
C H A P T E R  IX
F IS C H E R -T R O P S C H  S Y N T H E S IS : O X ID A T IO N  O F  A  F R A C T IO N  O F  

C O B A L T  C R Y S T A L L IT E S  IN R E S E A R C H  C A T A L Y S T S  A T  T H E  O N S E T  
O F  FT  A T  P A R T IA L  P R E S S U R E  M IM IC K IN G  5 0 %  C O  C O N V E R S IO N

9 . 1  A b stra ct

Freshly IE-reduced cobalt catalyst samples and FTS catalyst samples (i.e., 
freshly reduced and immediately exposed to the onset of FTS conditions 
corresponding to 50% CO conversion) were prepared. Each sample was coated in- 
situ using molten polywax and solidified so that an air-protected sample was 
obtained, which was stored in inert gas. XAS was utilized to investigate the 
oxidation state of cobalt. A fraction of cobalt crystallites in the freshly reduced 
research catalysts having lower-than-commercial loading and smaller crystallites 
undergoes a degree of oxidation to CoO at the onset of FTS conditions simulating 
50% CO conversion (i.e., the H;>0 partial pressure is high enough to induce some 
oxidation). Therefore, by decreasing Co content with the aim of improving the 
dispersion of cobalt and Co efficiency, very' small Co crystallites are obtained. Their 
reoxidation at the onset of FTS is an unintended consequence. Thus, catalysts should 
be designed to have an optimum narrow cluster size range — small enough to 
increase Co surface site densities, but large enough to avoid reoxidation, and the 
stability problems that arise from having unreduced Co in the working catalyst (e.g., - 
a complex coalescence and reduction mechanism).

K e y w o r d s :  Fischer-Tropsch synthesis (FTS). gas-to-liquids (GTE), cobalt
crystallites, size-dependent reoxidation
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9 . 2  In tro d u ctio n

Improving the stability of C0 /AI2 O3 catalysts for Fischer-Tropsch synthesis 
(FTS) is an important challenge facing the commercial development of these 
catalysts for the conversion of coal, biomass, and natural gas to liquid fuels as 
alternative resources to crude oil (Jacobs et ah, 2002). There is a debate regarding 
whether small cobalt nanoparticles oxidize under realistic synthesis conditions 
(Tsakoumis et al., 2010). Part of the confusion stems from the fact that while some 
groups.are examining commercial catalysts using high cobalt loadings to stabilize 
against reoxidation, other groups employ research catalysts aimed at reducing the 
amount of expensive cobalt metal and improving Co efficiency. Another major 
source of confusion has to do with the time period under which catalysts are 
examined, and the definition of “initial deactivation'’. While some groups examine 
the decay period prior to leveling off for realistic commercial catalysts under relevant 
FTS conditions, others have focused on the susceptibility of small cobalt crystallites 
at the onset of FTS - i.e.. when the freshly activated catalyst is exposed to realistic 
FTS conditions or conditions that mimic them.

Typically, a slurry impregnation method is employed to prepare Co/alumina 
catalysts having higher loadings, while incipient wetness impregnation (IWI) is often 
used to prepare Co catalysts with lower loadings. The slurry impregnation method 

'  tends to produces larger Co clusters (-8-15 nm by (Jacobs et al., 2002)) at 15-25%Co 
loadings on Y-AI2 O3 . With the IWI method, average size is sensitive to loading (-5 
nm at 15%Co and -10-15 nm clusters at 25%Co). With an average cluster size of -5 
nm, there exists a fraction of particles < (2 - 4 nm) that could undergo reoxidation as 
suggested by recent thermodynamics calculations (Van Steen et ah, 2005). TPR 
profiles for C0 /AI2 O3 catalysts show broadened peaks for the CoO reduction step 
suggesting a distribution of sizes. Thus, reoxidation of a fraction of Co0 crystallites 
to CoO is important to assess. Another possibility is reaction of small Co0 

crystallites with the support (Jacobs et al., 2003; Sirijaruphan et al., 2003) (via CoO 
intermediate).

Cobalt support compounds also form from reaction of residual CoO from 
incomplete reduction, due to strong interactions with AI2 O 3 . Moodley et al.
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(Moodley et al., 2011) examined used catalyst samples from a CSTR. By adjusting 
CO conversion and P(tot) to achieve PlICO) = 10 bar. ~10% cobalt aluminate was 
identified and attributed to the conversion of residual CoO (from incomplete 
reduction). There is the possibility that a fraction of the C0 AI2O4 identified in used 
catalyst samples from our group (Das et ah. 2003; Jacobs et ah, 2002) came from 
CoO resulting from incomplete reduction. A used unpromoted 1 5 %Co/AB0 3  

catalyst (with half the % reduction of promoted catalysts! had 2 to 3 times the 
amount of cobalt aluminate compared to used Pt and Ru promoted 1 5 %Co/Al2 0 3  

catalysts (Jacobs et ah, 2002). Transforming from CoO to C0 AI2 O4 retains the Co2+ 
state, but C0 AI2 O4 is more difficult to reduce.

In the initial decay period of FTS. net oxidation of Co is typically not 
~ observed. Investigating used 0.2%Re-l 5 %Co/A12 0 3  catalyst samples periodically 

withdrawn from a CSTR reactor as a function of time, XAS analysis (Das et ah, 
2003; Jacobs et ah, 2006) demonstrated that considerable CoO was present initially, 
as peaks were present for Co-0 and Co-Co in the oxide in EXAFS spectra (Das et
ah. 2003). As the catalyst underwent initial deactivation and leveling off, the extent 
of Co reduction increased slowly with time on stream (Jacobs, et ah, 2006), Co-Co 
coordination increased to suggest possible sintering (Das et ah, 2003), and a small 
amount of cobalt aluminate was formed (Das et ah, 2003). During the run, there was 
a slow decrease in the white line intensity (increasing extent of Co reduction) (Jacobs 
et ah. 2006) and a significant growth in the Co-Co coordination metal shell (Das et 
ah, 2003). The main point is that while net oxidation during the initial decay period 
as a function of time on-stream was not observed by US, any CoO present in the 
working catalyst may coalesce to form larger domains that undergo reduction during 
FT. Co particles present may also agglomerate or ripen, a process that could be 
exacerbated by any additional CoO formed from net slow reduction of sintered CoO 
during the course of a run. The groups of van Steen, Claeys et ah (Van Steen, 2011) 
have recently confirmed sintering of Co with time on-stream during the initial decay 
period using a magnetometer. The susceptibility of Co in a Pt promoted C0 /AI2 O3 

catalyst to oxidation in a commercial catalyst run in a 1 0 0  barrel/day slurry bubble 
column reactor was explored by Saib et ah (Saib et ah, 2006; Van de Loosdrecht et 
ah, 2007). A decreasing white line intensity in XANES spectra as a function of time
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was observed, suggesting that the decay period was not due to Co reoxidation. 
Average crystallite (i.e., not cluster) size was 6  nm, above the 4.4 nm threshold, 
below which van Steen et al. (Van Steen, et al., 2005) have indicated oxidation may 
occur.

However, it is also important to examine one other region of deactivation, 
and that is the onset of FTS when a freshly activated catalyst is directly exposed to 
high conversion FTS conditions (i.e., immediately before the decay period). By a 
linear extrapolation to time zero, it is intriguing that only 35% cobalt reduction was 
obtained for our 0.2%Re-l5 %Co/A12 0 3  catalyst (Jacobs et ah, 2006) at the-onset of 
FTS while it should have been 55% (Das et ah, 2003) as measured for the freshly 
activated catalyst. The results suggest that some reoxidation of small crystallites 
may have occurred at the onset of FTS. The average cluster (i.e., cluster of smaller 
crystallites) size was ~5 nm.

The sensitivity of Co catalysts to H20  has been explored by many research 
groups (Jacobs et ah, 2004; Li et ah, 2002; Li et al., 2002; Saib et al., 2010; Storsater 
et al., 2005), as water is often cited as exacerbating deactivation. For a 0.5%Pt- 
15%Co/Al2C>3 catalyst having an average Co cluster size of ca. 5.6 nm, replacing 
inert balancing gas by 28% by volume H20  led to catastrophic irreversible 
deactivation (Storsater et al., 2005); formation of cobalt support compounds (e.g., 
cobalt aluminate) was identified in XANES derivative spectra (Jacobs et ah, 2003). 
An unpromoted catalyst containing a higher Co loading (25%Co with cobalt cluster 
size ca.12 nm) was found to be much more robust (Van Steen, 2011). The catalyst 
displayed metallic character prior to (and following) 25%H20  addition, but during 
25%fLO addition some CoO formation was observed in the XANES spectra (Van 
Steen, 2011), and the catalyst largely recovered its activity. Increasing Co cluster 
size was deemed beneficial for stabilizing the catalyst against deactivation.

The group of Claeys obtained results using a magnetometer and XRD 
revealing that smaller Co crystallites oxidize more readily than larger ones during 
FTS at useful conversions (Feltes et al., 2013; Fischer et al., 2012). A drop in 
magnetization with increasing water partial pressure was most evident at >60% 
simulated conversions, due to re-oxidation of small crystallites within the overall size 
distribution (Feltes et ah, 2013; Fischer et ah, 2012). Recently, another study
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reported reoxidation (using XANES) of a R.U-C0 /AI2 O3 catalyst after an excursion to 
high conversion, and increases in CO2 and CH4 selectivities were observed (Ma et 
al., 2011). An investigation using both in-situ synchrotron XRD and XANES to 
follow both activation and catalyst stability during FTS for a l%Re-20%Co/y-Al2Ü3 
catalyst with an average Co crystallite size of 10.7 nm (as measured by XRD), the 
catalyst was found to maintain its oxidation state and particle size during 6 h of 
reaction (conditions: 210 ๐c , 18 bar, 30 -  50% CO conversion, H2:CO ratio of 2:1) 
(Ronning et ah, 2010). Again, a larger size seems beneficial from the standpoint of 
stability.

There is reasonable evidence to suggest that, as a function of time on
stream, CoO continues to agglomerate, reduce, and, consequently, ripen into larger 
CoO metal particles during initial catalyst deactivation prior to' the longer term 
leveling off period. However, the sources of CoO remain unclear. That is, does CoO 
form from the oxidation- of small Co crystallites in research catalysts with high 
dispersion upon exposure to FTS conditions at useful conversions, or is the presence 
of CoO in the working catalyst solely from incomplete activation? We and others 
(Das et ah, 2003; Jacobs et ah, 2002; Moodley et al., 2011) have also observed by 
XANES that a fraction of cobalt in used samples is due to cobalt support compound 
formation. The question remains as to the original source of this species -  is it solely 
due to unreduced CoO following activation that reacts with the support, or can small 
CoO crystallites oxidize at the onset of reaction to CoO, and in turn react with the 
support? We intend to shed light on these points. Catalysts were prepared with low 
Co loading with the aiiTLof deliberately preparing a small Co cluster size,and freshly 
reduced catalyst samples were then exposed to FT conditions simulating 50% CO 
conversion. XANES/EXAFS were used to assess W'hether any change in Co 
oxidation state occurred. The effects of Co loading, Pt promoter, and support on the 
reoxidation of cobalt at the onset of FTS conditions were explored.
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9 .3  E x p e r im e n ta l

9 .3 .1  C a t a ly s t  P r e p a r a t io n  a n d  S a m p le  P r e p a r a t io n
A lu m in a  ( C a t a lo x  2 0 0  Y -A I2O 3)  a n d  g r a n u la r  a c t iv a t e d  c a r b o n  

( C a lg o n )  w e r e  u t i l i z e d  a s  c a t a ly s t  su p p o r t  m a te r ia ls  in th is  w o r k . T h e y  w e r e  first  

c a lc in e d  to  r e m o v e  p h y s is o r b e d  w a t e r  b e fo r e  u s e .  A lu m in a  w a s  c a lc in e d  a t 4 0 0  ° c  in  

a m u f f le  fu r n a c e ,  w h i l e  C a lg o n  c a r b o n  w a s  c a l c in e d  u n d e r  f l o w  o f  n it r o g e n  a t 3 5 0  ° c  

in  o r d e r  to  a v o id  th e  o x id a t io n  o f  c a r b o n  d u r in g  c a lc in a t io n .  T h e  c a t a ly s t s  w e r e  

p r e p a r e d  u s in g  in c ip ie n t  w e t n e s s  im p r e g n a t io n  (IW I) w i t h  c o b a lt  n itr a te  a s  th e  

p r e c u r so r . D e i o n i z e d  w a te r  w a s  u s e d  to  p r e p a r e  a  c o b a l t  n itra te  s o lu t i o n  fo r  

C 0 / A I 2O 3 , w h i l e  a c e t o n e  w a s  u t i l i z e d  to  p r e p a r e  a  c o b a lt  n itr a te  s o lu t io n  fo r  th e  

C o /C a lg o n  c a r b o n  c a ta ly s t .  F o r  C 0 /A I 2O 3 , c o b a l t  lo a d in g s  o f  2 % , 5 % , a n d  1 0 %  w e r e  

p r e p a r e d . T o  o b ta in  1 0 % C o  o n  A I 2O 3 . t w o  im p r e g n a t io n  s t e p s  w e r e  r e q u ir e d  w ith  

d r y in g  at 9 5  ๐c  u n d e r  v a c u u m  in  a  ro ta ry  e v a p o r a to r  a f te r  e a c h  im p r e g n a t io n .  F o r  

C o /C a lg o n  c a r b o n  c a ta ly s t ,  o n ly  2 %  C o  o n  C a lg o n  c a r b o n  w a s  p r e p a r e d  a n d  m u lt ip le  

im p r e g n a t io n  s t e p s  w e r e  n e c e s s a r y  d u e  to  th e  s o lu b i l i t y  l im i t  o f  c o b a lt  n itr a te  in  

a c e t o n e .  A f te r  e a c h  im p r e g n a t io n  s t e p ,  th e  c a t a ly s t  w a s  d r ie d  u n d e r  v a c u u m  u s in g  a 

ro ta ry  e v a p o r a to r . T o  p r ep a re  th e  0 .5 %  b y  w e ig h t  P t -p r o m o te d  c a ta ly s t ,  e i t h e r  te tra -  

a m in e  p la t in u m  (II )  n itr a te  s o lu t io n  o r  p la t in u m  (II) a c e t y la c e t o n a t e  p o w d e r  w a s  

u t i l i z e d .  P la t in u m  w a s  a d d e d  b y  in c ip ie n t  w e t n e s s  im p r e g n a t io n  (I W I ) , a f te r  th e  la s t  

c o b a lt  im p r e g n a t io n  s te p . In th e  c a s e  o f  th e  P t p r o m o te d  C 0 /A T O 3 c a t a ly s t ,  te tra -  

a m in e  p la t in u m  (II ) n itra te  s o lu t io n  w a s  u s e d  a s  th e -  p la t in u m  s o u r c e .  F o r  P t 

p r o m o te d  C o /C a lg o n  c a r b o n , p la t in u m  (II ) a c e t y la c e t o n a t e  w a s  u s e d . M u lt ip le  

im p r e g n a t io n  s t e p s  w e r e  a ls o  r e q u ir e d  in  th e  c a s e  o f  C o /C a lg o n  c a r b o n  c a t a ly s t ,  a s  

p la t in u m  (II) a c e t y la c e t o n a t e  o n ly  s l ig h t ly  d i s s o l v e s  in  a c e t o n e .  F in a lly ,  a ll  c a t a ly s t s  

w e r e  c a lc in e d  u n d e r  d if fe r e n t  c o n d i t io n s  d e p e n d in g  o n  th e  n a tu re  o f  e a c h  c a ta ly s t  

s u p p o r t;  i .e . ,  C 0 / A I 2O 3 a n d  P t - C o /A l 2C>3 c a t a ly s t s  w e r e  c a lc in e d  u n d e r  a  f l o w  o f  a ir  at 

3 5 0  ๐c  fo r  4  h . w h i l e  P t - C o /C a lg o n  c a r b o n  c a ta ly s t  w a s  c a lc in e d  u n d e r  f l o w in g  

n itr o g e n  a t 3 5 0  ° c  fo r  4  h.
T o  p r e p a r e  a  r e d u c e d  s a m p le ,  e a c h  c a ta ly s t  w a s  p r e s s e d  in to  a  fla t  

p e l le t  in s id e  a  1” I .D . r e a c to r  w i t h  b o r o n  n itr id e . 8 0  s e e m  f l o w  o f  H? w a s  s ta r ted .  
T h e  r e a c to r  w a s  s l o w l y  ( 1 0 0  ๐c / h )  b r o u g h t  u p  to  a n  a c t iv a t io n  te m p e r a tu r e  o f  4 0 0 ° c
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fo r  P t - C o /A l 20 3, 5 5 0  ° c  fo r  C 0 /A I 2O 3 , o r  5 0 0  ° c  fo r  C o /C a lg o n  c a r b o n , a n d  h e ld  fo r  

12 h. A  s e p a r a te  s t e e l  tu b e  w a s  f i l l e d  w ith  P o ly w a x  7 2 5  at 1 a tm  a n d  b r o u g h t  u p  to  

2 0 0  ° c  u n d e r  N 2 f l o w  ( 2 0  s e e m ) .  T h e  r e a c to r  w a s  c o o le d  to  2 2 0  ๐c  a n d  h e ld  a t th is  

te m p e r a tu r e . N e x t ,  th e  r e a c to r  w a s  c l o s e d  a n d  H 2 f l o w  w a s  s t o p p e d ,  f l o w  to  th e  

r e a c to r  c o n t a in in g  th e  p o ly w a x  w a s  r e v e r s e d  a n d  th e  p o ly w a x  w a s  p u s h e d  in to  th e  

r e a c to r  c o n t a in in g  th e  c o b a lt  c a t a ly s t  to  e n c a p s u la t e  th e  p e l le t  in  p o lv w a x  a n d  

p r e v e n t  o x id a t io n  fr o m  o c c u r r in g .
T h e  s a m e  in it ia l  r e d u c t io n  c o n d i t io n s  w e r e  r e p e a te d  fo r  e a c h  o f  th e  C o  

c a ta ly s t s  in  p r e p a r a t io n  o f  th e  F T S  s a m p le s .  O n c e  th e  r e a c to r  w a s  c o o le d  to  2 2 0  ° c ,  

th e  r e a c to r  w a s  s l o w l y  p r e s s u r iz e d  to  3 0 0  p s ig  u s in g  1 0 0  s e e m  o f  N 2. T h e  r e a c to r  

w a s  th e n  b y p a s s e d ,  a n d  a  f l o w  o f  1 0 0  s e e m  C O , 2 0 0  s e e m  H 2 a n d , 1 0 0  s e e m  H 20  ( g )  

w a s  s e t  to  m im ic  p a r t ia l p r e s s u r e s  a t 5 0 %  c o n v e r s io n .  A f te r  a  9 0  m in  p e r io d ,  th e  

w a te r , C O  a n d  H 2 g a s e s  w e r e  sh u t o f f ,  a n d  N 2 at 2 0  s e e m  w a s  a l l o w e d  to  e n te r . T h e  

in le t  l in e  w a s  im m e d ia t e ly  b y p a s s e d  to  p r e v e n t  a n y  e x c e s s  w a t e r  fr o m  p a s s in g  

th r o u g h  th e  r e a c to r . T h e  r e a c to r  w a s  s l o w l y  d e p r e s s u r iz e d  fo r  p o l y w a x  

e n c a p s u la t io n ,  a n d  th e  s a m p le  w a s  s to r e d  in  in er t g a s  fo r  E X A F S /X A N E S  a n a ly s i s .

9 .3 .2  B E T  S u r f a c e  A r e a  a n d  P o r o s i t y  M e a s u r e m e n t
B r u n a u e r , E m m e tt , a n d  T e l le r  ( B E T )  (B r u n a u e r  e t  a l . ,  1 9 3 8 )  a n d  

B a rr e tt, J o y n e r ,  a n d  F la le n d a  (B J H  (B a r r e tt  e t  a l . ,  1 9 5 1 ) )  m e a s u r e m e n t s  f o r  b o th  

s u p p o r ts  a n d  c a lc in e d  c a ta ly s t s  w e r e  c a r r ie d  o u t  u s in g  a M ic r o m e r i t ic s  T r i-S ta r  

s y s t e m . P r io r  to  a d s o r p t io n  m e a s u r e m e n t s ,  s a m p le s  w e r e  g r a d u a lly  r a m p e d  to  1 6 0  

° c  a n d  e v a c u a t e d  to  a p p r o x im a t e ly  5 0  m T o r r  fo r  12 h .

9 .3 .3  T e m p e r a tu r e  P r o g r a m m e d  R e d u c t io n  (T P R )
T e m p e r a tu r e  p r o g r a m m e d  r e d u c t io n  (T P R )  p r o f i l e s  o f  c a l c in e d  

c a ta ly s t s  w e r e  r e c o r d e d  u s in g  a Z e t o n - A l t a m ir a  A M I - 2 0 0  u n it  e q u ip p e d  w i t h  a  

th e r m a l c o n d u c t iv i t y  d e t e c t o r  ( T C D ) .  S a m p le s  w e r e  p r e tr e a te d  b y  p u r g in g  w it h  

a r g o n  f l o w  a t 3 5 0  ° c  t o  r e m o v e  t r a c e s  o f  w a te r . T h e  T P R  w a s  p e r fo r m e d  u s i n g  a  

1 0 % H 2/A r  g a s  m ix t u r e  ( r e f e r e n c e d  to  a r g o n )  at a  f l o w  ra te  o f  3 0  c m 3/m in .  T h e  

c a ta ly s t  s a m p le s  w e r e  h e a t e d  fro m  5 0  to  1 1 0 0  ๐c .  In th e  c a s e  o f  C o /C a lg o n  c a r b o n ,



189

a n  u p p e r  te m p e r a tu r e  l im i t  o f  8 0 0  ๐c  w a s  s e t  d u e  t o  th e  d e g r a d a t io n  o f  C a lg o n  

c a r b o n  at h ig h e r  te m p e r a tu r e .

9 .3 .4  H y d r o g e n  C h e m is o r p t io n  a n d  O x y g e n  P u ls e  R e o x id a t io n
H y d r o g e n  c h e m is o r p t io n  w a s  c o n d u c t e d  u s in g  te m p e r a tu r e  

p r o g r a m m e d  d e s o r p t io n  ( T P D ) .  a ls o  m e a s u r e d  w it h  a  Z e t o n - A l t a m ir a  A M I - 2 0 0  

in s tr u m e n t . T h e  s a m p le  w e ig h t  w a s  t y p ic a l ly  - 0 . 2 2 0  g . C a ta ly s t s  w e r e  a c t iv a t e d  

u s in g  a 1 :2  H 2/A r  m ix t u r e  a t a to ta l H o w  ra te  o f  3 0  c m 3/m in  at d i f f e r e n t  r e d u c t io n  

te m p e r a tu r e s ., ( i . e . ,  4 0 0  ๐c  fo r  P t - C o /A l 2 0 3 , 5 5 0  ° c  fo r  C o / A 12C>3 , a n d  5 0 0  ๐c  fo r  

C o /C a lg o n  c a r b o n )  fo r  1 0  h  a n d , th e n , c o o le d  to  1 0 0  ° c  u n d e r  f l o w in g  I {2. T h e  

c a t a ly s t  s a m p le  w a s  h e ld  a t 1 0 0  ° c  a n d  p u r g e d  w ith  a r g o n  to  r e m o v e  a n d /o r  p r e v e n t  

a d s o r p t io n  o f  w e a k ly  b o u n d  h y d r o g e n  s p e c ie s  p r io r  to  in c r e a s in g  th e  te m p e r a tu r e  

s l o w l y  to  th e  a c t iv a t io n  te m p e r a tu r e  o f  e a c h  c a ta ly s t  ( e .g . ,  4 0 0  ° c ,  5 0 0  ๐c ,  o r  5 5 0  ๐c ,  

r e s p e c t iv e ly ) .  A t  th a t te m p e r a tu r e , th e  s a m p le  w a s  h e ld  u n d e r  T o w i n g  a r g o n  to  

d e s o r b  a n y  r e m a in in g  c h e m is o r b e d  h y d r o g e n  u n til th e  T C D  s ig n a l  r e tu r n e d  to  th e  

b a s e l in e .  T h e  T P D  s p e c tr u m  w a s  in te g r a te d  a n d  th e  n u m b e r  o f  m o l e s  o f  h y d r o g e n  

d e s o r b e d  w a s  d e te r m in e d  b y  c o m p a r in g  its  a rea  a g a in s t  th e  a r e a  o f  c a l ib r a te d  

h y d r o g e n  p u ls e s .  T h e  lo o p  v o lu m e  w a s  f ir s t  d e te r m in e d  b y  e s t a b l i s h in g  a  c a l ib r a t io n  

c u r v e  w ith  s y r in g e  i n j e c t io n s  o f  h y d r o g e n  in  h e liu m  H o w . U n c o r r e c t e d  C o  c lu s t e r  

s i z e  w a s  c a lc u la t e d  b y  ig n o r in g  th e  p e r c e n t a g e  o f  C o  r e d u c t io n , w i t h  th e  a s s u m p t io n  

o f  a- 1:1 H : C o  s t o ic h io m e t r ic  ra tio  a n d  a  s p h e r ic a l  c o b a lt  c lu s t e r  m o r p h o lo g y ,  
r e s p e c t iv e ly .  A f te r  T P D  o f  h y d r o g e n , th e  s a m p le  w a s  r e o x id iz e d  at th e  a c t iv a t io n  

t e m p e r a tu r e  u s in g  p u l s e s  o f  o x y g e n  in  h e l iu m . A f te r  o x id a t io n  o f  th e  c o b a lt  m e ta l  
c lu s t e r s ,  th e  n u m b e r  o f  m o le s  o f  o x y g e n  c o n s u m e d  w a s . d e t e r m in e d ,  a n d  th e  

p e r c e n t a g e  o f  r e d u c t io n  w a s  c a lc u la te d  b y  a s s u m in g  th a t th e  C o O r e o x id iz e d  to  

C 0 3 O 4 .  B y  in c lu d in g  th e  p e r c e n ta g e  o f  C o  r e d u c e d  in  th e  c a lc u la t io n ,  th e  c o r r e c te d  

C o  c lu s te r  s i z e  w a s  o b t a in e d .  F u r th er  d e ta i l s  o f  th e  p r o c e d u r e  a re  p r o v id e d  

e l s e w h e r e  ( J a c o b s  e t  a h , 2 0 0 2 ) .  T h e r e  i s ,  h o w e v e r ,  a n  e x c e p t io n  in  th e  c a s e  o f  th e  

C o /C a lg o n  c a r b o n  c a ta ly s t .  T h e  o x y g e n  p u ls e  r e o x id a t io n  e x p e r im e n t  w a s  n o t  

p o s s i b l e  b e c a u s e  C a lg o n  c a r b o n  m a te r ia l  o x id iz e d  u n d e r  o x y g e n  p u l s e s  at h ig h  

te m p e r a tu r e . F o r  th at c a s e ,  o n ly  u n c o r r e c te d  C o  c lu s te r  s i z e  is  r e p o r te d . In a d d it io n ,  
th e  c o n t r ib u t io n  o f  Pt to  th e  c h e m is o r p t io n  d a ta  w a s  n e g le c t e d .  P r e v io u s  E X A F S
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e x p e r im e n t s  c o n f ir m e d  th a t P t i s  a s s o c ia t e d  w ith  C o  at th e  a t o m ic  l e v e l ,  w i t h  n o  P t-P t  

b o n d s  b e in g  d e t e c t e d  e v e n  a t C o /P t  r a tio s  a s  l o w  a s  9  ( G u c z i  e t  a h , 2 0 0 2 ) .  H e r e , th e  

w o r s t  c a s e  s c e n a r io  is  th a t o f  th e  0 .5 % P t-2 % C o  c a ta ly s t s ,  b u t e v e n  fo r  th a t c a s e  th e  

C o /P t  r a t io s  a re  h ig h  a n d  g r e a te r  th a n  1 3 . T h u s ,  it is  a s s u m e d  th at Pt is  in c o r p o r a te d  

in to  th e  C o  p a r t ic le s  ( i . e . ,  c o n s id e r in g  th a t o n ly  P t -C o  b o n d in g  h a s  o n ly  b e e n  

o b s e r v e d  p r e v io u s ly  b y  E X A F S ) ,  a n d  th u s  it s  c o n tr ib u t io n  to  th e  m e ta l  s i t e  d e n s i t y  

w a s  a s s u m e d  to  b e  v e r y  m in o r .

9 .3 .5  X - r a y  A b s o r p t io n  N e a r  E d tze S tr u c tu r e  a n d  E x te n d e d  X -r a y
A b s o r p t io n  F in e  S tr u c tu r e  ( X A N E S /E X A F S )
X A S  m e a s u r e m e n t s  o n  c a t a ly s t s  a s  w e l l  a s  r e f e r e n c e s  w e r e  c o n d u c t e d  

at th e  N a t io n a l  S y n c h r o tr o n  L ig h t  S o u r c e  ( N S L S )  at B r o o k h a v e n  N a t io n a l  

L a b o r a to r y  ( b e a m lin e  X - 1 8 b ) ,  U p t o n ,  N e w  Y o r k . S o m e  p r e lim in a r y  m e a s u r e m e n t s  

w e r e  a ls o  c o n d u c t e d  a t A r g o n n e  N a t io n a l  L a b o r a to r y ’ s A d v a n c e d  P h o t o n  S o u r c e .  
T h e  b e a m l in e  at N S L S  w a s  e q u ip p e d  w ith  a  S i ( l  1 1 ) c h a n n e l- c u t  m o n o c h r o m a t o r .  A  

c r y s ta l  d e tu n in g  p r o c e d u r e  w a s  e m p lo y e d  t o  p r e v e n t  g l i t c h e s  a r is in g  f r o m  h a r m o n ic s .  
T h e  s e c o n d  c r y s ta l  o f  th e  c h a n n e l- c u t  m o n o c h r o m a t o r  is  w e a k ly  l in k e d  to  th e  c r y s ta l  
a n d  s l i g h t ly  s p r in g  lo a d e d . T h e  o th e r  s id e  is  a  p ic o m o t o r ,  a v e r y  f in e  h ig h - p i t c h  

s c r e w  th at tu r n s  b y  p ie z o ,  w h i c h  a l lo w s  fo r  s l ig h t  d e tu n in g  o f  th e  c r y s ta l .  T h e  X -r a y  

r in g  a t th e  N S L S  h a s  a  f lu x  o f  1 X 1 0 10 p h o t o n s  ร' 1 at 1 0 0  m A  a n d  2 .5  G e V ,  a n d  th e  

e n e r g y - r a n g e  c a p a b i l i t y  at X I  8 b is  5 .8 - 4 0  k e V .  A l l  c a ta ly s t  s a m p le s  w e r e  p r ep a red  at 

C A E R  in  th e  fo r m  o f  c a ta ly s t  p a r t ic le s  e m b e d d e d  in  p o ly w a x  ( i .e . .  w i t h  s to r a g e  in  

in e r t  g a s )  a s  p r e v io u s ly  d e s c r ib e d .  X A N E S /E X A F S  s p e c tr a  w e r e  r e c o r d e d  at th e  

c o b a l t  K - e d g e  ( 7 .7 0 9  k e V )  in  tr a n s m is s io n  m o d e  a n d  a C o  m e t a l l i c  f o i l  s p e c tr u m  w a s  

m e a s u r e d  s im u l t a n e o u s ly  w i t h  e a c h  s a m p le  s p e c tr u m  fo r  th e  p u r p o s e  o f  e n e r g y  

c a l ib r a t io n .
X A N E S  s p e c tr a  w e r e  p r o c e s s e d  u s in g  th e  W in X A S  p r o g r a m . A  

s im u l t a n e o u s  p r e -  a n d  p o s t - e d g e  b a c k g r o u n d  r e m o v a l  s te p  w a s  c a r r ie d  o u t  u s in g  2  

p o ly n o m ia ls  ( d e g r e e  2 )  o v e r  th e  r a n g e s  7 .6 3 - 7 .6 7  a n d  7 .7 9 - 8 .6 8  k e V ,  r e s p e c t iv e ly ,  
a n d  th e  r e s u lt in g  s p e c tr a  w e r e  n o r m a l iz e d  b y  d iv id in g  b y  th e  h e ig h t  o f  th e  a b s o r p t io n  

e d g e .  N o r m a l i z e d  X A N E S  s p e c tr a  w e r e  c o m p a r e d  w i t h  t h o s e  o f  r e f e r e n c e s .  In  

a d d it io n  to  a  b u lk  C o O  r e fe r e n c e  c o m p o u n d  s p e c tr u m , a  c a t a ly s t  s p e c tr u m
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r e p r e s e n t in g  C o O  in  1 5 % C o /A l 2 0 3  c a ta ly s t  ( i . e . ,  fr o m  a T P R - X A N E S  ru n  p r e v io u s ly  

c o n d u c t e d  at A r g o n n e  ( J a c o b s  e t  a l . ,  2 0 0 7 ) )  w a s  a l s o  u s e d  a s  a  r e fe r e n c e  s p e c t r u m , a s  

it i s  a  m o r e  r e le v a n t  r e fe r e n c e  s p e c tr u m  fo r  in v e s t ig a t in g  C o O  fo r m a t io n  in  th e  

w o r k in g  C 0 /A I 2O 3 c a ta ly s t .  X A N E S  s p e c tr a  o f  b o th  r e d u c e d  a n d  F T S  s a m p le s  o f  

e a c h  c a t a ly s t  w e r e  d ir e c t ly  c o m p a r e d  in  o r d e r  to  d e te r m in e  w h e t h e r  th e  f r e s h ly  

r e d u c e d  C o 0 u n d e r g o e s  a n y  o x id a t io n  a t th e  o n s e t  o f  F T S .
D a ta  r e d u c t io n  o f  E X A F S  s p e c tr a  w a s  a ls o  p e r fo r m e d  u s in g  W in X A S .  

F o l l o w in g  th e  n o r m a l iz a t io n  p r o c e d u r e  p r e v io u s ly  d e s c r ib e d ,  s p e c tr a  w e r e  c o n v e r t e d  

to  k - s p a c e  a n d  a  k  w e i g h t i n g  o f  1 w a s  u s e d . A n  a d v a n c e d  c u b ic  w e ig h t e d  s p l i n e  o v e r  

3 s e c t i o n s  o f  th e  2 - 1 4  Â ' 1 r a n g e  w a s  u s e d  to  r e m o v e  th e  b a c k g r o u n d  o f  th e  x (k )  

f u n c t io n .  F in a lly ,  th e  k l - w e i g h t e d  r e s u lts  w e r e  F o u r ie r  tr a n s fo r m e d  to  R - s p a c e  u s in g  

a  B e s s e l  w in d o w .  T o  q u a n t ify  th e  c h a n g e s  in  C o - 0  a n d  C o - C o  c o o r d in a t io n  n u m b e r ,  
f i t t in g  o f  th e  s p e c tr a  in  k  s p a c e  w a s  c a rr ied  o u t  u s in g  F E F F I T . T h e  k -r a n g e  u s e d  w a s  

fr o m  2  to  14  Â  '. T h e o r e t ic a l  E X A F S  w e r e  g e n e r a te d  u s in g  F E F F  fo r  m o d e l  c o b a lt  

m e ta l  a n d  C o O  c r y s ta l  p a r a m e te r s  g e n e r a te d  b y  A T O M S . In o r d e r  to  u s e  

c o o r d in a t io n  n u m b e r  a s  a  f i t t in g  p a r a m e te r , S o2 w a s  a s s u m e d  to  b e  0 .9  b y  th e  z e r o th  

o r d e r  a p p r o x im a t io n .  T h e  o th e r  f i t t in g  p a r a m e te r s  u t i l i z e d  b y  F E F F T 1 in c lu d e d  ih e  

o v e r a l l  Eo s h if t  e 0 a p p lie d  to  e a c h  p a th , an  i s o t r o p ic  e x p a n s io n  c o e f f i c i e n t  a  w h ic h  is  

m u lt ip l i e d  b y  th e  n o m in a l  le n g th  o f  e a c h  p a th , a n d  th e  D e b y e - W a l le r  fa c to r ,  G2.

9 .4  R e s u lt s  a n d  D is c u s s io n

9 .4 .1  B E T  S u r fa c e  A r e a  a n d  P o r o s ity  M e a s u r e m e n t s  

T h e  r e s u lt s  o f  s u r f a c e  a rea  a n d  p o r o s i t y  d a ta  m e a s u r e d  b y  N 2 a d s o r p t io n - d e s o r p t io n  

at 7 7  K  a re  s h o w n  in  T a b le  9 .1 .  T h e  y -a lu m in a  s u p p o r t  i s  a  m e s o p o r o u s  m a te r ia l  (2  

n m  <  D  <  5 0  n m ) a n d  a c t iv a t e d  C a lg o n  c a r b o n  is  a  m ic r o p o r o u s  m a te r ia l  ( D  <  2  n m ) ,  
a n d  th e  r e s u lt s  o f  B E T  m e a s u r e m e n t s  c o n f ir m  t h e s e  c h a r a c te r is t ic s .  In c o m p a r is o n ,  
th e  B E T  s u r fa c e  a r e a  o f  C a lg o n  c a r b o n  is  f i v e f o ld  h ig h e r  th a n  th a t o f  a lu m in a ,  w h i l e  

th e  a v e r a g e  p o r e  d ia m e te r  i s  o n e - f i f t h  th at o f  a lu m in a . C o n s id e r in g  th e  C 0 /A I 2O 3 

c a t a ly s t s ,  at l o w  c o b a l t  lo a d in g  ( 2 ,  5 % ) th e  e f f e c t  o f  c o b a lt  o x id e  o n  s u r f a c e  a r e a  o f  

a lu m in a  su p p o r t  is  n o t  s ig n i f ic a n t ,  a s  e x p e c t e d ,  b u t a  d e c r e a s e  w a s  o b s e r v e d  a t th e  

h ig h e r  lo a d in g  o f  1 0 % C o . F J o w e v e r , a lth o u g h  a  d r o p  in  s u r f a c e  a rea  w a s  o b t a in e d ,  it
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i s  s t i l l  h ig h e r  th a n  th e  e x p e c t e d  c a lc u la t e d  v a lu e ;  th a t is ,  a 1 0 % C o /A l 2C>3 c a t a ly s t  

c o r r e s p o n d s  to  1 3 .6  %  b y  w e ig h t  o f  C 0 3 O 4 . A s s u m i n g  th a t A I 2O 3 is  t h e  o n ly  

c o n t r ib u to r  to  th e  s u r f a c e  a rea , th e n  th e  a rea  o f  1 0 % C o /A l 2O 3 c a ta ly s t  s h o u ld  b e  

0 .8 6 3 8  X 1 9 7  =  1 7 0  m 2/ g .  T h e  m e a s u r e d  v a lu e  is  1 8 1 .9  m 2/ g ,  s o  p o r e  b lo c k in g  is  n o t  

d e e m e d  to  b e  a  s ig n i f ic a n t  i s s u e .  A d d in g  0 .5 % P t p r o m o te r  t o  C 0 /A I 2O 3 d id  n o t  

m e a s u r a b ly  c h a n g e  th e  B E T  s u r f a c e  a r e a  a n d  p o r o s i t y  p r o p e r t ie s  o f  th e  C 0 / A I 2O 3 

x a t a ly s t s .  F o r  0 .5 % P t - 2 % C o /C a lg o n  c a r b o n , n o  s ig n i f ic a n t  c h a n g e s  in  B E T  s u r f a c e  

a rea  a n d  p o r o s i t y  p r o p e r t ie s  w e r e  o b s e r v e d  c o m p a r e d  to  t h o s e  o f  th e  C a lg o n  c a r b o n  

su p p o r t .



T a b l e  9 . 1  T h e  r e s u lt s  o f  B E T  s u r f a c e  a r e a  a n d  p o r o s i t y  m e a s u r e m e n t s  a n d  H 2 c h e m is o r p t io n /C B  p u l s e  r e o x id a t io n  r e s u lt s  o f  s u p p o r t s  
a n d  c a t a ly s t s

Catalyst BET SA,
m2/g

Pore vol. 
(single 
point), 
cm'Vg

Avg.
pore rad., 

11m

Reduced
T (๐C)

h2
desorbed 

per gcat, 
pmol/g

บทcorr.
Co
avg.

diam., ททา

02 uptake

per geai! 
pmol/g

% Red.of
Co

Corr. 
Co avg. 
diam., 
nm

Catalox 200 y-AI203 197 0.473 5.0 - - - - - -
Calgon carbon 1 102 0.583 1.1 - - - - » -
0.5%Pt -2%Co/A1203 208 0.438 4.2 400 78 2.3 35 16 0.4
0.5%Pt- 5%Co/Al203 200 0.425 4.4 400 79 5.5 342 61 3.4
0.5 % Pt-10%Co/A 1203 180 0.369 4.3 400 115 7.6 792 70 5.3
2%Co/AI203 208 0.444 4.3 550 32 5.4 20 9 0.5
5%Co/A1203 199 0.414 4.2 550 43 10.2 278 49 5.0
10%Co/A12O3 182 • 0.374 4.1 550 80 1 1.0 656 58 6.4
0.5%Pt-2%Co/Calgon
carbon*

1005 '0.534 1.1 500 43 4.1 - - -

* 0 2 p u l s e  r e o x i d a t i o n  c a n n o t  b e  a p p l i e d  f o r  C o / C a l g o n  c a r b o n  c a t a l y s t  d u e  t o  o x i d a t i o n  o f  C a l g o n  c a r b o n  s u p p o r t .
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9 .4 .2  C a ta ly s t  R e d u c ib i l i t v
F ig u r e  9 .1  s h o w s  th e  T P R  p r o f i l e s  o f  a ll  c a t a ly s t s .  C o n s id e r in g  u n p r o m o te d  5 %  a n d  

1 0 % C o /A 1 2O 3 c a t a ly s t s ,  th e ir  T P R  p r o f i l e s  c o n t a in  4  m a jo r  p e a k s ;  th e  f ir s t  p e a k  

( —2 7 0  ๐C )  a n d  th e  s e c o n d  b r o a d  p e a k  ( - 5 0 0  ° C )  a re  t y p ic a l ly  d u e  to  C 0 3 O 4 —> C o O  

a n d  C o O  —» C o 0, r e s p e c t iv e ly  ( J a c o b s  e t  a h , 2 0 0 7 ) ,  a n d  th e  th ird  p e a k  ( ~  6 7 0  ๐C )  

a p p e a r in g  a s  a s h o u ld e r  o f  th e  s e c o n d  p e a k  is  l ik e ly  a  v e r y  s m a ll  C o O  s p e c ie s  

in te r a c t in g  w ith  th e  su p p o r t . The fo u r th  p e a k  at h ig h  te m p e r a tu r e  ( 9 6 0  ๐c  fo r  5 % C o  

a n d  9 2 0  ๐c  fo r  1 0 % C o )  is  a t tr ib u te d  to  th e  d e c o m p o s i t io n  o f  C 0 A I 2O 4 (W a n g  e t  a h ,  
1 9 9 1 ) .  In 2 % C o / A F 0 3 , o n ly  t w o  p e a k s  a r e  p r e s e n t  at 2 6 0  ๐c  a n d  9 9 0  ๐c .  T h e  f ir s t  

o n e  r e p r e s e n ts  th e  t r a n s fo r m a t io n  o f  C 0 3 O 4 to  C o O  a n d  th e  o n e  at h ig h  te m p e r a tu r e  

in d ic a t e s  th e  p r e s e n c e  o f  C 0 A I 2O 4, p e r h a p s  s u g g e s t in g  th a t a  f r a c t io n  o f  th e  C o O  

fo r m e d  r e a c te d  w i t h  A I 2O 3 . I n te r e s t in g ly ,  a t 2 % C o  lo a d in g ,  H 2 r e d u c t io n  d o e s  n o t  

s u c c e s s f u l ly  p r o d u c e  an a d e q u a te  fr a c t io n  o f  C o  m e ta l d u e  to  th e  s t r o n g  in te r a c t io n  

b e t w e e n  C o  a n d  th e  a lu m in a  su p p o r t . F J o w e v e r , at h ig h e r  l o a d in g s  o f  5 %  a n d  

1 0 % C o , th e  C o  c o n t e n t  is  h ig h  e n o u g h  to  w e a k e n  th e  s u p p o r t  in t e r a c t io n ,  th u s  

a l l o w i n g  fo r  a  u s e f u l  fr a c t io n  o f  C o  m e ta l  to  b e  fo r m e d . P t p r o m o te r  im p r o v e d  th e  

r e d u c ib i l i t y  o f  c o b a l t  o x id e s  ( G u c z i  e t  a h , 2 0 0 2 ;  J a c o b s  e t  a h , 2 0 0 4 ;  J a c o b s  e t  a h ,  
2 0 0 2 ;  J a c o b s  e t  a h , 2 0 0 2 ;  L i e t  a h , 2 0 0 2 ) .  A l t h o u g h  P t e n h a n c e s  th e  r e d u c t io n  o f  

C 0 3 O 4 to  C o O  in  2 % C o /A 1 20 3, th e  s e c o n d  p e a k  o f  C 0 A L O 4 s t i l l  r e m a in e d  a n d  

a p p e a r s  at n e a r ly  th e  s a m e  te m p e r a tu r e  a s  th a t o f  th e  u n p r o m o te d  c a t a ly s t  ( 9 9 0  ° C ) .  
N e v e r t h e l e s s ,  fo r  th is  v e r y  l o w  C o  lo a d in g  c a ta ly s t ,  c h e m is o r p t io n  r e s u lt s  in d ic a t e  

th a t  a  s m a ll  f r a c t io n  o f  C o O  d o e s  r e d u c e  a n d  fo r m  h ig h ly  d is p e r s e d  C o 0, w h i l e  it a ls o  

a p p e a r s  th at a  fr a c t io n  o f  C o O  r e a c ts  w it h  th e  su p p o r t , c o n t r ib u t in g  to  th e  C 0 A I 2O 4 

p e a k  in  T P R . F o r  P t p r o m o te d  _ 2 % C o /C a lg o n , its  T P R  p r o f i le  a l s o  s h o w s  th e  

p r o g r e s s io n  o f  C 0 3 O 4 a n d  C o O  r e d u c t io n  w ith  in c r e a s in g  r e d u c t io n  t e m p e r a tu r e .  
O v e r la p p in g  o f  th e  r e d u c t io n  p e a k s  in d ic a t e s  th a t C o O  g e n e r a te d  fr o m  th e  fir s t s t e p  

o f  r e d u c t io n  p r o m p t ly  c o n t in u e s  to  b e  r e d u c e d  to  C o  m e ta l .  N o t e  th a t th e  p r o f i l e  fo r  

t h is  c a ta ly s t  d o e s  n o t  p r o c e e d  b e y o n d  8 0 0  ๐c  d u e  to  r e a c t io n  o f  th e  C a lg o n  c a r b o n  

s u p p o r t  m a te r ia l;  h o w e v e r ,  it i s  n o t  n e c e s s a r y  to  p r o c e e d  to  h ig h e r  t e m p e r a tu r e s  s in c e  

th e  p e a k s  o f  in te r e s t  fa ll  w i t h in  th e  d e s ir e d  r a n g e  o f  th e  T P R  te m p e r a tu r e s  s e l e c t e d .  
S o m e  d e c o m p o s i t io n  o f  th e  s u p p o r t  b e l o w  6 0 0  ๐c ,  p e r h a p s  d u e  to  th e r m a l  
d e c o m p o s i t io n  o f  o x y g e n a t e  g r o u p s ,  c a n n o t  b e  r u le d  o u t .  I n te r e s t in g ly ,  th e  a d d it io n
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o f  P t d id  n o t  s h i f t  th e  p e a k s  to  th e  s a m e  e x t e n t  a s  o b s e r v e d  w it h  th e  c o b a l t /a lu m in a  

c a t a ly s t s .  T h is  m a y  b e  d u e  to  in te r a c t io n  b e t w e e n  c o b a lt  a n d  o x y g e n a t e  g r o u p s  o n  th e  

u ltr a -h ig h  s u r fa c e  a r e a  su p p o r t  o r  p o r o u s  e f f e c t s .  N e v e r t h e le s s ,  o n e  a d v a n t a g e  o f  

u t i l i z in g  c a r b o n  w a s  th e  a p p a r e n t  la c k  o f  f o r m a t io n  o f  c o b a l t  s u p p o r t  c o m p o u n d s  

( w h ic h  w a s  o b s e r v e d  in  th e  c a s e  o f  a lu m in a  s u p p o r te d  c o b a lt ) .  T h is  is  e v id e n t  fr o m  

th e  h ig h  d e g r e e  o f  r e d u c t io n  o b s e r v e d  in  X A N E S  sp e c tr a  ( to  b e  d i s c u s s e d ) .

F i g u r e  9 . 1  C o m p a r a t iv e  T P R  s p e c tr a  o f  u n p r o m o te d  C 0 / A I 2O 3 c a t a ly s t s ,  P t 

p r o m o t e d  C o /A E C E c a ta ly s t s ,  a n d  P t p r o m o te d  C o /C a lg o n  c a r b o n  c a ta ly s t .
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9 .4 .3  C o b a lt  S i t e  D e n s i t y  a n d  S iz e
H y d r o g e n  c h e m is o r p t io n  a n d  o x y g e n  p u ls e  r e o x id a t io n  r e s u lt s  a re  

ta b u la te d  in  T a b le  9 .1 .  T h e  r e d u c t io n  te m p e r a tu r e  a p p lie d  to  e a c h  c a ta ly s t  w a s  b a se d  

o n  th e  T P R  r e s u lt s  in  F ig u r e  9 .1  ( e .g . ,  4 0 0  °c  fo r  Pt p r o m o te d  C 0 /A I 2O 3 , 5 0 0  °c  fo r  

P t p r o m o t e d  C o /C a lg o n ,  a n d  5 5 0  ๐c  fo r  u n p r o m o te d  C 0 / A F O 3) . A s  e x p e c t e d ,  th e  %  

r e d u c t io n  o f  c o b a lt  o x id e  a n d  C o  d is p e r s io n  w e r e  im p r o v e d  in  C 0 /A I 2O 3 c a ta ly s t s  

a fte r  a d d in g  th e  P t p r o m o te r .  T h e  C o  c lu s te r  s i z e  d e c r e a s e d  s l ig h t ly  in  P t p r o m o te d  

5 %  a n d  1 0 % C o /A l 2C>3 c o m p a r e d  w it h  t h o s e  o f  u n p r o m o te d  c a t a ly s t s  at th e  s a m e  C o  

c o n t e n t s .  T h is  is  l ik e l y  d u e  to  th e  fa c t  th a t P t a s s i s t s  in  r e d u c in g  m o r e  s tr o n g ly  

in te r a c t in g  s p e c ie s ,  w h i c h  te n d  to  b e  s m a lle r .  A t  a  lo w  C o  lo a d in g  o f  2 % , th e r e  is  n o  

s ig n i f ic a n t  c h a n g e  in  C o  c lu s te r  s i z e  ( 0 .5  v s  0 .4  11111) a fte r  a d d in g  P t p r o m o te r  in  s p ite  

o f  a n  in c r e a s e  in  %  r e d u c t io n . M o v in g  to  P t p r o m o te d  C o /C a lg o n  c a r b o n  c a ta ly s t ,  
a lt h o u g h  p e r c e n ta g e  c o b a l t  o x id e  r e d u c t io n  a n d  c o r r e c te d  C o  c lu s t e r  s i z e  c a n n o t  b e  

e s t im a t e d ,  th e  u n c o r r e c te d  v a lu e s  p r o v id e  an  u p p e r  l im it  to  a v e r a g e  C o  d ia m e te r .  
W ith  th e  a im  o f  th is  w o r k  b e in g  to  in v e s t ig a t e  th e  s u s c e p t ib i l i t y  o f  s m a ll  c o b a lt  

c r y s t a l l i t e s  to  r e o x id a t io n  at th e  o n s e t  o f  F T  r e a c t io n  at 5 0 %  C O  c o n v e r s io n ,  th e s e  

a c t iv a t io n  te m p e r a tu r e s  a re  d e e m e d  a p p r o p r ia te .

9 .4 .4  X -r a y  A b s o r p t io n  N e a r  E d g e  S tr u c tu r e  ( X A N E S )
F ig u r e  9 .2  s h o w s  n o r m a l iz e d  X A N E S  s p e c tr a  o f  r e fe r e n c e  c o m p o u n d s  

( e .g . ,  C 0 3 O 4 , C o O , C 0 A I 2O 4, a n d  C o 0 f o i l ) . ' A  m a jo r  c h a r a c te r is t ic  o f  C o (> is  th e  e d g e  

p e a k  a t 7 7 0 9  e V .  In th e  o x id e  r e f e r e n c e s ,  p r e - e d g e  fe a tu r e s  a re  a s s o c ia t e d  w ith  

s y m m e t r y  e f f e c t s  in  th e  e n v ir o n m e n t  o f  c o b a lt  a n d  a re  d u e  to  I s  —> 3 d  tr a n s it io n s  

( J a c o b s  e t  a l . ,  2 0 0 7 ) .  T h e  o x id ic  r e fe r e n c e  c o m p o u n d s  (C 0 3 O 4 . C o O , a n d  C 0 A I 2O 4) 

d is p la y  a  s tr o n g e r  a b s o r p t io n  w h i t e  l in e  w ith  u n iq u e  sp e c tr a l  f e a tu r e s  b e c a u s e  c o b a lt  

a t o m s  a re  in  d i f f e r e n t  C o - 0  e n v ir o n m e n t s  a n d  o x id a t io n  s ta te s .  T h e  p r e -e d g e  

in t e n s i t y  o f  te tr a h e d r a l c o b a lt  e n v ir o n m e n t s  is  s t r o n g e r  th a n  th a t  o f  o c ta h e d r a l  c o b a lt  

e n v ir o n m e n t s  ( B a z in  e t  a l . ,  2 0 0 0 ;  Z a y a t  et a l . ,  2 0 0 0 ) .  A  p r e - e d g e  fe a tu r e  is  o b s e r v e d  

in  a ll  o x id e  c o m p o u n d s .  C 0 3 O 4 is  a  s p in e l  s tr u c tu r e , w ith  o n e - th ir d  o f  th e  C o 2+ 

o c c u p y i n g  te tr a h e d r a l s i t e s  a n d  t w o - th ir d s  o c c u p y i n g  o c ta h e d r a l  s i t e s  ( 2 C o 3+), s u c h  

th at th e  p r e - e d g e  fe a tu r e  r e p r e s e n ts  a  c o m b in a t io n  o f  th e  m o r e  in te n s e  te tr a h e d r a l  
p e a k  a n d  th e  w e a k e r  o c ta h e d r a l  p e a k  (J a c o b s  e t  a l . ,  2 0 0 7 ) ;  C o O  c o n s i s t s  o f  C o 2+
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o c t a h e d r a l ly  c o o r d in a t e d  w ith  o x y g e n  (J a c o b s  e t  a h , 2 0 0 7 ;  S a ib  e t  a h , 2 0 0 6 ) ; w h e r e a s  

a n d , C 0 A I 2O 4 i s  a n o r m a l  s p in e l  w it h  C o 2+ io n s  in  te tr a h e d r a l s i t e s  ( S a ib  e t  a h , 2 0 0 6 ;  

Z a y a t  e t  a h , 2 0 0 0 ) .  T h e r e f o r e ,  th e  in te n s ity  o f  p r e - e d g e  f e a tu r e s  f o l l o w s  th e  o rd er:  

C 0 A H O 4 >  C 0 3O 4 >  C o O . X A N E S  s p e c tr a  o f  s u p p o r te d  C o O  d is p la y  a  w e a k  p r e 
e d g e  f e a tu r e .  M o r e o v e r ,  th e  w h i t e  l in e  in t e n s it y  a n d  X A N E S  s h a p e  a re  d ir e c t ly  

in d ic a t iv e  o f  e a c h  c o b a l t  o x id e  s p e c ie s .  It i s  r e a d ily  o b s e r v e d  th a t th e  w h i t e  l in e  

in t e n s i t y  in  X A N E S  s p e c tr a  o f  s u p p o r te d  C o O  i s  h ig h e r  th a n  th a t o f  th e  C o O  

r e f e r e n c e  c o m p o u n d . T h is  m a y  b e  a ttr ib u te d  to  e le c t r o n  d e f i c i e n c i e s  d u e  to  a  s u p p o r t  

e f f e c t  (J a c o b s  e t  a h , 2 0 0 7 ) .  H e n c e ,  th e  w h i t e  l in e  in  th e  c a t a ly s t  s p e c tr u m  w i l l -  

p r o v id e  a  g o o d  in d ic a t io n  a s  to  w h e t h e r  o x id a t io n  o c c u r s  in  C 0 /A I 2O 3 at th e  o n s e t  o f  

th e  F T S  ru n  m im ic k in g  5 0 %  C O  c o n v e r s io n .

F ig u r e  9 .2  N o r m a l iz e d  X A N E S  s p e c tr a  o f  r e f e r e n c e  c o m p o u n d s .
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F ig u r e  9 .3  C o m p a r a t iv e  n o r m a l iz e d  X A N E S  s p e c tr a  o f  ( s o l id  l in e )  r e d u c e d  s a m p le  

a n d  ( d a s h e d  l in e )  F T S  s a m p le  o f  P t -C o /A E C b , C 0 / A I 2 O 3 ,  a n d  P t - C o /C a lg o n  c a r b o n  

c a t a ly s t s .
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R ( A n g s t r o m s )

Figure 9.4 T h e  k ' - W e ig h t e d  F o u r ie r  t r a n s fo r m  m a g n i t u d e  o f  C o  K - e d g e  E X A F S  

s p e c tr a  o f  r e f e r e n c e  c o m p o u n d s ,  c a t a ly s t  s a m p le s  a f te r  r e d u c t io n  ( s o l i d  l in e ) ,  a n d  

c a t a ly s t  s a m p l e s  a fte r  e x p o s u r e  to  th e  o n s e t  o f  th e  F T S  c o n d i t io n s  m im ic k in g  5 0 %  

C O  c o n v e r s io n  (d a s h e d  l in e ) .
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X A N E S  m e a s u r e m e n t s  w e r e  p e r fo r m e d  fo r  r e d u c e d  a n d  F T S  s a m p le s  

o f  e a c h  c a t a ly s t  to  s tu d y  w h e t h e r  n a n o - s i z e d  c o b a l t  c r y s t a l l i t e s  o x i d i z e  u p o n  

s w i t c h in g  t o  F T S  c o n d i t io n s .  F ig u r e  9 .3  s h o w s  n o r m a l iz e d  X A N E S  s p e c tr a  o f  

r e d u c e d  a n d  F T S  s a m p le s  o f  e a c h  c a t a ly s t ,  in  w h ic h  s o l id  l in e s  r e p r e s e n t  r e d u c e d  

c a t a ly s t s  w h i l e  d a s h e d  l in e s  s h o w  th e  r e s u lt s  o f  F T S  s a m p le s .  T h e  w h i t e  l in e  

in te n s ity  o f  0 .5 % P t - 2 % C o /A l 2 O 3 a fte r  e x p o s u r e  to  F T S  c o n d i t io n s  is  s l i g h t ly  h ig h e r  

th a n  th at o f  th e  r e d u c e d  s a m p le .  It a p p e a r s  th a t th e r e  is  l i t t l e ' r e d u c t io n  d u r in g  

a c t iv a t io n ,  w h i l e  m o s t  o f  th e  c o b a l t  o x id e s  r e m a in  u n r e d u c e d . T h is  is  c o n s i s t e n t  w i t h  

th e  0 2 p u ls e  r e o x id a t io n  r e s u lt  th at s h o w s  th a t o n ly  - 1 6 %  C o  r e d u c t io n  is  a c h ie v e d  

w it h  th is  c a t a ly s t .  M o r e o v e r ,  a  lo w  p e a k  in t e n s it y  fo r  C o 0 a n d  an  in t e n s e  w h i t e  l in e  

in d ic a te  l o w  e x t e n t  o f  r e d u c t io n . N e v e r t h e l e s s ,  th e r e  i s  a  s m a ll  f r a c t io n  o f  r e d u c e d  C o  

th a t  b e c o m e s  o x id iz e d  a s  a s l i g h t ly  h ig h e r  w h i t e  l in e  in te n s ity  is  o b t a in e d  d u r in g  

F T S . M o v in g  t o  h ig h e r  C o  lo a d in g  c a t a ly s t s .  0 .5 % P t - 5 % C o /A I 2 O 3 a n d  0 .5 % P t-  

1 0 % C o /A l 2 O 3 , n o r m a liz e d  X A N E S  s p e c tr a  r e v e a l  th a t c o b a l t  in  th e  r e d u c e d  s a m p le s  

i s  m o s t ly  in  m e t a l l i c  fo r m . 1 0 % C o  d o e s  p r o v id e  m o r e  C o  m e ta l  th a n  5 % C o , a s  a  

s tr o n g e r  e d g e  p e a k  fo r  th e  m e ta l  i s  o b s e r v e d ,  a lo n g  w it h  a lo w e r  w h i t e  l in e  in te n s ity .  
F o l l o w in g  F T S  c o n d i t io n s ,  a  s ig n i f ic a n t  fr a c t io n  o f  C o  m e ta l  in  t h e s e  c a t a ly s t s  is  

o x id iz e d  a n d  a n  in c r e a s e  in  w h i t e  l in e  in t e n s it y  w it h  a  d e c r e a s e  in  th e  e d g e  p e a k  

in t e n s it y  fo r  m e t a l l i c  c o b a lt  is  c le a r ly  o b s e r v e d .  T h is  r e o x id a t io n  o f  C o  m e ta l  in to  

C o O  at th e  o n s e t  o f  F T S  is  b e c a u s e  th e  H 2 0 / ( H 2 + C 0 )  r a t io  is  h ig h  e n o u g h  to  o x i d i z e  

th e  s m a l le s t  o f  th e  C o 0  c r y s t a l l i t e s  ( H i lm e n  e t  a h , 1 9 9 9 ;  V a n  B e r g e  e t  a l . ,  2 0 0 0 ;  V a n  

S t e e n  e t  a l . ,  2 0 0 5 )  in  th e  s i z e  d is t r ib u t io n .
C o m p a r in g  th e  a c t iv a t e d  P t p r o m o te d  a n d  u n p r o m o te d  1 0 % C o /A 1 2 O 3 

c a t a ly s t s ,  th e  w h i t e  l in e  is  s ig n i f ic a n t ly  lo w e r  fo r  th e  Pt p r o m o te d  c a ta ly s t .  
R e o x id a t io n  o f  C o  m e ta l in  th e  u n p r o m o te d  c a ta ly s t  a l s o  o c c u r r e d , b u t th e  d i f f e r e n c e  

i s  g r e a te r  in  th e  c a s e  o f  th e  P t p r o m o te d  c a ta ly s t .  S in c e  P t f a c i l i t a t e s  th e  r e d u c t io n  o f  

m o r e  s t r o n g ly  in te r a c t in g  C o O  s p e c ie s ,  w h i c h  te n d  to  b e  s m a lle r ,  it i s  n o t  s u r p r is in g  

th a t th is  h ig h e r  d e n s i t y  o f  s m a l le r  s p e c ie s  w o u ld  b e  m o r e  s u s c e p t ib le  to  r e o x id a t io n .
It is  c le a r  th a t  C o  m e ta l  d o m in a t e s  in  th e  r e d u c e d  s a m p le  o f  0 .5 % P t-  

2 % C o /C a lg o n  c a r b o n ; a  c o m p a r is o n  w i t h  th e  0 .5 % P t-2 % C o /A l 2 O 3 c a t a ly s t  p r o v id e s  

a  t e s t im o n y  th a t  le s s  c o b a l t  s u p p o r t  c o m p o u n d  fo r m a t io n  o c c u r s  w ith  th e  

c o b a lt /c a r b o n  c a ta ly s t .  0 .5 % P t - 2 % C o /C a lg o n  c a r b o n  c a ta ly s t  a ls o  e x h ib i t e d
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r e o x id a t io n  o f  a  fr a c t io n  o f  C o 0  a fte r  s w i t c h in g  to  F T S  c o n d i t io n s .  A  h ig h e r  w h i t e  

l in e  in t e n s it y  in  n o r m a l iz e d  X A N E S  s p e c tr a  a n d  lo w e r  e d g e  p e a k  in t e n s i t y  fo r  

m e t a l l i c  C o 0 r e s u lt e d  a fter  s w i t c h i n g  to  F T S . T h u s , s m a ll  C o 0  c r y s t a l l i t e s  o f  c a t a ly s t s  

h a v in g  s u p p o r ts  th a t d o  n o t  g e n e r a l ly  fo r m  s ig n i f ic a n t  f r a c t io n s  o f  c o b a l t  s u p p o r t  

c o m p o u n d s  c a n  s t i l l  u n d e r g o  r e o x id a t io n .

9 .4 .5  E x t e n d e d  X -r a v  A b s o lu t io n  F in e  S tr u c tu r e  ( E X A F S )
E X A F S  r e s u lt s  in  F ig u r e  9 .4  a re  in  a g r e e m e n t  w ith  th e  X A N E S  r e s u lt s  

p r e v io u s ly  d i s c u s s e d .  Q u a li t a t iv e ly ,  in  r e d u c e d  s a m p le s  ( s o l i d  l in e ) ,  it i s  s u g g e s t e d  

th a t th e  p e a k  o f  C o - 0  c o o r d in a t io n  a p p e a r s  a s  a m in o r  s h o u ld e r  to  th e  C o - C o  m e ta l  

c o o r d in a t io n  p e a k  in  a ll c a t a ly s t s ,  e x c e p t  0 . 5 % P t-2 % C o /A l 2 O 3 . T h e  p r e s e n c e  o f  C o -  

o  b o n d in g  in d ic a t e s  th at th e  r e d u c e d  c a t a ly s t s  s t i l l  c o n t a in  a  m in o r  o x i d i z e d  c o b a lt  

c o m p o n e n t  ( e .g . ,  C o O ) . T h e  d a s h e d  l in e s  o f  F ig u r e  9 .4  r e p r e se n t  th e  r e s u lt in g  

E X A F S  s p e c tr a  a f te r  e x p o s u r e  to  F T S  c o n d i t io n s .  D e c r e a s e s  in  th e  p e a k  a s s o c ia t e d  

w it h  C o - C o  c o o r d in a t io n  in  th e  m e ta l a n d  in c r e a s e s  in  C o - 0  c o o r d in a t io n  a re  

s u g g e s t e d .  M o r e o v e r .  F ig u r e  9 .5  a ls o  s h o w s  th e  r e s u lt s  o f  th e  f it t in g  u s i n g  F E F F I T  

fo r  th e  k 1- w e i g h t e d  E X A F S  F o u r ie r  tr a n s fo r m  m a g n itu d e  sp e c tr a  a n d  f i l t e r e d  k 1- 
w e ig h t e d  x (k )  s p e c tr a  o f  s u p p o r te d  C o  c a t a ly s t s .  T h e  s o l id  l in e s  in  F ig u r e  9 .5  a re  th e  

e x p e r im e n t a l  d a ta , w h i le  th e  c i r c l e s  p r o v id e  th e  b e s t  f i t . T h e  r e s u lt s  o f  f i t t in g  

p a r a m e te r s  a re  s u m m a r iz e d  in  T a b le  9 .2 .  G e n e r a l ly ,  th e  r -fa c to r  v a lu e  o f  < 0 .0 2  

in d ic a t e s - a  g o o d  f i t ,  a n d  a ll c a t a ly s t  sp e c tr a  fa ll  at o r  b e l o w  th is  v a lu e . Q u a l i t a t iv e ly ,  
th e  w e l l - d e f i n e d  p e a k  in  th e  f i t t in g  c o r r e s p o n d s  to  C o - C o  b o n d in g ,  w h i l e  th e  

s h o u ld e r  p e a k  i s  l ik e ly  d u e  p r im a r i ly  to  C o - 0  b o n d in g .
T h e  E X A F S  s p e c tr u m  o f  0 . 5 % P t-2 % C o /A l 2 O 3 r e v e a ls  th a t C o - 0  

c o o r d in a t io n  d o m in a t e s  in  t h is  c a ta ly s t  e v e n  a fte r  r e d u c t io n . A f te r  s w i t c h i n g  to  F T S  

c o n d i t io n s ,  th e  p e a k  t e n t a t iv e ly  a s s ig n e d  to  C o - 0  a p p e a r s  to  b e  s l ig h t ly  m o r e  in t e n s e .  
A t  h ig h e r  C o  lo a d in g s  o f  5 %  a n d  1 0 % C o  in  P t p r o m o te d  C o /A 1 2 0 3  m o r e  

p r o n o u n c e d  C o - C o  m e ta l c o o r d in a t io n  p e a k s  a n d  l e s s  C o - O  c o o r d in a t io n  is  o b t a in e d ,  
e s p e c ia l l y  in  th e  c a s e  o f  0 .5 % P t - l  0 % C o /A E O 3 , a fte r  a c t iv a t io n .  O n  th e  o th e r  h a n d ,  
a f te r  F T S  c o n d i t io n s ,  th e  p e a k  a s c r ib e d  to  C o - C o  m e ta l  c o o r d in a t io n  d e c r e a s e d  w ith  

a n  a p p a r e n t  in c r e a s e  in  C o - 0  c o o r d in a t io n .



2 0 2

( A )
Co foil

Distance (A)

(B )
0.5%Pt-5%Co/AI2O3



203

(C )

0.5%Pt-10%Co/AI2 ๐ 3

( D )

10%Co/AI2O3



204

(E)
0.5%Pt-2%Co/Calgon

Figure 9 .5  T h e  r e s u lt s  o f  E X A F S  f i t t in g s :  (a )  u n f i lt e r e d  k ' - w e i g h t e d  x ( k )  sp e c tr a ;
( b )  f i lt e r e d  k ' - w e i g h t e d  x ( k )  s p e c tr a  ( s o l i d  l in e )  a n d  r e s u lt in g  o f  f i t t in g  ( f i l le d  

c ir c le s ) ;  ( c )  k ' - w e i g h t e d  F o u r ie r  tr a n s fo r m  m a g n itu d e  s p e c tr a  ( s o l i d  l in e )  a n d  

r e s u lt in g  f i t t in g  ( f i l l e d  c i r c l e s )  o v e r  th e  f ir s t  c o o r d in a t io n  s h e l l  o f  C o  c e n tr a l  a to m , o f  

( A )  C o 0 f o i l  r e f e r e n c e  a n d  c a t a ly s t s ;  ( B )  0 .5 % P t- 5 % C o /A l 2 C>3 , ( C )  0 .5 % P t-  

1 0 % C o /A 1 2O 3, ( D )  1 0 % C o /A 1 2O 3, a n d  ( E )  0 .5 % P t - 2 % C o /C a lg o n ,  at ( I )  a fter  

a c t iv a t io n  in  H 2 a n d  at ( I I )  th e  o n s e t  o f  F T S  a t c o n d i t io n  s im u la t in g  5 0 %  C O  

c o n v e r s io n .

T o  q u a n t i fy  th e  c h a n g e s  in  c o o r d in a t io n  n u m b e r s  a n d  p la c e  th e  

t e n ta t iv e  p e a k  a s s ig n m e n t s  o n  a f ir m e r  f o o t in g ,  E X A F S  f it t in g  w a s  p e r fo r m e d  b y  

u s in g  th e  f . c .c .  C o  m e ta l  m o d e l  a n d  C o O  a s  r e f e r e n c e s  (F ig u r e  9 .5 ( A ) )  w i t h  th e  

a s s u m p t io n  o f  C o - C o  a n d  C o - 0  fir s t s h e l l  c o o r d in a t io n  b e in g  in c lu d e d  in  th e  f i t t in g .  
G o o d  f i t s  w e r e  a c h ie v e d ,  a s  s h o w n  in  F ig u r e  9 .5  ( B )  a n d  ( C ) ,  w i t h  n u m e r ic  f i t t in g  

r e s u lt s  b e in g  d is p la y e d  in  T a b le  9 .2 .  It i s  o b s e r v e d  th a t a fte r  r e d u c t io n  0 .5 % P t-  

1 0 % C o /A l 2 O 3 h a s  a  h ig h e r  C o - C o  c o o r d in a t io n  n u m b e r  th a n  0 .5 % P t - 5 % C o /A I 2 O 3 

( 5 .8 0  v s  5 .2 4 ) ,  w h i l e  a f te r  e x p o s u r e  to  F T S  c o n d i t io n s  C o - 0  b o n d  c o o r d in a t io n  w a s
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h ig h e r  fo r  th e  0 . 5 % P t- 5 % C o / A l 2 C>3 c a t a ly s t  ( 1 .3 4  v s  1 .5 5 ) .  It i s  s u g g e s t e d  th at th e  

lo w e r  th e  C o  lo a d in g ,  th e  m o r e  s u s c e p t i b l e  th e  s m a lle r  C o 0  p a r t ic le s  a re  to  

r e o x id a t io n  ( i . e . ,  in  th is  c a s e  3 .4  v s  5 .3  n m  a s s o c ia t e d  w i t h  0 .5 % P t-5 % C o /A l 2 O 3 a n d  

0 .5 % P t - 1 0 % C o / A l 2 0 3  c a t a ly s t s ,  r e s p e c t iv e ly ) .
A s  e x p e c t e d ,  1 0 % C o /A l 2 O 3 c a ta ly s t  w it h o u t  P t p r o m o t e r  c o n t a in s  

m o r e  C o - 0  a n d  l e s s  C o - C o  c o o r d in a t io n  c o m p a r e d  to  0 .5 % P t - l  0 % C o / A 1?O 3 , a s  

s h o w n  q u a l i t a t iv e ly  in  F ig u r e  9 .4  an cf F ig u r e  9 .5  (C )  a n d  ( D )  w ith  f i t t in g  p a r a m e te r s  

q u a n t i f ie d  in  T a b le  9 .2 .  C o n s id e r in g  th e  0 .5 % P t - 2 % C o /C a lg o n  c a t a ly s t ,  w h ic h  

p r e s u m a b ly  fo r m e d  l e s s  c o b a l t  su p p o r t  c o m p l e x e s ,  C o - C o  a n d  C o - 0  c o o r d in a t io n  

w e r e  c l o s e  to  t h o s e  o f  th e  m o r e  h ig h ly  lo a d e d  0 .5 % P t - 1 0 % C o /A l 2 0 3  c a ta ly s t  a f te r  

a c t iv a t io n ,  th e  la tter  s u p p o r t  p o s s e s s in g  a  m u c h  s tr o n g e r  in te r a c t io n  w ith  c o b a lt  

s p e c i e s ,  b u t c o n t a in in g  a  r e d u c t io n  p r o m o te r  a n d  a  s u f f ic i e n t ly  h ig h  e n o u g h  lo a d in g  

to  a c h ie v e  a n  a d e q u a te  d e g r e e  o f  r e d u c t io n . T h e  E X A F S  r e s u lt s  d e m o n s t r a t e  th a t C o -  

C o  m e ta l  c o o r d in a t io n  d e c r e a s e s  w h i l e  C o - 0  in c r e a s e s  fo r  a ll o f  th e  r e s e a r c h  

c a t a ly s t s  u p o n  e x p o s u r e  to  F T S  at u s e f u l  c o n v e r s io n s ,  in d ic a t in g  th a t a  fr a c t io n  o f  th e  

s m a l l  c r y s t a l l i t e s  is  r e a d ily  o x id iz e d  a fte r  s w i t c h i n g  to  F T S  c o n d i t io n s .  T h is  is  l ik e ly  

d u e  to  s m a ll  c o b a l t  c r y s t a l l i t e s  ( i . e . ,  < 2 - 4 . 1  n m )  p r e s e n t  in  th e  c a t a ly s t  th a t , fr o m  

th e  s ta n d p o in t  o f  t h e r m o d y n a m ic s ,  fa v o r  o x id a t io n  (V a n  S t e e n  e t  a l . ,  2 0 0 5 ) .
In th e  o p t im iz a t io n  o f  F T  c a t a ly s t s ,  r e s e a r c h e r s  a re  n o w  tu r n in g  to  

n o v e l  s u p p o r ts  ( e .g . .  c a r b o n s  ( B e z e m e r  e t  a l . ,  2 0 0 6 ) ,  m e s o - p o r o u s  s i e v e s ,  e t c . ) .  
M o r e o v e r ,  n e w  p r e p a r a t io n  m e t h o d s  a re  b e in g  a d v a n c e d  ( e .g . ,  f r e e z e - d r y in g  m e t h o d s  

( E g g e n h u is e n  e t  a l . ,  2 0 1 3 ) )  a im e d  at g e n e r a t in g  a  m o r e  u n ifo r m  s i z e  d is t r ib u t io n  o f  

c o b a l t  n a n o - p a r t ic le s .  B o th  p r o c e d u r e s  a re  a im e d  at m a k i n g - m o r e - e f f i c i e n t  u s e  o f  

c o b a lt .

U t i l i z in g  th e  a p p r o a c h  d e f in e d  h e r e in , X A N E S /E X A F S  e x p e r im e n t s  

w o u l d  b e  u s e f u l  in  d e t e r m in in g  h o w  s e n s i t i v e  th e  r e s u lt in g  c o b a lt  p a r t ic le s  a re  in  

t h e s e  n o v e l  c a t a ly s t s  to  o x id a t io n  at h ig h  c o n v e r s io n ,  a n d  in  d e f in i n g  th e  h ig h e s t  

w a te r  p a r t ia l p r e s s u r e s  th a t th e  c a ta ly s t s  c a n  s u s ta in  a n d  s t i l l  r e m a in  in  th e  m e t a l l i c
s ta te .
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T a b l e  9 .2  R e s u l t s  o f  E X A F S  f i t t in g  fo r  d a ta  a c q u ir e d  n e a r  th e  C o  K - e d g e  fo r  c a t a ly s t  a f t e r  a c t iv a t io n  a n d  a t th e  o n s e t  o f  F T S . T h e  

f i t t in g  r a n g e s  w e r e  a p p r o x im a t e ly  A k  =  2 - 1 4  Â ' 1 a n d  A R  =  1 .2 5  -  2 .7  Â ,  S o 2 =  0 .9

Catalyst Condition Nco-0 Rco-0 Ĉo-Co Rco-cô eo(eV) a* (A2) r-factor
Co" foil 12  (set) 2.486

(0.0063)
6.576

(0.772)
0.00665

(0.00047) 0.02

0.5%Pt-5%Co/Al2O3 Reduced 0.69
(0 . 1 1 ) 2.026

(0.0135)

5.24
(0.14) 2.495

(0.0037)
7.093

(0.460)
0.00538

(0.00057) 0.018FTS 1.55
(0 .2 0 )

3.53
(0.35)

0.5%Pt-1 0%Co/A1jC>3 Reduced 0.18
(0.08) 2.020

(0.0292)

5.80
(0.26) 2.495

(0.0030)
7.323

(0.375)
0.00600

(0.00044) 0.017FTS 1.34
(0.36)

3.83
(0.60)

10%Co/A12O3 Reduced 0.88

(0 . 1 1 ) 2.0 2 2

(0.0128)

4.48
(0.33) 2.503

(0.0044)
8.431

(0.498)
0.00603

(0.00073) 0.02FTS 1.75
(0 .2 0 )

3.08
(0.38)

0.5%Pt-2%Co/Calgon carbon Reduced 0.22

(0 . 1 1 ) 1.992
(0.0402)

5.76
(0.34) 2.493

(0.0040)
7.096

(0.510)
' 0.00554 

(0.00058) 0.02FTS 0.97
(0.42)

4.71
(0.71) 206
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9.5 Conclusion

It is  r e c o g n iz e d  th at w i t h  F T  r e se a r c h  c a t a ly s t s  c o n t a in in g  a  l o w  C o  c o n t e n t  

w ith  h ig h  C o  d is p e r s io n ,  o x id a t io n  o f  a  fr a c t io n  o f  s m a ll  C o  c r y s t a l l i t e s  o c c u r s  at th e  

o n s e t  o f  F T S  c o n d i t io n s  at m e a n in g f u l  C O  c o n v e r s io n s .  T h e  s m a l l  C o  c r y s t a l l i t e s  are  

s u s c e p t ib le  to  o x id a t io n  r e g a r d le s s  o f  su p p o r t ty p e  ( i . e . ,  e v e n  fo r  C o  s u p p o r te d  o n  

C a lg o n  c a r b o n , w h e r e  c o b a lt  s u p p o r t  c o m p o u n d s  a re  n o t  a  s ig n i f ic a n t  i s s u e ) ,  a s  

d e m o n s tr a te d  b y  X A N E S /E X A F S  r e s u lts .  T h is  s o u r c e  o f  C o O , a lo n g  w i t h  r e s id u a l  
u n r e d u c e d  C o O  f o l la w i n g  a c t iv a t io n ,  l ik e ly  c o n t r ib u te s  t o  a  c o m p l e x  s in te r in g  

m e c h a n is m  i n v o lv i n g  a g g lo m e r a t io n  a n d  n e t r e d u c t io n  o f  C o O , a s  w e l l  a s  C o  

a lu m in a t e  fo r m a t io n  ( i . e . ,  in  th e  c a s e  o f  C o /a lu m in a  c a t a ly s t s ) ,  d u r in g  F T S  a s  a 

f u n c t io n  o f  t im e  o n - s tr e a m . T h u s ,  s m a ll  C o 0 c r y s t a l l i t e s  s h o u ld  b e  a v o id e d  d u r in g  

p r e p a r a t io n , a s  th e y  c o n t r ib u te  to  c a ta ly s t  d e a c t iv a t io n .  T h e  t e c h n iq u e s  d e s c r ib e d  

w i l l  b e  u s e f u l  in  e v a lu a t in g  th e  s u s c e p t ib i l i t y  o f  n e w  r e s e a r c h  c a t a ly s t s  to  h ig h  

c o n v e r s io n  F T S  c o n d i t io n s ,  a n d  fo r  e s t a b l i s h in g  th e  h ig h e s t  w a te r  p a r tia l p r e s su r e  

th a t th e  c a t a ly s t s  c a n  s u s ta in  a n d  s t i l l  r e m a in  in  th e  a c t iv e  m e t a l l i c  s ta te .
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