inued  to  be  pOOl- f o r  t hese  3 m a ~  tmlance 
pe r iods  a n d  t he  total  fue l s  ~ decl ined to 60~ o r  less  
(Samples 12-18, Tables 42-47, Figuzes 18-20). The sl ight 
decl ine in ~ e l s  se l ec t iv i ty  could be  a t t r i b u t e d  to  an  i n c ~ s e  
in  wax s e l ~  a t  t he  lower space  ve loc i ty  a n d  t h u s  l onge r  
res idenoe  t ime. 

A n  ~ m ~ ~  to  ~ 0 O c  and ~ 
followed fo r  t h e  n e x t  ~ ~ balance pe r iods  as  shown:  

s v  

24 1.5 2.0 U g  c a t . h r  
27 2.0 2.0 
30 2.0 2.0 
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An improvement in bulk activity was observed which amounted 
to a 32% increase above the activity at 240Oc (Sample 24, 
Tables 48-49, F igure  21). Methane selectivity jumped to 19%, 
however, whlqe C5_23 selectivity declined to 51% from 62% at 
240°C. Inc reas ing  ~ e  COIH 2 ratio to 2.0 resu l ted  in  a 
bulk aetiv£ty nee~ 15 tools syngsslkg cat/h~ for Samples 2? and 
30 (Tables 50-53, F/gules 22-23). Some deactivation had 

since the activity at 240°C earlier in the run was 
also 15 mols syngas/kE c~t/hr (see Sample 9). The hyd~-~xmrbon 
se lec t iv i ty  cont inued  to be shi f ted  toward methane and l ight  
gases .  Three  more samples a t  260°C wexe obtained at  a lower 
space veloeRy as  follows: 

sample co/z  s v 

35 2.0 1.0 L l g  cat/hr 
38 1.5 1.0 
40 1.0 1.0 

The 1~end observed with othe~ cobalt ca~/ysts was also 
evident in this series of samples in that as the H 2 
concentration inc~sed so d/d %he catalyst pe~for~r~uce, both 
in t e s s  of ac'~ivity a n d  fuels  selee~v/ty. Bulk activity 
increased from 13 to 17 tools ~llr~ cat/h~ and s~e 
activity from 0.099 to 0.14 tools CO/tool Colmi~ on p ~  
fz~m Sample 35 t/zz~REh 4(} (Tables 54-59, ~ 24-26). Total 
fuels  se lec t iv i ty  did  not  follow a simple ~e .nd  b u t  was bes t  
fo r  Sample 40, where  the  CO/H 2 rat io was lowest. A g a ~ ,  
c o m ~  the  260°C data  of Samp/es 35-40 wi th  t he  240QC 
data  of Samples 12-18, theme was only  a sl iEht improvement in  
ac t iv i ty  ancl a decline in f u e l s  se legt iv i ty .  

The final msss balance per/od was at the same c~nditions as 
the in/tial sample from this test: 240°C, COIW2=I.0 and 
space velceity=2.0 Lift c~tJhr. Both bulk and-specific aL~tiv/ty 
had declined by 50% from the Jlzit/sl results. Total fuels 
selectivi~ had /reproved sl/ghtly from 62 to 65% with the major 
Increase ~ Jn the CS_11 ~ng~. 

Overall  th i s  ca ta lys t  ~ s i g n ~ e s n d y  less  ac t ive  t h a n  
bo th  t he  s ~ e a  and  a lumina-suppoSed  CoiZr  , ,~ '~u~'~ a n d  
yielded poorm, fue l s  r ~ l ~ .  
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Coo(CO)~/TJ(Ol~,)4/SiO9 - -  Test # 8670-57-27 t Catalyst #8466-27 

The use of Ti as  a p romoter  was examined p r e v i o u s l y  fo r  the  
a lumina-suppor ted ,  cobalt  ca ta lys t ,  which showed improved 
liquid fuels se lec t iv i ty  b u t  lower ac t iv i ty  c o m ~  to the 
g r - p r o m o ~ t  basecase  ca ta lys t .  The object ive of  this s c r een ing  
test  was to improve the ~J-promoted catalyst ac t i v i t y  whi le 
maintaining the se lec t iv i ty  enhancement by  us ing  a sfl ica 
suppor t  instead of a]uudna. The atom rat io of Co to T i  was 
kept  the same as the Co to Zr  rat io in  the basecase. The Co 
loading was also kept  simz3a~ to r i le basecase and thus  a 4 .4 t  
Co/4.0~ T1 on silica ca ta /ys t  was p r e ~ .  The gas  phase  t es t  
showed reasonable ac t iv i ty ,  not  as good as the Z r - p ~ m o t e d  
ca ta lys t  bu t  good enough  to ~ t  this  s l u r r y  s c r een ing  tes t .  

The ca ta lys t  was ac t iva ted  in the usual  manner  with pu re  
H 2 as descr ibed  in Section 4.1.  The summaz-y data  from the 
t es t  a re  p re sen ted  in Table 62 and individual  mass balance 
sample dam and h y d r o c a r b o n  distr~%utions a re  found  in  
Tables 63-94 and Figures  28-43, tmspec~vely.  

The  ca ta lys t  was in i l~J ly  s tudied  at  240°C with the  
usual  approach  of v a r y i n g  the  CO/H 2 feed ratio and  the  space 
ve loc i ty  as out l ined:  

M s v  

3 1.0 2.0 L / g  c a t / h r  
6 1.9 2.0 
9 1.5 2.0 
12 2.0 1.0 
15 1.0 1.0 
18 1.5 1.1 

Tn gene_w~, the a c t i v i t y  of th is  c a ~ y ~  wit6 not  good at 
240°C. Bu lk  ~ remained below 18 tools s y n g a s l k g  c a t l h r  
and  specific a c t i ~ t y  below 0.09 tools CO/mat Colmin fo r  all 
samples at  240°C. The  b e s t  ac t iv i ty  was obta ined wi th  a low 
C . ~  ratio and  h igh  ~ veloci ty  (Sample 3, Tables 63-64, 

• 28) bu t  this  was only  50~ of the ac t i v i t y  obta ined  with 
the  Zr -pz~x~ted  ca ta lys t  a t  t he  same condit ions.  As with the  
other  c o M t  camtysts,  "_mcreesing the CO IH 2 rat io  was 
d~tr imental to ac t i v i t y ,  m ~ e v e r  total  fuels s e l e c t i v ~  
improved (Samples 6 and 9, Tables 65-68, l~gures 29-30). 
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Decreasing the space velocity to 1.0 L ig  ca t lh r  caused a 
fu r the r  d ~ p  in acl/vity to the lowest levels observed  for  
catalyst  during the entire t e s t  (Sam101es 12-18, Tables 69-74, 
Figures 31-33). There was a slight improvement in total fuels 
select-city to the 63-67% z'anEe wh/ch was quite shoils~ to the 
Zr-promoted cat&tyst. The Ti-p~omoted catalyst tended to ma_~e 
less heavy p~oduct and consequently mo~e methane and light 
gases. Compared to the Co/TilAI203 catalyst at 240°C~ 
this c~taIyst showed the same z-ange of activities and total 
fuels selectivity. 

The next  seven mass balances were performed at  260°C with 
the following vacat ions  in CO/H 2 ratio and spa~e velocity: 

COl~  s.~v 

24 1.0 2.0 L lg  cat ihr  
27 1.5 2.0 
30 2 . 0  2 . 0  
33 2 . 0  1 . 0  
38 1 . 5  1 . 0  
40 1.0 1 . 0  
42 1.0 3 . 0  

Of all "2600C samples, buJk act ivi ty increased to i ts  
highest  level (30 mo]s s ~ l ] r ~  cat lhr)  with Sample 24, where 
again the slmee veloeit7 was high and CO/H 2 ratio low. This 
was gz~.ater than any activity achieved with the ColTi/AI203 
catalyst but snll 34% lowez than the Zr-promoted, sKica 
ca1~/ys~. As ~he CO/H 2 1-atio was increvsed to 2.0, the bulk 
act ivi ty  dec/ined to 20 mo]s ~ l k g  cat lhr  (Samples 27 and 
30, Tables ?7-80, Figures 35-36), wh~le the  C5_23 s e l ~  
inczeased from 62 to 68%. 

Uloon d ~  the space velocity to 1.0 L lg  ca t /h r ,  the 
hulk act ivi ty  d~d not ~ much with COIH 2 raHo, falling in 
the 14-17 tools syngas iE  g catlh~ range (Samples 33-40, Tables 
81-86, ~ 37-39). This is only 10% below the act ivi ty of 
the  ZT-loromoted catalyst  at  %he same condil/ons as Sample 40. 
T o t s / f u e l s  seleetivily had hnpeoved to its b e s t  leveI, 
b r ~ 2 d u g  70% for  Sample 33, pu t t ing  it  in the  same ~ange as the  
Z~-promoted catalyst.  
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A fi~ml mass balance at  260°C was performs<! at  a 
space veloci ty  of 3.0 L / g  c a t / l ~  (Sample 42, Tables 87-88, 
Figure 40). The bulk  ac t iv i ty  was less t han  the iuildal 
260°C sample, which was st s lower space  v e l o d ~ ,  indicat ing 
that csmlyst deactivation had oceum~ed. D~Hn~ the enti~e 
dine a t  260°C the  methane se l ec t iv i ty  var ied  over  a nar row 
range of 11 to 15%. 

Two mass balance per iods were then  examined at  280°C as 
follows: 

s_xv 

44 1.0 2 .0  L / g  catlb2 
47 1.0 3.0 

For Sample 44 (Tables  89-90, F igure  41) the bulk  ac t iv i ty  
increased  to 37 mole syt~p,--~/k4~ cat [hr  ~ to 53 mole 

s-y~Easlkg c a t l h r  fo r  the  7~-promoted cstalTst  at  azmlogous 
condit ions.  Selecti~Cies were similar fo r  the  two ca ta lys t s ,  
w~th CH 4 >20% and total fuels  <60%. Increas ing  the  space 
velocity f o r  Sample 47 (Tables 91-92, Fi&nztw 42) boosted the  
activity sl ight ly without ~ny significant changes I ,  
selec-dvi'_~y. The Ti-ln-omoted, alumim~ catalyst had deac'tivated 
to a much ~ t e r  extent by this point since the bulk a ~  
was n e v e r  greater then 17 mole s y n g ~ l k g  cat lhr  a t  280°C, 
albeit the COIH 2 ral~o was >_.1.5 d u r i n g  that period. 

A f'mal sample was o b t ~ n e d  at  t he  initial  run  condit ions 
of 240°C, COIH2=I.0 and space veloc~'y=2.0 L /g  aat/hr 
(Sample 50, Tables 93-94, FiLnoce 43). A 3T% decline in bulk 
activity occurred, however, specific a c d v i ~  had aemany 
increased by 6% compared to the ~mil~ z~sults (see Sample 3). 
This was unusual and z~sulted in an imIm~ved usage ~a1:io. The 
tots/ fuels  se lec t iv i ty  also improved s l igh t ly  due to a large 
drop m 4 sele  ty, almough was 
fa~ly ~ at 1896. 

Throughou t  this  s ~  t e s t  t h e  syngas  c o n ~  r a n g e d  
from 11 to 41% compamed to 21-62% for  the Zv-pmomoted mtalyst ,  
again i n d i c a ~  the ~ act iv i ty obtained by  using Ti. As 
dismuussed f o r  the gas phase results, which showed the same 
behavior, the Ti  may interact more strongty with the Co, 
in~-bi t~¢ its activity. 

The enhanced  se lec t iv i ty  to C3_ 5 olafims obsemved du,-b~ 
the g~s phase ~est of the Ti-promoted  sitiea camlys~ was no t  
as p ronounced  in  this  s l u r r y  t e s t .  The  C3. § olefin 
se lec t iv i ty  was s l ~  double t lmt  of  t he  Zr-promoted catalys% 
at  le~:t  d u r i n g  the ~nltial pe r /od  a~ 240 ° .  
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C°~(CO)RIZr(OPr)/$4/~q2 7" Extended Test  #8862-1-31~ 
Cats/yst -.#8466-31 

The silica-supported, Co/Zr eats/yst was chosen for an 
extended slUZTy test because it had given the best perfomnanee 
of any catalyst  studied to date in this conIRmet, and, for  that  
matter, in l~e previous contract.  There w e ~  several othez" 
objectives for  ~ tes t  besides detezmdn~n~ catalyst  life. 
These included colleetin E liquid products for fuel property 
cha1~cter~zation, collecting wax for DOE-funded wax-upgrading 
slud/es at UOP/Signal Co., and to obtain the necessary data for 
kimedc studies. 

The test was begun in December and achieved over 350 hours 
on-s11~eam by the end of the qusrter. The followhl E conditions 
were chosen for the inttml 1060 hour test period: 240°C, 
CO/H2--0.5, sl0ace veloeity=l.8 LiE catlhr and 300 psig. The 
low CO lH 2 rat io was ~.hosen due to the poor wate~-ga~ sh i f t  
activity of these cobalt calm/ysts. Because of a sliEhtly 
higher catalyst: charEe and the maximum flow rate ].im.tta~on of 
the mass flow con1~olier, a space velocity of 2.0 Llg cat/hr 
could not be used with a CO/H 2 ratio of 0.5. 

A summaz~ of the performance data obtained duz~ng thin 
quarter is found in Table 95. Tables 96-105 ]/st the mass 
balance process  mondil~ons and h y d r o c ~ h o n  p ~ u e t  
distrz'bul:ions fo r  each sample point,  while the  hydrocarbon 
weight d is t , 'bu t tons  ~ shown ElmphJcally in ~ 44-48. 

Du~.ng the  f i rs t  200 hours on-stream the  pe~ormance was 
good. Bulk ac t iv i ty  and synsas  convel~sion was s teady a t  53 
tools s y n s ~ / k g  cat/tLT and 66%, respect ively.  Methalle 
select~vRy was fa i r ly  high at 21 wt%, while total lkluid fuels  
seleedvRy was only 52 wt%. On day 12 (262 hours on-stream, 
Sample 14) unexpected low activity was observed but by day 16 
(3~9 hours) the ac t i v J~  had begun to retrain to i t s  or iginal 
level No ehang~ were made and the test was contiuued at the 
initial conditions. 
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(d) Catalyst Cha~cterizal~on 

Hydrogen chem~so~pt/on experiments and B .E.T. surface az~a 
analyses were CaZTied out on the 3.5% Co (ex caJrbonyl)/Zz./Si02 
catalyst (#8466-18) that  bad been pt~=pec~d and tested in the 
previous quarter (see #u/y-September 1985 Qua~erl]~ Report). 
T h ~  catalyst had a 50% g'reate_r surface ~ (316 =Z/g)  than 
T_ne oasecsse ColZr /A/20 3 eats/ysts (209 m /¢ ) .  The 
inc~__sed su~ace az~a may be  part ial ly ~esponm'ble for  the  
inc rease  in activirF o b s e r v e d  with TJ~e s i l ica-suppom~d 
ca~. The silica ioz-Jor to ]oed/ng had a su_~fane ~ of 
339m'/g. Thus a 7% loss of surface area occuzTed through 
catalyst p~epaz~l~on. Izl the future a ColZ~ cats1~st will be 
zo~e~ on this same sil/ea afte~ lowez~ng its surface area to 
~mt of the a/umina. This will allow a more direct compacdson 
of the two suppo~u~ in the absence of any surface az.ea effect. 

Hyd_~g~.n chemisorpt3on on this silica catalyst was an 
act/rated process, wi th  the ~ t  H 2 uptake ~ at 
100°C just as wi th the attuahm catalysts. The data axe 
presented in Table 4, along wi th  pre~ous data from the alumina 
catalysts and some Hteratut~ dam. The 3.5% Colsit in8 
ca t@/yst had an active metal su~aee a.~ea n e ~ l y  equal to that 
of  the 10.8% Colatumina and an order of amEnitude ]azlcer than 
tha t  of the 4% Co/alumina ca ta lys t .  A p l ~ e n C / y ,  because  of the 
r eac t iv i ty  of alumina wi th  cobal t  caz'bonyl, at  low cobalt 
loadiuEs nearly all of the cobalt bad reacted w i th  the alumina 
l e a v e ,  onty smelt amounts of  act ive coba/t for H 2 
chemmo~prion. As the loading was increased the reactive 
alnm~nA sites were u s e d  up  thus  allowing more cobalt to remain 
act ive. Silica, however, does not show this reac t i v i t y  towa.--~ 
metal ¢~z'bonyls and t h u s  more cobalt  r e =  a . ~ v e  fo r  
chendsorption.  

In  eompazing our data wi th  what Ba_~d~olomew (3) z~ported 
fo r  3% Co on sflica and  ahzmtua, we o b s e ~ e d  qtdl:e s ~ a f l ~  H2 
uptake values and pez~ent d i s ~ n s .  A 22% eol~lt10.5% 
z-uthmlmm catalyst z-eported in the patent l i t e ~ t u ~  b y  G~if 

(NO3) 2 and the dis-pez-~on amounted to 8%. 
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3.3 Task  3 - -  Slurry Reactor  Kinetic Studies 

The fh~t set of slurry operation data to be analyzed by the Kinetic Analysis 
PPo~-ram (ICAP) was from the basecase Co/Zz-/AI20 3 composition, which had been 
activated using pure H 2 (Test #8523-1-4, see April-June 1985 Quarterly 
Report). Fit t ing the data to one of the five rate expressions outlined in the 
previous quarterly report was not straight-forwazd. The data at high H2/CO 
feed ratios and high space veloc/ties (2.0 L/g c z t l h r )  was best described by 
the retail/at first order rate equation (ecl. I). 

-kP n ( i )  
-Rco+H 2 - H 2 

most commonly found to  f k  Fischer-Tropsch data. In our case the exponent n 
was equal to I.I and there was no dependance on CO. The data at low H2/CO 
Iced r~tios were better described by equation (2), where H20 inh£bition is 
incorporated: 

kPH~ PC0 

-R CO+H =~)'+Ii'-PH O (2) 
2 2 

The rate constant k was 0.349 and the conslm.ut If, which relates to sumface 
reaction equilibz-~a, was 0.425. The energy of activation, EA, for this 
catalyst was determined to be in the range of 33-44 kJ/mole. 

Data from the Co/Zr/SiO 2 catalyst, which has shown the best perfoz~mnce to 
date (Test #8870-11-18, July-September 1985 Quarterly Report), was axlalyzed 
to derive & kinetic expression. None of the kinetic expressions were fully 
able to describe all the data. The arpression that came closest was the 
same one that  bes~: f i t  the high CO feed data of the Co/Zr/AI20 3 ezts ]ys t  
(eRuation 2). 

Equation 2 can be arranged as: 

PH I(-R CO+H 2 ) = (K/k)(PH2oIPco) + (l/k) (3) so that a plot of 
2 

PH2/(-P.co+Bg) vs. PH~oIPco should be linear ff this rate 

expression is applicable. The data are plotted in Figure 49 for the 
240°C, 260°C and 280°C samples. The limited set of data appear to fit 
the linear expression fairly weB. From the intez~ept, the rate eonsmmt k 
is derivecl with the values ranging from 0.328 to 0.775 cc]g cat/see. K is 
then determined from the slope and ranges from 0.466 to 0.302. 

The ArThenius p lo t  of  In k vs .  l t T  is shown in Figure 50. An a ~ i v a d o n  
e n e r g y  of 51 kJ /mole  was obtained from this  p lot .  This is s l igh t ly  h i g h e r  
than the range found for the alumina supported catalyst. The litel~atuz~ 
contains relatively few ~el/c studdes of the Fischer-Tropsch TeaoIXon 
using cobalt catalysts (4-7), compared to the numerous si-tldJes wi1~t iron 
est~dysts. From this available l i t ePs ture ,  the range of activation energies 
for cobalt catalysts was 67-117 k~/mole. None of these ca~lys~ were 
prepared from metal carbonyls nor studied in a stuffy phase reactor. Our 
activation energies for metal carbonyl derived c~talysts are significantly 
lower. 
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4.0 

4.1 

EXPERIMENTAL 

Task 2 -- Development of Improved Supported Catalyst  Compositions 

(a) CamlTsz PTepararion 

Unless otherwise noted, all catalyst prepat-ations were carried out 
under a N 2 atmosphere using smnda_,~ Schlenk techniques and a Vacuum 
Atmospheres dry box. 

(i) Co(NO~@/Z~(OI>e)d/SiO ~ (Catalyst #8466-28) 

The silica (i17.7g, Davison 952) was p i n , a M  in the same 
manner as reporZed in the previous qua1,1erly m ~ o ~  
(J~y-Sep~ember 1985). A 350-cc solution of Zr(0C3H7}4-XC3H70H 
(64.7g, 11.45g Zr) m hexane was m p m E n a t e d  onto the si~ca. 
Afte~ thorough m ~  E the hexane was evapora ted  off  m vacuo. 
At this point the m ~ e ~ s /  was exposed to the  ~bom~ory  a ~  b y  
sl~eeacLing i t  in to a ~ crysCalUzin~ d ish and eLLlowing i t  to 
s~and overnight. A 350-ce aqueous solution of Co(NO3) 2 
(31.73g, 6.42g Co) was added to the silica in 5 portions, with 
thorough mixing between portions. The material was dried in a 
vacuum oven at ambient ~empe~arare overnight, ~hen at $0°C 
for 7 hours. The light pink solid was then placed in a muffle 
furnace at 115°C for 2 hours and finally calcined at ~X}°C 
in sl~a~ic air  for  5 ho~Ll's. The resul~hlg black solid (144.0E) 
had the followinE elemental analysis:  4.6% Co and  7.5% Zr 
(Co/Zr=0.61). 

(i1) Ru~(COJl?/Zr(OPe)41StO ? (Catalyst  #8466-37), 

The sil ica (99.8g,  Davison 952) was pre~-eated in the same 
manner as the prev ious  cam/pst. The s~lica was Impregnat~d 
with a 300-cc hexane solu~don conmining Zr'(0C3HT)4-XC3HTCH 
(25.2g, 4.46 E Zr) and the hexane was eemoved in vacuo. The 
Ru3(CO)~2 (9.22g, 4.37g Ru) was added to the silica in four 
steps, wilh each impreEnation using a 225-cc THF solution. 
Solvent was evapomled off in vacuo between each s~ep. 124.2g 
of yellow solid was obut£ned and had the fo]1owin E elemenm/ 
ans/ysis: 4.0% Ru and 3.3% Zr (RulZz-=l.2). 

( i i i )  Co2(C0)8/TiO 9 (Cata lys t  #8466-38) 

The TiO 2 (132.6g, Deg~ssa P-25) was p m ~ ' e a M  in  
same manner as the s~.P'~ w~s m the prev ious  c~talysts.  The 
~/O 2 was impreqgmated w i th  a 600-~: hexane/ to luene (1:2) 
solution c o n ~  Co2(CO)8 (17.4g, 6 .0g Co) in one s tep.  
After  thorough mi~mg the  solvent was eemoved in vacuo to yield 
141.0g of tan ca1~tlyst. The elemen'ml analysis showed 3.5% Co. 
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(~) 

(c) 

(iv) ~ 1 2 / Z r ( O P r ) d l S i O ~  (CataiFst @8466-40) 

The standard p~st~eatment was used for the silir~ (92.8g, 
Da~cison 952), which was then impregnated with a 300-cc hexane 
solul/on contain~ 61.58g (10.9g Zr) of Zr(0C3H7)4-XC3H70H. 
The solvent was ~emoved in vaeuo. The Fe3(CO)12 (19.5E, 
6.0g Fe) was added to the silica in four steps wit~-eac/1 step 
using a 250-cc TH~ solution. The resulting purple c~1"~Iyst 
(148.8g) had the following metal loadings: 2.4% Fe and 7.3% Zr 
(Fe/Zr=O. 33). 

Gas Phase ScreeninR 

A detailed description of the gas phase screening reactor and 
procedure can be found in the Project Work Plan. The catalyst c ~  
was 10 ce for  each test. General/y, on ly  ~ e t o r  tempP.ratul-e and CO 
to H 2 f e e d  r a t i o  w e r e  v a z i e d  whi le  p z ~ s ~  a n d  s p a c e  ve locd ty  w e r e  
kept at 300 psig and 1000 h'" (v/v), respectively, for all the runs. 
H y d r o g e n  activation was u s e d  f o r  a l l  ~he t e s t s  a s  follo~s: H y d r o g e n  
at 1000 to 3000 hr  -1 and 0-70 ps ig  was passed over the catalyst as 
i t  was  h e a t e d  to  300°C a t  3 ° [ m i n  a n d  m a i n t a i n e d  t h e ~  f o r  16 
h o u r s .  T h e  t e m p e r a t u r e  w a s  t h e n  r e d u c e d  to t h e  d e s i r e d  r e a c t i o n  
~em~Ctu~, CO was introduced to give I:I CO/H 2 at i000 hr -I and 
finally t h e  t o t a l  p r e s s u r e  was  i n c r e a s e d  to  300 psig. 

Slu~z 7 Phase TesTs 

(i) Co,>_( CO )q lFe3 (  CO ) l ~ t Z r (  O P r ) a l  SiO, ,,> - -  ,Test #8670-12-23 

T h i s  c a t a l y s t  was  ac t i~ra ted  i n  t h e  150-cc  f i x e d - b e d ,  
t u b u l a r  z ~ a c t o r  u s i n g  pure H 2 a s  fo l lows:  T h e  l ~ - ' t o r  t u b e  
w a s  c h a r g e d  wi th  c ~ t a l y s t  i n  a dry b o x  to  g i v e  approximately a 
l l 0 - c e  bed volume and l ~ - f e x T e d  to the l ~ - ' t o r  mazdfold 
sealed under N~. The reactor was heated at 0 lOSig 1o 300°C 
at a rate of l°/-min vrith a H 2 fIowrate of I000 scum. The 
• emperan~re was maintained at 300°C for 8 hours. After 
cooling, the l~.aetor was flushed with N2, sealed and 
1:ransferred to the ~ box for catalyst z~smoval. In the dzSr 
box the reduced/acl ivated catalyst was SlUXT~ed i n  deoxygenated 
Fisher  ~ oil and l :~nsfe~red to the slu_~y autoclave 
z~actor unde~ a N£ puz-ge. 

For this S laTy  test ,  76.Sg of  reduced catalyst  i n  a ¢59-cc 
SkuTy volume was ~ to ~he s lu r r y  reactor ~ v i n g  a 16.8 
wt% cataIyst concentral~on. The metal loadings before and 
a f te r  a c t i ~ t ~ o n  w e r e -  

Fresh Activated 

Co 3.7 wt% 4.9 wt% 
Fe 0 ° 72 0.93 
Zr  7.3 9.1 
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(4) 

(~) Co2(CO)?IZr(OPr)~=IML~O.3.6SiO 2 - -  Tes t  #8670-60-25 

This catalyst was activated and slurried in the same manner 
as descz~'bed in the previous test. 450-cc of a 16.4 w~ slu-~t7 
containing 70. lg of activated catalyst was clm~g~d to the 
reactor. Metal Icadings before and af'cer activation were: 

F r e s h  A c t i v a t e d  

Co 3.7 wt% 4.8 wt% 
Zr 7.2 9.4 

(i~i) Co2(CO)~ /T i (OPr )d lS iO  ? - -  T e s t  #8670-57-27 

This  c a t a l y s t  was  a c t i v a t e d  a n d  s l u r ~ e d  in  the  same m a n n e r  
a s  d e s c r i b e d  a b o v e .  T h e  r e a c t o r  c h a r g e  was  450-cc of  a 17.4  
wt% s l u r r y  c o n t a i n i n g  76 .3g  of  a c t i v a t e d  c a t a l y s t .  Elemental  
azmlysis of the cata lyst  before and a f t e r  activtttion was: 

F r e s h  ACt iva t ed  

Co 4.4  wt% 5 .2  wt% 
Ti 4.0 4..8 

(iv) .Cog(CO)~lZr(Ol:~)4/SiO 9 - -  E x t e n d e d  T e s t  #8882-1-31 

T h i s  c a t a l y s t  was  a c t i v a t e d  a n d  s luzTied  in  the  same m a n n e r  
as  t he  p r e v i o u s  3 c a t a l y s t s .  T h e  ~ e a c t o r  was  ~ wi th  
450-cc of  a 21.1 w ~  s lu rTy  con ta in ing  91.4g o f  act ivated 
c a t a l y s t .  Elementa l  ana ly s i s  of  t he  c a t a l y s t  b e f o r e  a n d  a f t e r  
a c ~ r a ~ o n  w a s :  

• Fresh A c t U a t e d  

Co 4.4 w t t  5 .3  w ~  
Zr  7.6 10.2 

Catalyst  Chaz-actezdzarion 

H 2 chem i s o rp t J o n  e x p e r h n e n t s  w e r e  c o n d u c t e d  on a 
Micromer i t tes  C h ~ r b  2800 u s i n g  c a t a l y s t  s amples  p r e P e d u c e d  
in t h e  I0  cc  r e a c t o r .  A f t e r  l ~ a n s f e r  o f  t h e  samples  to  t h e  

3 c • c r p t i o n  sample  t u b e s ,  t h e y  w e r e  t r e a t e d  wi th  H 2 a t  
C a n d  I a t m o s p h e r e  p r i o r  to  d a m  a c q u i s i ~ o n .  B . E . T .  

s u r f a c e  ~ w ~  ob ta ined  u s i n g  a l~c~omm-i t ics  D ig i so rb  
2500. 
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