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ABSTRACT 

The ~ n f l u e u c e  o f  t h e  r e d u c t i o n  p r o c e d u r e  on f r e e  -~arbo~  f o r m a t i o n  

o v e r  i r o n  c a t a l y s t s  h a s  b e e n  e x a m i n e d .  -Based  on an  a n a l y s i s  o~ ~ e  p a r t i a l  

p r e s s u r e  d e p e n d e n c e  o f  t h e  r a t e s  o f  h y d r o c a r b o n  and c a r b o n  d i o ~ d e  

f o r m a t i o n  a f t e r  ~ L f f e r e u t  r e d u c t i o n  p r o c e d u r e s ,  iC i s  s u g g e s t e d  t h a t  a s  ~he 

severity of reduction conditions increases, the rare of carbon formation 

and the rate of the water Eas shlfn reaction increase. The synthesis 

reaction rate also Increases, but appears ro reach an upper limit. 



The k i n e t i c  r a t e  e x p r e s s i o n s  f o r  t h e  f o r m a t i o n  o f  F l s c h e r - T r o p s c h  p r o d u c t s  

over iron were d e t e r m i n e d  after follovlnE two different r e d u c t i o n  pro- 

cedures. These experiments were carried out to examine the £~luence of 

reduction procedure on the product distribution and race ~f carbon 

formation. 

Results from two experiments, referred to as Experiments I and 2 

will be dlscussed. In Experiment i, the catalyst was reduced under I0 at 

H 2 at 325°C for 120 hrs. In Experiment 2, the catalyst was exposed Co 

hydroEpm a t  300"C and 10 arm f o r  24 h r s .  Then ,  s y n E a s  was i n t r o d u c e d ,  a n d ~  

the synthesis rate was measured. This procedure was repeated t~rice more. 

After the third reduction, the product distribution and rare of reaction 

were measured as a function of temperature and parrlal pressures. 

The rate of free carbon formation can be calculated using a balance 

ou oxygen :  

~co2 + ~ 2  ° " ~ c  + ~c ( l )  

where  RCO 2 i s  t h e  r a t e  o f  ~ 2  f o r m a t i o n ,  E820 i s  t h e  r a c e  o f  w a t e r  p r o d u c -  

t i o n ,  ~ C  i s  t h e  r a t e  a c  w h i c h  CO i s  c o n v e r t e d  t o  h y d r o c a r b o n s ,  and E C i s  

t h e  r a t e  of f r e e  c a r b o n  f o . - m a t l o n .  I f  E C - 0 ,  t h e n  EC0 2 + ~ 2  0 = KHC and 

R T ,  t h e  =a te  of c o n s u m p t i o n  o f  CO and H2, i s  g i v e n  by E T = 3EHC. ECO 2 c a n  

be measured  d i r e c ~ l y ,  and  EHC can be e s t i m a t e d  f r o m  measu red  v a l u e s  o f  

alpha alon E with ir-f ormatlon on the rate of formation of lower 

hydro=arbons. 

For the purpose of analyzin E the data obtained in Experiments 1 and 

2 it is useful to define the quantity R d as follows: 



e d  " Rc - - % C  C2) 

E d i s  t he  d i f f e r e n c e  be~aeen the  r a t e  of  ca rbon  forma~mm and t h e  

r a t e  o f  wa te r  f o r m a t i o n ,  and can be de t e re , i ned  f rom measured  ~ of  CO 2 

and h y d r o c a r b o n  p ~ o d u c t i o n .  The a n a l y t i c a l  sy s t em used  i n  t h e s e  e x p e r f -  

c e n t s  does not  a l low q u a n t i t a t i v e  =easurement  o f  H20 c o n c e n t r a t i o n s .  T~ E d 

i s  nega t i ve ,  ER2 exceeds E c.  When the water -ges-sb~. f t  (WGS) a c t i v i t y  i s  

low EHC = ~ 2 0 .  I f ,  i n  a d d i t i o n ,  E c i s  zero,  Rd/RHC , and E d = 0. Thus, 

i f  EdlEHc i s  close to  - l ,  the WGS a c t i v i t y  i s  low and carbon format ion does 

not  occur.  Increases i n  Ed/RHC ca ,  r e s u l t  f rom i n c r e a s i n g  carbon format ion 

or  i nc reas ing  WGS ac= iv l~y .  I f  R d i s  p o s i t i v e ,  R C exceeds RH20, and R d ~s 

now a lower e s t i m a t e  o f  KC. 

On S c h ~ l z - F l o r y  p l o t s  obse rved  du r ing  E x p e r i ~ n t  I ,  shown i n  

Fig. i, the lines t ha t  fit "the higher carbon numbers do not intersect the 

vertlcal axis ar Ecn/E~4 = i; this trend is more pronounced at low CO 

pressure and high H 2 pressures. Note also that alpha changes with carbon 

number. Figure 2 shows E d as a function of ~ and CO partial pressures. 

R~ Is a strong function of CO partial press=re, and becomes negative at 

1 arm. This results from the high rate of H20 production at low CO partial 

pressures. However, E d is a weak function of hydrogen partial pressure. 

Table 1 shows ~C" Ed" alpha, and KC0 af-~er each reduction in 

Experiment 2. RCO is the total rate of CO consumption. E d is always 

negative, in sharp contrast to the values measured in Experlment I. The 

second reduction produced the largest change in alpha, Ed~ and EHC. There 

was a smaller increase in alpha and ~C after the third reduction, bet 

Ed/RHC increased significantly. 



Figure  3 shows Sc l ml z -F l o ry  p l o t s  observed du r ing  E x p e r i m e n t  2 .  As 

in  Experimen~ 1, t he  i n t e r c e p t  a t  t h e  o r d i n a t e  i s  l e s s  t han  eBe,  and the  

same t r e n d  w i t h  p a r t i a l  p r e s s u r e s  i s  o b s e r v e d .  F igure  1 s ~  R d as a 

function of P CD and Pfl20 after the third reduction. The depee~Ince on 00 

partial pressure Is similar to that observed in :i_~eriment i, but the 

dependence i s  d r a s t i c a l l y  d i f f e r e n t o  As PH20 i n c r e a s e s ,  E d d e c r e a s e s  

d r a m a t i c a l l y .  

Table  2 sho~s va lues  of E d,  RCO, E~C , and a lpha  a t  260"C, 10 arm, • 

with H2/CD - 1 f o r  ExperlBenLs 1 and 2 .  Note tha t  a l t h o u g h  RHC i s  rough ly  

the same £n the two experlmencs, Experiment 1 shows roach higher values of 

RC0 and RCD 2. Note also that the value of alpha is much lower in 

Experiment I. Table 3 compares power law dependencies  of ECO, ROD 2, KGi 4, 

~C' and alpha for Experlments 1 and 2. The k/ner:[c parameters determined 

at 250 "C in Experiment i are similar to those deterwfned in Exper~-ment 2 

at 260 "C. The parameters determined in Experiment 1 at 206"C d/fret 

c o n s i d e r a b l y  f rom t h e  o t he r  va lues  l i s t e d .  Table  ~ l i s t s  R d as  a f u n c t i o n  

of temperature at i0 arm, H2/(D - i, for Experiments 1 and 2. The 

actlvat~_on energies are calculate-1 to be 59 and 76 kcal/moleo 

DIS CUSS ION 

I t  can be h y p o t h e s i z e d  t h a t  t h e  b e h a v i o r  of the  y - i n t e r c e p t  i n  the  

Schu lz -F lo ry  p l o t s  observed  iu  both e x p e r i m e n t s  r e s u l t s  from the  e x i s t e n c e  

of two tTpes o£ carbon:  one t h a t  p a r t i c i p a t e s  in  cha in  Erowth,  and one 

tha t  e v e n t u a l l y  forms f r e e  ca rbon .  The second type  of  c a rbon  can be 

hydrogenated  on ly  t o  methane, wh i l e  t h e  f i r s t  type of ~_arbon can produce  

h igher  h y d r o c a r b o n s .  



The d i f f e r e n t  H 2 dependencies o f  E d s e e n  i u  Experiments  1 and 2.  

r e s u l t  from d i f f e r e n c e s  i n  dependencies o f  EHC and EC0 2 on PH2, as  shown i n  

Table  3. In agreement  wi th  measurements o f  t o t a l  syngas ~ o n s u m p t l o n  

r e p o r t e d  in  many o t h e r  s t u d i e s ,  the orde r  ~rl th r e s p e c t  t o  a 2 ~ s u r e d  f o r  

hydrocarbons  I s  c l o s e ' t o  u n i t y  i n  both  experimz_nts.  However, t h e  o rder  

w i t h  respec t  t o  H 2 f o r  C0 2 p roduc t ion  and CO consumption i s  b l g h e r  i n  

Experiment 1 at 260 "C than at 250 °C or in Experiment 2. This may be 

related to  the  WGS actlvi~y. If the WGS reaction Eoes to  completion, and 

no carbon is formed, the oxyEen mass balance requires that the rate of~. 

conversion of CO to hydrocarbons be matched by the rate of CO 2 

production. In this case, the partial pressure dependence of RCO 2 and ~C 

must be the same. Measuremenns of the WGS reaction rate (BohlSro, H., "An 

InvestIEatlon of the Kinetics of the Conversion of Carbon Monoxide by Water 

Vapor over Iron oxide Based Catalysts," 2nd edition, Haldor Topsoe, 1969) 

show t h a t  the ~GS reaction rate decreases at Pa2 increases. Thus, the ra~e 

of CO 2 productlo~ will exhibit a partial pressure dependence between that 

the synthesis reaction and t ha t  of t h e  .~GS reaction. The lower 1; 2 

depandnca of ECO 2 observed in Experiment 2 indicates that the WGS activity 

i s  low. 

The high activation energy for E d results from the fact that R d is 

a d/fference beEween two rates: E d = E c - RH20 . The mater gas shif~ ra~e 

and the carbon formation rate change with T. AS T increases, E c increases 

and ~20 decreases. The high activation energies, then, are another 

Indication t h a t  E d iS not a direct measure of Re, ~ut depends on both the 

carbon formation rate and the WGS reaction rate. 

Although Ehe partial pressure dependence for ~a~-hane producEd.on is 

the same in both experiments, tha order with respect to CO for hydrocarbon 



p r o d u c t i o n  i s  h i g h e r  ~n E x p e r i m e n t  2 and a t  250"C i n  E x p e r i ~ n t  1. The 

difference in kinetics of hydrocarbon productlon resnlns from differences 

in the kinetics of production of higher hydrocarbons. These I~Lffereuces 

are reflected in dlfferen ~ _ partial pressure dependenlces o~ ILlpha. It 

seems tha~ whlle the actlv1~_y for hydrogenation of carbon in the two 

experlemtns is the same, the probabil/ty of chain growth (and Its variation 

with pressure) is different. 

From the preceedln g discussion, it is apparent that there are three 

main dJ.fferances between Experiment 1 and Experiment 2 . One of the, 

differences ~er~een Experiment 1 and Experiment 2 may ~e the ab£11ty of the 

catalysn to dlssoc/ate CO. The rate of hydrocarbon formation is touEhly 

the same in t h e  two experiments, but E d is posltlve In Experiment I and 

negative in Experlment 2. This leads us to suEEest that the rate of CO 

dissociation is significantly hiEher in Experiment i, and that the carbon 

that ~o. not hydrogenated is converted t o  free carbon. 

A second difference between the two experiments is the lower WGS 

acuivlry in Experiment 2 at 2500C and at 250"C in Experiment I. This in 

t u r n  influences the parnlal pressure dependence of the rate of CO 2 

productlon. 

A third difference between the two experiments is the lower chain 

growth probabllit7 observed in Experiment i. 

CON CLUS IONS 

i) As the severity of reduction conditions i n c reases ,  the tendency of the 

catalyst to form free carbon increases. This tendency seems to be 

related to the rate of CD dissociation. 



2) The r a t e  o f  t h e  r a t e r  Eas s b ~ f t  r e a c t i o n  a l s o  i n c r e a s e s  as t h e  

sevez~.L-y of  the  r e d u c t i o n  c o n d i t i o n s  i n c r e a s e s .  

3) Cyc~n  E between r e d u c t i o n  and r e a c t i o n  i n c r e a s e s  a l p h a  a s  l B l l  as t he  

a c t l v l c y  o f  the  ~_ata lys t .  This  p rocedure  has Been used  ~ produce a 

c a t a l y s t  c h a c a c t e r i z e d  by low carbon f o r m a t i o n  r a t e s  and h igh  s e l e c -  

t lvZ~y t o  h i g h e r  hydrocarbons .  

4) Ed, de21ned as the  d i f f e r e n c e  he t~een  t h e  r a t e  of  carbon f o r m a t i o n  and 

the  r a t e  o f  ~ 0  fo rma t ion ,  i n c r e a s e s  d r a ~ a ~ i c a l l y  ~rlth t e m p e r a t u r e .  

~'~Ls r e s u l t s  from the  f a c t  t h a t  R d i s  a d i f f e r e n c e  h e ~ e e n  t~o~. 

ra~es .  The a c t i v a t i o n  e n e r g i e s  n~asured  ace much h i g h e r  than  those  

r e p o r t e d  i n  t he  l i t e r a t u r e  f o r  carbon f o r m a t i o n  over  n i c k e l  c a t a l y s t s .  

5) Partia/ pressures of ~ and OS also influence E d. It is difflcult t o  

separate changes in the rate of carbon formation from changes in the 

rate of water formation. It is likely, though, that the partial 

pressure "dependencles m~asured in Experiment 1 at 260 °C reflect 

changes in the rate of carbon formation alone. In tb/s experimenn, a 

weak positive order dependence on PH2 was obsez"~ed. The dependence of 

E d on PR2 measured in Experiment 2 reflects the rate of the water-gas- 

shift reaction as well as the rate of carbon formation. 



P£D 

R C 

Rr'~ 4 

RO3 

Ro0 2 

NOD~N CIATU~ 

CO part£L1 p r e s s u r e ,  acre. 

112 parC£al  p r e s s u r e ,  acre. 

Rate of f r e e  carbon fo rmat lon ,  moles /E-m£n.  

Rate of methane formation, m01es/E--m£n. 

Eate of C0 consunp t lon ,  m o l u / g - m l n .  

Rate of CO 2 p r o d u c t i o n ,  moles /g-mln .  

Rate of f o r m a t i o n  of products  conta luAng n carbon atoms,  

moles/g-n~u. 

EC02 - ~hc ( see  equa t ion  2) 

Rate of convers ion  of CO to hydroca rbons ,  moles CO/g-rain. 

Rate of wa te r  f o r m a t i o n ,  m o l e s / g - ~ n .  



Table 1 

Nur.~er of Reductions P]Z2 PCO. R~C RCO 
R d 

~c" 

1 5.74 4.26 5 .21x lO  "-5 8.28X10 -6  

2 5.56 4.44 2.28X.10 -5  3 • 49X.10 -5  

3 5.45 4.55 3.16X10 -5  5.51X10 -5  

.-2.14xi0 -6 

-10.7x10 -6 

-8.16x10 -6 

Each zeduct foa  a t  300°C,. ~ .1.0 am 1~2, for 24 h r s .  

Rates measured a t  250°C 

moles 
All rates are i n -  

8-miu 

0.69 

0 .73 

0 .74 

- 0 . 4 1  

- 0 . 4 7  

-0 .26  



T a b l e  2 

T~"p e r  :t~e.~ t RHC R d 

1 5.93xi0 -5 5.48xi0 -5 

2 5.48xi0 -5 ~ -4.30x10 -6 

RCO 

2 . 2 8 x 1 0  -4 

i .  06x.10- 4 

0 .70  

0 .78  

T = 260"C 
I:' -- 10 a m  

B2/CO = 1.0 



Table 3 

Experiment T~°C RCH 4 

a b 

1 260 -0.23 1,14 

2 260 -0.34 1.28 

3 250 -0.20 1.50 

RCO 2 Rco RHC 

0.58 0.75 0.58 0.75 0.15 0.84 

0.60 0.49 0.52 0.55 0.42 0.74 

0.60 0 . 4 3  0 . 6 0  0 . 4 3  0 . 4 8  1.05 

o,(. 

0,04 

0 . i 0  

-0.05 

-o o5 

Experiment 1:120 hrs ~eductlon at 325°0 in I0 arm H 2 

Experiment 2~ 3 cycles oE reduction for 24 hrs at 300°0 in 10 atm H2~ followed by 
treatment in syngas. 



Table & 

T d v s .  T f o r  F.xperimen~s I a n d  2 

moles T, °C Experiment Ed" ~i.n-g 

1.96x10 -5 250 l 

5.48x10 -5  260 l 

-4 .  lOxlO -6 250 2 

2.17x-l.O -6 260 2 

1.29x10 -5 27(} 2 

2.9~vj.O 15 280 '2 
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