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ABS~ACT 

~he first goals of this project are: I) to understand the influence 
of mass transfer on the performance of Fischer-2ropsch slurry reactors, and 
2) co determine the nature of carbon formed duriQg reacClon. In reaching 
this second goal, knowledge of tbe catalyst composition will be useful. 

Experiments aimed at the understanding of mass transfer effects have 
been Inltlaced and are discussed in this report. Fischer-~opsch syn~.sl s 
has been carr£ed out in a bubble-~olumn slurry reactor (2.5 cm I .D.) filled 
with Parawax (~5+ paraffins). A fused-lron catalyst, promoted with 
potassium and copper, ~ms used for all of the mork reported here. The 
products were analyzed on i/he by gas chromatography. 

Experiments have been performed at 250"C and 10 a~m to determine ~he 
dependence of the synthesis rates on the parcla/ pressures of H 2 and CO. 
Followin E a break in period, the catalyst activity remained consr~ant over 
4-day period of operaclon. For each set of partial pressures, a Schulz- 
Flory distribution of Cl-~0 products was observed. ~e rate of formation 
of each~producr can be described by a power law expression of the form r - 

kP~ P~:O" ~he value of a i s  typically 0.9 to I .0 ,  i n  e x c e l l e n t  ag reemen t  
2 

wlch whac has been o b s e r v e d  for experiments conducted in a well-stlrred, 
s l u r r y  r e a c t o r  us±ag  t h e  same c a t a l y s t .  A p o s l c l v e  o r d e r  CO d e p e n d e n c e  was 
o b s e r v e d ,  w i t h  t h e  v a l u e  o f  a i n c r e a s i n g  f rom 0 . 0 5  f o r  ~ 4  t o  0 . 6  f o r  
~ g  8 o t h e s e  v a l u e s  a r e  in  s h a r p  c o n t r a s t  wlCh c h o s e  found  u s i n g  the  w e l l -  
s t i r r e d  r e a c t o r ,  w h e r e  a i s  u e g a t l v e  and i n c r e a s e s  f rom - 0 . 4  f o r  cg 4 co 
-0 ~ f o r  c4~ 8 . 

The s c r i k l ~ g  d i f f e r e n c e  b e t w e e n  t h e  CO d e p e n d e n c i e s  o b s e r v e d  be tween  
t h e  two r e a c t o r s  i s  b e l i e v e d  Co be due Co t h e  p r e s e n c e  o f  s e v e r e  m a s s -  
t r a n s f e r  e f f e c t s  In  t h e  b u b b l e - c o l u m n  r e a c t o r .  Our C h e o r e C l c a l  s t u d i e s  
have shown that ~.~en llquld-phase mass-transfer limltat/oms seC in, the 
gradient in CO becomes: more severe than in ~. This Elves rise to a 
h i g h e r  H2/C0 r a t i o  a t  t he  c a t a l y s t  s u r f a c e .  S c u d / e s  c o n d u c t e d  i n  t h e  
sclrred-slurry reactor have shown thac ac H2/CO raclos of I0 to 20 the 
rate of product synthesis becomes positive order in 0D partial pressure. 
The validity of the present interpretation is currently being examined 
very carefully o 



I n t r o d u c t i o n  

Both e x p e r i m e n t a l  and t h e o r e t i c a l  work has  been c a r r i e d  ouu d u r i n g  
t h e  p a s t  y e a r  t o  i n v e s r . i g a t e  mass t r a n s f e r  phenomenon in  tnabble column 
reactors. Exp~_rlmental ~ork was aimed at determ£nlng the extent to which 
mass transfer influences the performance of bubble column slurry reactors 
for the Fischer-Tropsch synthesis using potassium promoted fused iron 
catalysts suspended in another Parawax. Kinetic data measured ar d/fferen- 
t l a l  c o n v e r s i o n  ' i n  t h e  bubble  column s l u r r y  r e a c t o r  a r e  compared i n  t h i s  
r e p o r t  w l th  d a t a  measured under  s l m i l a r  c o n d i t i o n s  i n  a s t i r r e d  s l u r r y  
reactor. 

~'m theoretical work is alined-at developing a quantitative undar- 
standing of how axial ~x/ng of gas, liquid, and catalyst influence the 
performance of bubble column slurry reactors o 

i. 

Exper imen ta l  Work 

A bubble column reactor (I" I.D. x 72") was used. Tan reactor was 
filled wlth Parawax (~S+ paraffins) and a potassium and copper promoted 
fused iron catalyst was-used in all experiments. Synthesis of hydrocarbons 
from CO and H 2 was studied at 250-270°C and 10 arm pressure. Products were 
analyzed by gas chromatography o A conventional well stirred reactor was 
used for the parallel experiments using the same catalyst and operating 
c o n d i t i o n s  • 

Early experimental data in the slurry reactor (April I Progress 
Report) were obtalned using a fouled frlt. The pressure drop across 
the frlt ranged from 15-50 psi during the course of an experiment. The 
pronounced mass transfer effects observed have probably been at least 
parrlally due to the partially plugged frlt, resultiug in a lower inter- 
facial area ° Data from these early runs are therefore largely dis- 
regarded, 

After overcoming these experimental d/fficulties, the partial 
pressure dependence of synthesis rates was determined at 260"C and 250"C 
for ~drogen partial pressures ranging from 2 a~m to 6 arm, and CO parrlal 
pressures ranging from I acre to 7 atm o ~he partial pressure dependence of 
the rates at 2500C was the same as that observed at 2600C, although the 
overall rate of CO consumption was higher by a factor of I o9. 

Results obtained at  260°C are shown i n  Figures 1 -5 .  Figure 1 shows 
the race of ~ production as a' function of CO parclal pressure, at a 
constant hydrogen partial presure of 5 arm. The order ~th respect to CO 
is 0.58, compared to 0.57 measured in a previous run. Figure 2 sho~s the 
s.~me plot for methane, ethylene, propene, butene, pentene, and hexeneo As 
before, methane productlon shows neEatlve order in dependence on CO, while 
the rates of production of heavier hydroc-~rbous show zero to positive order 
dependencies on CO partlal pressure. Figure 3 shows the rates of hydro, 
carbon production as a function of hydrogen partial pressure at a constant 
CO partial pressure of 5 atmo As observed in prevlous expe1-1ments, the 
order w~th respect to H 2 Is approx/mately I, ~th a higher value observed 
for methane • Schulz-Flory plots are shown as a function of hydrogen and 



. 

carbon monoxide partial pressures in Figure 4. As CO parCla! pressure 
~ncreases, i increases, while an i n c r e a s e  i n  H 2 p a r t i a l  pressure results 
i n  a d e c r e a s e  i n  ~ .  -F~Eure 5 sho~s the  r a t e  o~ O ~  p r o d u c t i o n  as  a 
f u n c r l o n  o f  H 2 p a r t i a l  p r e s s u r e  ae 5 a t=  ~f  CO. ~he o r d e r  ~rl~h r e s p e c t  
~o H 2 i s  0 J 5 .  Th4s v a l u e  i s  c o n s l d e r a h l y  h i g h e r  rJmn the  p r e v i o u s l y  
measured  v a l u e  o f  0 . 4 1 .  

D i s c u s s i o n  o f  Exper i_mental  Work 

be reactlon orders measured in the bubble column slurry renccor are 
compared t o  Chose measu red  i n  the  w e l l  stirred slurry r e a c t o r  i n  Table 1. 
For all products, the order ~rltb respect co CO is more positive in the 
bubble column than in the well sr~rred reactor. ~ reaccloo order wlch 
respect Co H 2 in the two reactors does nor differ except for the case of 
Co2- 

Toe d i f f e r e n c e  4 .  h y d r o g e n  dependence  o f  C ~  p r o d u c t i o n  i s  b e l i e v e d  t o  
r e s u l t  f rcQ t h e  p r e s e n c e  o f  w a t e r  in  t h e  CO. ~he w a t e r  p r o v i d e s  a n o t h e r  
s o u r c e  o f  oxyEen which  may a c t  Co p r o d u c e  a c o n s t a n t  ~RounC o f  C0 2 ,  r e g a r d -  
l e s s  o f  the  H 2 p a r t i a l  p r e s s u r e .  ~1~s cou ld  make t h e  o r d e r  ~rlch r e s p e c t  co 
H 2 appear lover when the CO is not purified, the experlmencs in the bubble 
column used CO that was dried wlch molecular s~eve cooled wlch dry ices 
w h i l e  the  s c l r r e d  s l u r r y  e x p e r l m e u t s  and p r e v i o u s  bubb le  c o l , - , -  e x p e r i m e n t s  
were carried out ~rlcbouc purifying the CO. 

b e  h i g h e r  o r d e r  ~rlch r e s p e c t  co CO nay  be e x p l a i n e d  as  a mass t r a n s -  
f e r  e f f e c t .  As the mass t r a n s f e r  r e s i s t a n c e  becomes s l ~ a t f i c a n C ,  the  CO 
concentraCion at the catalyst surface drops, and the reaction becomes 
posIEive order in CO. 

~ h e o r e C l c a l  work 

The e f f e c t s  o f  a x i a l  -dx~ng  o f  E a s ,  l l q u / d ,  and c a t a / y s t  can be 
a s s e s s e d  w l t h  t h e  f o l l o w l n g  m o d e l .  

~he gas phase  mass b a l a n c e  fo r  component  t i s  w r l c c e n :  

¢. d261C dCUeiG) 

Peg d2 d~ s i ( e i G  - e lL )  - 0 

~ e  o v e r a l l  b a l a n c e ,  a r r i v e d  a t  by  su Ja~ng  r.he component b a l a n c e s ,  /~  
g i v e n  b y :  

du  --i ! e c - lz l(eic - 

The l l q u / d  p h a s e  mass  b a l a n c e  f o r  each  component  can be i r z i t t e n  

= 

l - - t  d2 eiL 
d:  2 

de~L .q 

9H2L 
" 2  



F i n a l l y ,  t he  distrlbution of c a t a l y s t  can Be de te rmined  by solution of 
t h e  followlv~ ba l ance :  

1 d2Cs dCs 
+ - -  - 0 

Pe S d ~  2 d ~  2 

~he boun~ary c o n d i t i o n s  f o r  t h e s e  equa t ions  can be ~ r r i t t e n :  

At ~-0 

c d S i  4 
eiG SiG ¢=0 Peg 

1 o . Oi L Pe L d~ 
~-0 

~=0 

Ep dC S ] 

. 

At ~ f f i l  

d~iG 
d~ 

d OiL 
= 0 

d~ 

F£ tally, 

f csd  
0 

- I 

~ese equations are boundary value equations, whose solutions can 
readily be approxlmated vla orthogonal collocatlon. ~he subroutine 
"COLSY$', available on the CDC 7600 st LEL, 411 be used to solve the mass 
balances, and generate concentration profiles for each phase o 

Plans  F o r ,  ,'lh,e (bmin~:, Year 

We p l a n  to  accumulate d a t a  on the  performance o f  our  bubble-column 
r e a c t o r  over  a broad range o f  o p e r a t i n g  c o n d i t i o n s ,  and to  compare the  
r e s u l t s  ~-Ith r a t e s  and p roduc t s  s t r u c t u r e s  ob ta ined  i n  a w e l l - s t £ r r e d  
slurry reactor, We wi l l  improve our current theoretical model of the 
bubbles-column reactor to include the effects of gas, liquid, and catalyst 
dispersion, as well as improved es~mates of reactann and product mass- 
transfer coefflc~ents • ~he model w£11 then be used to examine the antlci- 



paZed performance of laboratory, pilot--plant, and f u l l - s c a l e  r e a c t o r s  o v e r  
a b r o a d  r a n E e  o f  o p e r a t i a  8 c o n d i t i o n s .  Upon c o m p l e t i o n  o f  t h e s e  s t u d i e s ,  
we r i l l  i n / t i a t e  e f f o r t s  t d e t e r m i n e  t h e  k i n e t i c s  o f  c a r b o n  £ o r m a t i o n  and  
loss in a slurry reactor. We will also exam£ne the posslbil/t7 of us±hE 
zeollte-lnpregnated iron catalysts, prepared in such a fashion as to 
m~rdm/ze  g r a p h i t e  f o r m a t i o n w l t h i u  t he  z e o l i t e  o r  on I t s  e x ¢ e r l o r  s u r f a c e .  

a 

ca,1 

C s 

Da L 

Eg, E L E S 

k o 

kL,1 

NO~ENG.ATI~E 

- Bubble I n t e r f . , c l a l  a r e a  p e r  u n i t  r e a c t o r  vo lume  (cm - I  

- G a s - p h a s e  c o n c e a t r a t l o n  o f  component  i ( m o l / c m  3) 

- Liqu/d-phase=--coucentratlon of component I (mol/cm 3) 

- Dimensionless c a t a l y s t  concentration, w/w 

Lk 
0 

- Damkohler number, % 

- Gas, llqu/d, and solid dispersion coefflc/ents, cz2/sec 

- Rate coefficient (cz3/g s) 

- I/q~d-phase mass-transfer coefflclent for component i 
(cm /s) 

L - Reactor length (cm) 

n S o l u b i l i t y  coefficient for component I 

Stanton number for component i, 

kLlaL 
NI~ - L i q u i d  S t a n t o n  number ,  % 

%L 
Peg - L i q u i d  p h a s e  P e l l e t  number ,  ~ - -  

%L 
Pe L - Li qu i d  p h a s e  P e l l e t  numbe r ,  - ~  

( -Vs)L 
Pe S - Soli~ Pellet number, ES 

- L i q u l d - p h a s e  f l o w  r a t e  ( c m 3 / s )  

r $  - R a t e  o f  f o r m a t i o n  o r  c o n s u m p t i o n  o f  componen t  i ( m o l l s  s )  

- S u p e r f i ~ a l  g a s  v e l o c i t y  ( c = / s )  

4 .  



v~- 

V S - 

V -- 

Z -- 

eG, ! - 

' 4  - 

- 

• r c - 

- r ~  - 

Liqu id  s u p e r f i c i a l  v e l o c i t y ,  cm/sec 

Reac tor  volume (era 3) 
# 

S e r t ] / n g  v e l o c i t y  o f  s o l i d s ,  cm/sec 

Catalys~ loading (g/c , .  3 of slurry) 

Average catalyst concentration, g/cm 3 slurry 

Dis tance  from the gas i n l e t  (cm) 

~ r a c t i o n  of the t o t a l  r e a c t o r  volume occupied by bubbles:  

I~Imensionless gas-phase c o n c e n t r a t i o n  

Dimensionless  gas-phase c o n c e n t r a t i o n  o f  com__ponen~ i ._ , .  

~ imens ion less  l i q u / d - p h a s e  concen t r a t i on  of  component i ,  

Stoic~ometr ic  coef f i c ien t  for  component i 

Liquid density (g/cm 3) 

Gas space t ~ e  (s) 

Liquid  space time (s) 

Dimensionless gas velocity, UG/~G 

. 
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