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Abst ract  

High ly  dispersed iron-based c a t a l y s t s  are being examined f o r  the i n i t i a l  stage 
o f  d i r e c t  coal l i q u e f a c t i o n .  U l t r a f i n e  ( 4 0  nm) p a r t i c l e s  are produced by a 
v a r i e t y  o f  methods. Mbssbauer spectroscopy. magnetometry. XAFS. e lec t ron  
microscopy, XRD l ine-broadening, and BET surface area measurement a re  used t o  
estimate the  p a r t i c l e  s i z e  o f  t he  c a t a l y s t  precursor and, i n  some instances, o f  
t h e  phases found consequent t o  t h e  reac t i on  process. With Mbssbauer and 
magnetization techniques, data have t o  be obtained over a range o f  temperatures, 
usua l l y  from 4 K t o  300 K. I n  add i t i on .  obta in ing the  p a r t i c l e  s i ze  by Mbssbauer 
spectroscopy requi res a knowledge o f  the magnetic an isot ropy energy. For some 
XRD l ines,  t he  broadening i s  a consequence o f  the presence o f  f a u l t  planes r a t h e r  
than c r y s t a l l i t e  size. The u t i l i t y  o f  the cha rac te r i za t i on  techniques w i l l  be 
evaluated and comparative r e s u l t s  t h a t  are ava i l ab le  w i l l  be presented. 

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

The use o f  inexpensive, u l t r a f i n e  ( 4 0  nm) i r o n  ca ta l ys ts  f o r  the i n i t i a l  stage 
o f  d i r e c t  coal l i q u e f a c t i o n  [l] and the  conversion of model compounds [2] has 
a t t rac ted  a t t e n t i o n  i n  recent years. An advantage of using i r o n  i s  t h a t  i t s  
disposal a f t e r  use i s  no t  l i k e l y  t o  present environmental problems. Hence the  
development o f  nanometer-sized, iron-based ca ta l ys ts  could e l im ina te  t h e  need f o r  
t he  expensive c a t a l y s t  recovery s tep  associated w i t h  the more conventional 
ca ta l ys ts  based on elements such as Mo, Co, N i  and W. Recent s tud ies [l] 
ind ica te  t h a t  u l t r a f i n e  iron-based c a t a l y s t s  could be a c t i v e  f o r  the f i r s t  step 
i n  coal l i que fac t i on ,  i.e.. s o l u b i l i z a t i o n ,  i n  concentrat ions as low as 3,500 ppm 
w i t h  respect t o  coal. 

To support research on t he  synthesis and t e s t i n g  o f  iron-based ca ta l ys ts ,  i t  i s  
necessary t o  have techniques t o  determine the  composition, s t r u c t u r a l  
cha rac te r i s t i cs ,  and p a r t i c l e  s i z e  d i s t r i b u t i o n  o f  t h e  c a t a l y s t  precursor. and 
more importantly, of the phases du r ing  and a f t e r  the react ion.  I n  the  case of 
iron-based Catalysts. the cha rac te r i za t i on  techniques i nc lude  Mbssbauer 
spectroscopy. magnetometry, XAFS. e l e c t r o n  d i f f r a c t i o n ,  XRD, and BET sur face area 
measurement. This paper w i l l  attempt t o  analyze the  i n fo rma t ion  tha t  could be 
obtained from the above techniques and prov ide comparative r e s u l t s  where 
avai lable. 
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Phases i n  Iron-Based Cata lys ts  

It i s  f requent ly observed t h a t  an iron-based c a t a l y s t  precursor t h a t  i s  no t  a 
s u l f i d e  i s  converted i n t o  a su l f i ded  form dur ing  coal  l i q u e f a c t i o n  i f  s u f f i c i e n t  
s u l f u r  i s  present i n  the  reac t ion  mixture. The s u l f u r  could be present I n  coal 
i t s e l f  or added as H,S or S. 

A s i g n i f i c a n t  f r a c t i o n  o f  the  inorganic s u l f u r  i n  coal  i s  found as p y r i t e  (FeS,) 
which i s  transformed i n t o  p y r r h o t i t e  (Fe,-,S) under l i q u e f a c t i o n  cond i t ions  
according t o  

FeS, + (l+x)H, --> Fe,+S + (l+x)H,S (1) 

Depending on the  reac t ion  temperature and t h e  p a r t i a l  pressures o f  H, and H,S, 
d i f f e r e n t  py r rho t i t es  character ized by the  value o f  x ( t y p i c a l l y  .07-.12) a re  
observed. The transformat ion o f  p y r i t e  t o  p y r r h o t i t e  i s  slow below 400'C [3]. 

To inves t iga te  the  in f luence o f  low concentrat ions o f  iron-based ca ta lys ts ,  a 
coal w i t h  a minimal quant i t y  o f  p y r i t e  must be used. For t h i s  reason. recent 
inves t iga t ions  [l] have focussed on t he  l i que fac t i on  o f  t h e  l ow-py r i t e  B l i n d  
Canyon coal from Utah [4]. which contains on ly  0.02 w t %  p y r i t i c  su l fu r ,  compared 
t o  2.1 w t %  i n  I l l i n o i s  #6 and 0.17 w t %  i n  Wyodak coal. 

The approach t o  a t t a i n i n g  u l t r a f i n e  p a r t i c l e  ca ta l ys ts  has been t o  increase the  
dispersion o f  t h e  precursor. Complexes o f  i r o n  [5], sulfate-promoted oxides [l], 
and carbides [6] have been used as precursors. I n  d i r e c t  l i que fac t i on ,  i n  the  
presence o f  s u f f i c i e n t  su l fu r ,  py r rho t i t es  are formed. f o r  example [l] ,, 
Fe,O,/SO, + S + H, --> Fe,-,S + H,S + (SO,. H,O etc.) (2) 

For compositions ranging between FeS ( t r o i l i t e )  and Fe& monocl in ic 
py r rho t i t e ) ,  t h e  compounds are re fe r red  t o  general ly as p y r r h o t i t e s  171. These 
include Fe,S,,. Fe,,S,,. and Fe, S,, which are hexagonal, as i s  FeS. The hexagonal 
py r rho t i t es  a re  character ized c rys ta l  l og raph ica l l y  by t h e i r  superstructures of 
the  hexagonal NiAs s t ruc tu re .  

It should be mentioned t h a t  t he  above phases a re  "low-temperature" py r rho t i t es .  
Above 308'C and below i t s  maximum mel t ing  po in t  o f  1190°C. p y r r h o t i t e  e x h i b i t s  
a ra ther  wide homogeneity range as a s ing le  s o l i d  s o l u t i o n  Fe,-,S w i t h  the  NiAs 
s t ruc tu re ,  extending from the  s to ich iomet r ic  FeS t o  a compositlon of 
approximately Fe,,S. I r respec t i ve  o f  t h e  phases found a t  room temperature i n  
used ca ta l ys t  sampies. i t  i s  evident t h a t  a t  l i q u e f a c t i o n  temperature (350-425OC) 
the s o l i d  so lu t i on  Fe,-,S i s  expected. Therefore, in  situ charac ter iza t ion  o f  t he  
ca ta l ys t  a t  reac t i on  condi t ion,  although d i f f i c u l t  t o  perform. i s  desirable.  

Mbssbauer Relaxat ion Spectra 

The technique o f  Mbssbauer Spectroscopy can be used t o  de tec t  i ron-bear ing  phases 
i n  coal and i n  l i que fac t i on  ca ta l ys ts  [E]. Since t h e  p y r r h o t i t e s  show magnetic 
ordering. magnetic hyper f ine  s p l i t t i n g  r e s u l t i n g  i n  a sex te t  f o r  each 
magnet ical ly inequ iva len t  Fe s i t e  i s  observed i n  the  Mbssbauer spectrum and can 
be used t o  i d e n t i f y  t he  phases present 19. 101. The spectra are f requent ly  
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i n te rp re ted  i n  terms o f  t h ree  or f o u r  inequiva lent  Fe s i t e s ,  which have i n t e r n a l  
magnetic f i e l d s  i n  t h e  range 230 t o  300 kOe. 

I n  magnet ica l ly  ordered ma te r ia l s  such as t h e  p y r r h o t i t e s  and FeO,. one would 
expect t he  sex te t  pa t te rn  t o  broaden and co l lapse t o  a quadruple doublet as t h e  
p a r t i c l e  diameter decreases below a c r i t i c a l  diameter, d,. The corresponding 
p a r t i c l e  volume i s  designated V,. Below d, .  t he  p a r t i c l e s  e x h i b i t  super- 
paramagnetic behavior owing t o  r a p i d  re laxa t i on  o f  t he  p a r t i c l e  sp in  system. V, 
i s  given by 

V, = kT ln(f,,/fJ 1 KO (3) 

where KO i s  t h e  magnetic anisotropy energy, f, i s  the Larmor precession frequency 
of the ”Fe nucleus, and f, i s  a frequency f a c t o r  which has t o  be determined f o r  
each phase. The p a r t i c l e  s i z e  d i s t r i b u t i o n  can be obtained from an analys is  o f  
the Massbauer r e l a x a t i o n  spectra [ll]. 

From an analys is  o f  t h e  Mossbauer re laxa t i on  spectra, a t  temperatures from 10 K 
t o  300 K, o f  a narrow-size range Fe,O, w i t h  the p a r t i c l e  diameter centered a t  3.2 
nm and using KO = 0.55 J/m3 [12]. Huffman e t  a1 [lo] have determined t h a t  f, = 
10” s-’. The c r i t i c a l  diameter d, was determined t o  be 11.8 nm f o r  Fe,O, a t  
300 K. 

Using t h e  above parameters. t he  p a r t i c l e  s i ze  range o f  Fe,O,/SO, precursors was 
determined [lo] from the  observed Massbauer r e l a x a t i o n  spectra. The s i z e  
d i s t r i b u t i o n  showed t h a t  near ly  50% o f  t h e  Fe was i n  p a r t i c l e s  t h a t  had diameters 
l ess  than 11.8 nm. The methodology f o r  determining p a r t i c l e  s i z e  d i s t r i b u t i o n  
o f  Fe,O, and r e l a t e d  compounds such as FeOOH from Massbauer re laxa t i on  spect ra 
appears t o  have been establ ished. 

I n  contrast  t o  the  above, Massbauer spectra o f  py r rho t i t es .  a t t r i b u t i n g  the 
unresolved l i n e s  t o  superparamgnetic pa r t i c l es ,  have been repor ted i n  on ly  a few 
instances [13-151. Even i n  these cases, only room temperature spectra were 
reported; hence the  i n t e r p r e t a t i o n  o f  t he  unresolved l i n e s  i s  not  unequivocal. 

A poss ib le  reason f o r  t he  pauci ty  o f  confirmed Massbauer re laxa t i on  spect ra i n  
. p y r r h o t i t e s  could be the  high value o f  the magnetic an isot ropy energy; f o r  

example, KO = 10 J/m’ f o r  Fe7S8 [16,17]. I f f ,  f o r  Fe,S8 i s  t he  same as t h a t  for 
Fe,O,. one estimates the c r i t i c a l  diameter o f  Fe,S, as being d, = 4 nm a t  300 K. 
It would appear t h a t  t he  samples t h a t  have been examined by Massbauer 
spectroscopy do n o t  have p y r r h o t i t e  p a r t i c l e s  whose diameter i s  l ess  than 4 nm. 

Recent progress i n  the  synthesis o f  f i n e  p a r t i c l e s  us ing novel techniques, such 
as the microemulsion method [18], prov ides the  p o s s i b i l i t y  o f  synthes iz ing 
uni form-s ize p y r r h o t i t e  p a r t i c l e s  i n  the  4 nm range. It would then be poss ib le  
t o  determine f. f o r  the  p y r r h o t i t e s  as was done i n  the  case o f  Fe,O,. and use the 
value off, thus der ived t o  estimate the p y r r h o t i t e  p a r t i c l e  s i z e  i n  l i q u e f a c t i o n  
cata lysts .  

Magnetometry 

I n  favorable cases p a r t i c l e  s i z e  d i s t r i b u t i o n  can be determined from a 
measurement of magnetization i n  a range o f  appl ied f i e l d s  and temperatures [lg]. 
The technique i s  app l i cab le  when the p a r t i c l e s  i n  the sample are super- 
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paramagnetic. I n  the  range of temperatures i n  which t h e  sample e x h i b i t s  
superparamagnetic behavior, t he  magnetization i s  a func t i on  o f  HIT and obeys the  
Langevin equation: 

MIM. = L(M,VHlkT). L(x) = coth x - l l x  (4) 

where M. and M, are, respect ive ly .  the sa tu ra t i on  and spontaneous magnetizations 
pe r  u n i t  volume, and V i s  t he  volume o f  the p a r t i c l e .  

Using a SQUID magnetometer. Ibrahim e t  a l .  [19] have determined the  p a r t i c l e  s i z e  
d i s t r i b u t i o n  of Fe203/S0, samples. A s i g n i f i c a n t  f r a c t i o n  o f  t h e  sample consisted 
o f  p a r t i c l e s  i n  the  6-10 nm range. The r e s u l t s  were i n  reasonable agreement w i t h  
the  p a r t i c l e  s i z e  d i s t r i b u t i o n  obtained from Mbssbauer r e l a x a t i o n  spectra. The 
magnetometric method has no t  y e t  been used t o  determine t h e  p a r t i c l e  s i z e  o f  
p y r r h o t i t e  samples. 

XAFS Spectroscopy 

Attempts are being made t o  use XAFS spectroscopy t o  ob ta in  p a r t i c l e  s i z e  
in format ion on Fe-based cata lysts .  The analys is  o f  t he  XAFS spect ra provides 
in format ion on the  in teratomic distances and coord inat ion numbers o f  the various 
neighbor s h e l l s  t o  a given Fe atom. Spectra o f  bu l k  Fe,O, were compared w i t h  
those o f  the f i n e - p a r t i c l e  Fe,O,/SO, c a t a l y s t  precursor [ lo].  While the 
in teratomic distances were s i m i l a r  f o r  t he  two samples, t he  average coord inat ion 
number o f  the c a t a l y s t  precursor was s i g n i f i c a n t l y  lower than t h a t  o f  t h e  bulk  
sample. This  i nd i ca ted  t h a t  t h e  Fe atoms i n  t h e  u l t r a f i n e  p a r t i c l e s  t h a t  were 
on or near the surface had, on average, fewer Fe neighbors. Assuming a spher ica l  
shape f o r  t he  pa r t i c l es ,  p a r t i c l e  diameters i n  the range 1.2-1.8 nm were 
obtained. The s i g n i f i c a n t l y  smaller p a r t i c l e  diameter obtained us ing t h i s  
technique was a t t r i b u t e d  t o  the poss ib le  nonspherical geometry o f  t h e  p a r t i c l e s .  

XRD Line Broadening 

The average c r y s t a l l i t e  dimension o f  small p a r t i c l e s  can be estimated from the 
l i n e  broadening o f  the Bragg peaks us ing the r e l a t i o n  

d = 0.9 A / B COS 0 (5) 

where d = c r y s t a l l i t e  size, A = wavelength. B = peak width a t  half-maximum, and 
e i s  the Bragg angle. 

The technique has t o  be used w i t h  caution s ince f a u l t s  or o the r  defects  can a lso 
r e s u l t  i n  l i n e  broadening [20]. Pol lack and S p i t l e r  [21], who examined 
p y r r h o t i t e s  produced i n  continuous l i q u e f a c t i o n  un i t s ,  observed asymmetric Bragg 
peaks and a t t r i b u t e d  them t o  stacking disorder. 

Ibrahim e t  a l .  [19] examined the  XRD l i n e  broadening on the  same sample of 
Fe 0 /SO, on which the  Mbssbauer and magnetometric s tud ies were performed and 
f& id  good agreement between the  p a r t i c l e  s i z e  obtained by t h e  d i f f e r e n t  
techniques. 
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Elec t ron  Microscopy 

Transmission e lec t ron  microscopy (TEM), i n  combination w i t h  e lec t ron  micro- 
d i f f rac t i on ,  i s  being employed t o  examine t h e  p a r t i c l e  s i ze  d i s t r i b u t i o n  and the  
s t ruc tu ra l  cha rac te r i s t i cs  o f  iron-based ca ta l ys ts .  I n  the  case o f  Fe,O,/SO,, t he  
p a r t i c l e  s i z e  d i s t r i b u t i o n  measured by TEM was i n  a reement w i t h  the  r e s u l t s  from 
Mossbauer, magnetometry, and XRD l i n e  broadening !lo]. 

BET Surface Area 

Surface area measurement us ing  the BET method requ i res  a c lean surface and i s  
hence l i m i t e d  t o  the  study o f  c a t a l y s t  precursors. Pradhan e t  a l .  [l] found good 
co r re la t i on  between t h e  BET surface area and t h e  average p a r t i c l e  s ize  from XRD 
and TEM on Fe,03/S0, samples. I n  the  BET method, n i t rogen  adsorpt ion a t  pressures 
upto 0.1 MPa i s  f requent ly  used. Lambert e t  a l .  [22] have described a more 
sens i t i ve  BET method f o r  measuring t h e  surface area o f  p y r r h o t i t e s  using krypton 
as the adsorbate a t  -196'C and a t  pressures from 20 t o  270 Pa. 

Conclusions 

A number o f  charac ter iza t ion  techniques are being success fu l l y  used t o  determine 
the  p a r t i c l e  s i ze  o f  iron-based c a t a l y s t  precursors. I n  p a r t i c u l a r ,  t he  methods 
t o  measure the  p a r t i c l e  s i z e  o f  Fe,O, and re la ted  phases appear t o  be we l l  
established. There i s  a need t o  perform add i t i ona l  experimental and theo re t i ca l  
studies t o  develop methods t o  measure the  p a r t i c l e  s i ze  o f  py r rho t i t es  which seem 
t o  be c a t a l y t i c a l l y  very important. I n  si tu techniques t o  measure p a r t i c l e  s i ze  
under reac t i on  cond i t ions  have t o  be developed. 
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