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INTRODUCTION 

Low molecular weight o l e f i n s  formed during Fischer-Tropsch synthes is  can 
undergo secondary reac t ions  and thereby inf luence the  d i s t r i b u t i o n  of t h e  f i n a l  
products. In t h e  case of Ru c a t a l y s t s ,  i t  has been postulated ( I )  t h a t  t h e  law 
y i e l d s  of C2 and C3 o l e f i n s  over these c a t a l y s t s  may be due t o  the reincorpora- 
t i o n  of t h e s e  products i n t o  growing chains. 
the  addi t ion  of 2% e thylene  t o  an H2/C0 mixture resu l ted  in an enhanced y i e l d  
of propylene. Subsequent s t u d i e s  by Kel lner  and Bel l  (1)  demonstrated t h a t  
a t  concentrat ions above 1% ethylene addi t ion  enhanced t h e  r a t e s  of C3 and C 
formation but  suppressed t h e  synthes is  of  C6+ hydrocarbons. Kobori e t  al. 43) 
have examined t h e  e f f e c t s  of e thylen propylene, and 4-octene addi t ion.  When 
"C-labeled o l e f i n s  were added t o  a '%O/H2 mixture, t h e  i s o t o p i c  d i s t r i b u t i o n  
of products showed t h a t  t h e  carbon from the  addi t ives  was incorporated randomly 
i n t o  t h e  products. Very recent ly  Morris e t  a l .  (4) inves t iga ted  t h e  e f f e c t s  of 
ethylene and propylene addi t ion  on t h e  hydrogenation of CO over Ru supported 
on si l ica ,  13x-zeolite, t i t a n i a ,  and magnesia. For Ru/Si02 and Ru/l3x-zeolite. 
e thylene addi t ion  markedly increased the  r a t e s  of higher  hydrocarbon formation 
without g r e a t l y  inf luenc ing  t h e  methanation rate, whereas f o r  Ru/Ti02 and Ru/MgO, 
ethylene addi t ion  enhanced t h e  r a t e  of higher  hydrocarbon formation by a f a c t o r  
of l e s s  than  two and reduced t h e  methanation ra te .  With increas ing  proport ion of 
e thylene in the  feed ,  t h e  y i e l d  of methane decreased and the y ie ld  of C3+ products 
increased. Propylene a d d i t i o n  t o  CO hydrogenation over Ru/SiO increased t h e  
r a t e s  of C2 and C4+ hydrocarbon formation, without markedly a fzec t ing  t h e  metha- 
n a t i o n  rate .  

Ekerdt and Bell (2 )  observed t h a t  

The objec t ives  of t h i s  s tudy were t o  i n v e s t i g a t e  t h e  inf luence  of e thylene  
addi t ion  on t h e  hydrogenation of CO over Ru/SiO and t o  compare the  product d i s -  
t r i k u t i o n  obtained with t h o s e  f o r  CO hydrogenatfon i n  t h e  absence of e thylene  
and ethylene homologation in t h e  a ence of CO. To enable i d e n t i f i c a t i o n  of t h e  
source  of  carbon in t h e  products ,  '%-labeled CO and unlabeled C2H4 were used. 
Products were analyzed by i so tope- ra t io  gas chromatography-mass spectrometry. 
Among t h e  i s s u e s  inves t iga ted  were t h e  inf luence of e thylene addi t ion  on t h e  
reac t ions  of CO and the  p a r t i c i p a t i o n  of e thylene in processes of hydrocarbon 
cha in  i n i t i a t i o n  and growth. The inf luence  of e thylene addi t ion  on methane 
formation was a l s o  examined. 

EXPERIMENTAL 

A 4.32 Ru/Si02 c a t a l y s t  is used in t h i s  inves t iga t ion .  Deta i l s  concerning 
i t s  prepara t ion  and i n i t i a l  reduct ion a r e  presented elsewhere ( 5 ) .  
of t h e  c a t a l y s t  is 0.27 as determined by H2 chemisorption a t  373 K. 

The d ispers ion  
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Hydrogen is p u r i f i e d  by passage through a Deoxo u n i t  (Engelhard I n d u s t r i e s )  
and 5-6;molecular s ieve .  
f u r t h e r  p u r i f i c a t  fgn. 
s i s t i n g  of 89.3% 

Helium ( 9 9 . 9 9 9 % )  and ethylene ( 9 9 . 9 5 % )  a r e  used without  
I s o t o p i y i J y  labe led  c a r  n monoxide ( I so tec ,  Inc.) con- 

C 0, and 0.36% "CO is used as received.  CO, 9.86% 

Reactants a r e  suppl ied  from a gas  flow manifold a t  a pressure of 1 atm t o  
a stainless s t e e l  microreactor  heated by a f lu id ized  sand bath. The c a t a l y s t  
(0.51 g) is reduced in flowing H2 f o r  12 h a t  573 K p r i o r  t o  each s e r i e s  of 
experiments. Reduction is continued a t  the  reac t ion  temperature of 493 K f o r  
2 h before  i n i t i a t i n g  a n  experiment. 
and the r e a c t i o n  allowed t o  continue f o r  15 min before product samples a r e  
taken  f o r  analysis .  
experiments. 
t o  base case  condi t ions.  The a c t i v i t y  remained constant  t o  wi th in  f i v e  percent  
of i t s  standard a c t i v i t y .  

The reac tan t  stream is then  introduced,  

Reduction is resumed and maintained f o r  a t  l e a s t  2 h between 
The a c t i v i t y  of the  c a t a l y s t  was checked per iodica l ly  by re turn ing  

The r e a c t o r  e f f l u e n t  is analyzed by a combination of gas chrpytography and 
mass spectrometry, t o  determine t h e  product d i s t r i b u t i o n  and the  
each of t h e  p r o b c t s .  
and then each e l u t e d  product is combusted t o  C02. The "C content of the CO 
is determined by mass spectrometry. 
by Sano et  a l .  (6) and Matthews and Hayes ( 7 ) ,  and is termed i so tope- ra t io  gas  
chroma tography-mass spectrometry. 

C content of 
The products a r e  f i r s t  separated y gas chromatography 

This a n a l y t i c a l  approach has  been descr3bed 

RESULTS AND DISCUSSION 

The reac t ion  of C2H4 and H2 over  Ru produces, in addi t ion  t o  C2H6, CH4 and 
Cg+ o l e f i n s  and p a r a f f i n s .  
As s h a m  in f i g .  1, t h e  carbon number d i s t r i b u t i o n  of the  C3+ products  does not  
decrease monotonically, but r a t h e r ,  o s c i l l a t e s  so t h a t  products with an even num- 
b e r  of carbon a t o m  predominate. The formation of CH4 is ascr ibed t o  t h e  hydrog- 
enolysis  of C H and t h e  formation of C3+ hydrocarbons t o  homologation of C H4 via  
c h a i n  growth,'i$volving C1 and C2 monomer uni t s .  An accurate  descr ip t ion  o f  the  
product d i s t r i b u t i o n  is achieved us ing  t h e  mechanism i l l u s t r a t e d  i n  Fig. 2 (8). 

The addi t ion  of C2H4 t o  s y n t h e s i s  gas  has a s t r o n g  inf luence on the  

A l a r g e  f r a c t i o n  of the  C4+ hydrocarbons a r e  branched. 

hydrogenation of CO. 
t h e  formation of hydrocarbons from CO is completely suppressed and only t h e  
hydroformylation of C2H4 t o  form propanal (and some propanol) is observed. 
presence of CO suppresses  t h e  hydrogenation of C2H4 t o  C2H6 but has  r e l a t i v e l y  
l i t t l e  e f f e c t  on C2H4 hydrogenolysis and homologation. 
and C3+ p r o h c t s  are inf luenced by t h e  p a r t i a l  pressures  of C2H4, CO, and H2. 
High s e l e c t i v i t y  t o  C 
C H4, CO. and H2 part1::pressures and low reac t ion  temperatures. The observed 
d f s t r i b u t i o n  of products  can be descr ibed t h e o r e t i c a l l y  using a modified vers ion 
of  t h e  mechanism f o r  C2H4 homologation (8). 

Figures  3 and 4 show t h a t  above a C2H4/C0 r a t i o  of 1.0, 

The 

The s e l e c t i v i t i e s  t o  CHq 

roducts  and l ow s e l e c t i v i t y  t o  CH4 a r e  observed f o r  high 

The r e s u l t s  of  t h e  present  s tudy c l e a r l y  i n d i c a t e  t h a t  e thylene formed v i a  
t h e  hydrogenation of CO can  undergo extensive secondary react ion.  The presence 
of CO i n h i b i t s  t h e  hydrogenation of e thylene t o  e thane,  and hence t h e  formation 
of  a s t a b l e  C2 hydrocarbon product. A major por t ion  of t h e  readsorbed ethylene 
w i l l  p a r t i c i p a t e  in t h e  i n i t i a t i o n  and propagation of chain growth. 
f r a c t i o n  w i l l  r e a c t  w i t h  adsorbed CO and hydrogen t o  form propanal (or propanol). 
Ethylene readsorpt ion w i l l  a l s o  r e s u l t  in a suppression of CH4 formation. 
would explain why t h e  y i e l d  of CH4 produced over  Ru c a t a l y s t  is observed t o  
decrease as t h e  conversion of CO t o  products increases .  

A s i g n i f i c a n t  

This 
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Fig. 1 Dis t r ibu t ion  of C 1  through c8 hydrocarbons produced by r e a c t i o n  of H2 
and C2H4 a t  493K. 

represent  a t h e o r e t i c a l  descr ip t ion  of the  d a t a  f o r  two sets of 
parameters. 

P H ~  = P c ~ H ~  = 0.40 atm. Sol id  and dashed lines 
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CEIEHICAL TRAPPING OF CO/H, SURFACE SPECIES 
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htroductio n 

CO hydrogenation reactions over supported metal catalysts 
can produce a wide spectrum of hydrocarbon and oxygenated com- 
pounds depending to a large extent on the type of metal used. 
Elucidating the nature of the intermediate species formed on 
metal surfaces may provide the key to understanding the pathways 
through which these reactions proceed on different metals. The 
number of different techniques which have been employed in search 
of this understanding attests not only to the importance of but 
also to the difficulties inherent in the identification of reac- 
tive surface species. 

One common method of obtaining evidence of the participation 
of a postulated reaction intermediate is the use of labelled 
molecules during reaction ( 1 , 2 ) .  Other kinds of experiments have 
involved generating certain labelled or unlabelled species on the 
catalyst surface and then reacting them to prove their participa- 
tion in CO hydrogenation reactions ( 3 ) .  Another elegant kind of 
tracer experiment is carried out by instantaneously switching a 
CO/H2 reaction mixture to a stream in which an isotopic analog of 
one of the reactive components is present ( 4 )  and then monitoring 
the reaction kinetics during the transient period that follows. 
Other creative experiments have used reactive molecules not part 
of the reaction scheme to scavenge surface intermediates ( 5 ) .  

Each of these experiments has added greatly to our knowledge 
of the chemistry of the catalyst surface under reaction con- 
ditions. The unanswered questions that remain, however, have 
emphasized the need for unequivocal surface species identifica- 
tion. This in turn has led us to investigate a novel technique 
which has recently been developed ( 6 )  for chemically trapping 
adsorbed species. This trapping technique involves introducing 
an alkylating reagent onto the catalyst surface after it has been 
contacted with the CO/H2 reactants. It is postulated that the 
reagent reacts with the surface intermediate species by alkyla- 
ting it at each point of former attachment to the catalyst sur- 
face. Identification of the products of this alkylation reaction 
may then lead to back-deduction of the identity of the surface 
species itself. The schematic in Figure 1 portrays the reaction 
of alkylating reagents such as CH I and ( C  H ) SO with some 
postulated intermediate species. Tie ideas 8e8iid the develop- 
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ment of this technique draw upon methods used in the determina- 
tion of mechanisms of organic reactions (7). 

Chemical trapping experiments to date have been of limited 
use in elucidating catalytic reaction mechanisms because they 
have not been carried out under reaction conditions. Moreover, 
questions have been raised about whether the trapping reagents 
actually react quantitatively with surface species in the manner 
postulated. The purpose of our investigation is to delineate how 
the trapping reagent reacts with the catalyst surface and to 
employ the technique to probe the nature of reactive surface 
intermediates on supported metal catalysts during CO 
hydrogenation reactions. 

Preliminary chemical trapping experiments were carried out 
in-situ under CO hydrogenation conditions on a 3% RuKY zeolite 
catalyst. The addition of CH I to a CO/H2 reaction stream 
resulted in a profound alteratgon of the typical ASF product 
distribution for this catalyst. A dramatic decrease in C -C3 
hydrocarbons was observed concomitant with a similarly skarp 
increase in C -C hydrocarbons. The distribution of C products 
was also si&i$icantly altered as shown in Figure 3 .  These 
results indicate that addition of the trapping reagent causes 
perturbations in the observed CO/H2 products which may be caused 
by alkylation of surface species by the reagent. However, the 
complexity of the results make it difficult to clearly 
identify surface species or to understand the action of the 
trapping reagent on these surface species. 

The complex action of the trapping reagent on metal- 
adsorbate bonds might be made more clear with the substitution of 
model organometallic complexes for the catalyst-adsorbate systems 
under study. These model complexes simulate organic species 
adsorbed on metal surfaces. The interaction of the organic 
ligands with chemical trapping reagents may provide important 
clues about how these reagents interact with species adsorbed on 
the surface of a metal catalyst. Figure 3 shows the structure of 
two organometallic complexes now under study using the chemical 
trapping technique. 

The investigations involving model complexes are being 
coupled with further in-situ trapping experiments on supported Ni 
and Pd catalysts during CO/H reactions. These two metals yield 
very different product distrfbutions, but both are generally less 
complex than those obtained from Ru. Coupled with investigations 
on model organometallic systems, these trapping studies promise 
to provide a framework for understanding differences in CO 
hydrogenation reaction pathways over different metals. 
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FIGURE 1. Schematic of the reaction of alkylating reagents with 
some postulated surf ace intermediate species 

(&I products derived from 8 8lkglding reegeni 
0) products derived from 0 .C2 e/&g/utiny reqeni 



f 

Figure 2 A .  Total Product Distribution 

Figure 28.  Composition of C4 Products 

60' 

1 -C4- t-2-C4- ~ - 2 4 2 4 -  i-C4 n-C4 

CO+H2 124 CO+HZ+CH31 



/A J 

CH3 
I 
C 

FIGURE 3. Organometallic complexes under study as 
model metal-adsorbate systems f o r  
chemical trapping 

10 



4 

/ 

Isosynthesis Hechanisms Over Zirconium Dioxide 

Ronald G. Silver, Shiaw C. TSeng, and John C. Ekerdt 

Department of Chemical Engineering 
University of Texas 
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Introduction 

The isoeyntheeis process refers to the selective conversion 
of synthesis gas into branched aliphatic hydrocarbons over metal 
oxide catalysts. Thoria and zirconia are the moet active oxides 
that catalyze the formation of hydrocarbons containing four to 
eight carbon atoms, with isobutane as the major product 111 .  The 
reaction requires high pressures, 30-600 atm, and high tempera- 
turea, 375 to 475 C. 

The reactions occurring during isosynthesis have not been as 
thoroughly studied as have the reactions occurring during CO hydroge- 
nation to methanol or during Fischer-Tropsch synthesis. The earliest 
research was conducted in the 1940's [ I ] .  The effects of oxide 
composition and synthesis conditions are reported and mechanisms, 
based on these early studies, have been proposed [1,2,3]. These 
proposed mechanieme relied on the acid/base nature of the catalytical- 
ly active oxides and involved acid-catalyzed reactions between 
methanol or dimethyl ether and olefins. Hore recently, two additional 
ieoeynthesis mechanisms have been proposed [4,5]. Both of the recent 
mechanisms propose CO insertion into an oxygenated hydrocarbon 
fragment to explain chain growth and involve aldol condensation as one 
of the termination reactions. The CO insertion and the aldol conden- 
sation reactions differ in that different oxygenated fragments and C1 
fragments are proposed to be involved. 

The activation of CO on zirconia has been reported in a series of 
papers [6,7,8,9]. The activation is proposed to involve the initial 
formation of a surface formate and ita subsequent reduction to a 
methoxide via an oxymethylene. The oxymethylene carbon is bonded to 
the Zr cations through two oxygen atoms 171. This proposed structure 
was based on limited infrared data and other structures, such as those 
involving carbon bonded directly to a Zr cation, may be present. 

Experimental 

The high pressure studies were conducted in a 70 mm section 
o f  6.35 mm O D  stainless steel tubing. All of the experiments were 
conducted at 35 atm and a total flow rate of 100 cc/min. The reactor 
effluent was analyzed on a gas chromatograph. 

A fresh charge (2.0 grams) of zirconia was used for each experi- 
ment. The zirconia was pretreated at 425 C in flowing oxygen for 60 
min followed by heating at 425 C in flowing hydrogen for 6 0  min. The 
treated zirconia was expoeed to CO/H2 at a constant ratio of 1 / 1  for 
the data presented in the tables. 
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Z i r c o n i a  was p r e p a r e d  b y  a d d i n g  c o n c e n t r a t e d  ammonium h y d r o x i d e  
t o  a 20.3 w t %  Zr(NO3)4 s o l u t i o n  ( N y a c o l ) .  The  r e s u l t i n g  h y d r o u s  Zr02 
w a #  washed  w i t h  d i s t i l l e d  w a t e r  a n d  d r i e d  i n  a i r  a t  120 C f o r  24 h r .  
The Z r 0 2  was s u b s e q u e n t l y  c a l c i n e d  i n  a i r  f o r  4 h r  a t  600 C. The Z r O Z  
h a d  a BET a r e a  r a n g i n s  f r o m  30-45 mz/g a n d  was m o n o c l i n i c .  The 
a c t i v i t y  of t h e  Z r 0 2  w a s  a S t r o n g  f u n c t i o n  o f  t h e  d e g r e e  o f  d r y i n g  a n d  
t h e  c a l c i n a t i o n  c o n d i t i o n s .  A t h o r o u g h  d r y i n g  w a s  n e c e s s a r y  t o  
a c h i e v e  h i g h  a c t i v i t y  t o  m e t h a n o l ,  d i m e t h y l  e t h e r  a n d  h y d r o c a r b o n s .  
( T h e  c a u s e s  f o r  t h i s  a r e  c u r r e n t l y  u n d e r  i n v e s t i g a t i o n . )  

R e s u l t s  

A series of  e x p e r i m e n t s  was c o n d u c t e d  o v e r  t h e  z i r c o n i a  a t  
t e m p e r a t u r e s  r a n g i n g  f r o m  250 t o  425 C a n d  a t  v a r y i n g  f l o w  r a t e s .  
Below 350 C m e t h a n o l  a n d  d i m e t h y l  e t h e r  w e r e  t h e  o n l y  p r o d u c t s  
formed I n  s i g n i f i c a n t  q u a n t i t i e s .  H y d r o c a r b o n  p r o d u c t i o n  was o b s e r v e d  
a b o v e  350 C .  The p r o d u c t  d i s t r i b u t i o n  t r e n d s  w e r e  s i m i l a r  t o  t h o s e  
r e p o r t e d  o v e r  t h o r i a  [I]. 

E x p e r i m e n t s  w e r e  per ' formed t o  t e s t  t h e  mechanisms t h a t  h a v e  
b e e n  p r o p o s e d .  T h e s e  i n v o l v e d  a d d i n g  r e a c t a n t s  i n t o  t h e  C O / H z  
f e e d  g a s  t h a t  s h o u l d ,  on  t h e  b a s i s  o f  t h e  d i f f e r e n t  m e c h a n i s m s ,  
a d s o r b ,  t r a n s f o r m  i n t o  a r e a c t i v e  i n t e r m e d i a t e ,  and  become i n c o r p o r a t -  
e d  i n t o  t h e  i s o s y n t h e s i s  p r o d u c t s .  The e f f e c t  o f  a d d i n g  p r o p y l e n e ,  
m e t h a n o l ,  f o r m a l d e h y d e ,  a c e t o n e ,  n - p r o p a n o l ,  p r o p i o n a l d e h y d e  a n d  
2 - m e t h y l - p r o p i o n a l d e h y d e  h a s  b e e n  m e a s u r e d .  T h e s e  were a d d e d  a t  low 
c o n c e n t r a t i o n s  (50-500 ppm) t o  m i n i m i z e  t h e i r  e f f e c t  o n  e x i s t i n g  
s u r f a c e  s p e c i e s  a n d  r e a c t i o n s .  

P r o p y l e n e  was a d d e d  a t  t h e  l e v e l  i t  was p r o d u c e d  a t  a n d  i t  
p a s s e d  t h r o u g h  t h e  r e a c t o r  u n r e a c t e d  a n d  h a d  a n e g l i g i b l e  e f f e c t  
o n  t h e  C4 p r o d u c t s .  T h i s ,  a n d  o t h e r  o l e f i n  a d d i t i o n  e x p e r i m e n t s ,  
s u g g e s t s  t h a t  o l e f i n s  a r e  n o t  i n c o r p o r a t e d  i n t o  t h e  i s o s y n t h e s i s  
p r o d u c t s  and i t  i s  u n l i k e l y  t h a t  i s o s y n t h e e i s  i n t e r m e d i a t e s  c a n  be  
d e r i v e d  f rom h y d r o c a r b o n  p r o d u c t s .  T h e s e  r e s u l t s  a l s o  p r o v i d e  
e v i d e n c e  t h a t  t h e  e a r l y  a c i d - b a s e d  m e c h a n i s m s  [ 1 , 2 , 3 ]  a r e  n o t  c o r r e c t .  

I n  many c a e e e ,  t h e  o x y g e n a t e d  a d d i t i v e s  d i d  n o t  a p p e a r  t o  
i n c o r p o r a t e ,  i n  a p p r e c i a b l e  a m o u n t s ,  i n t o  t h e  n e x t  h i g h e r  e y n t h e -  
a i s  p r o d u c t s .  b u t  r a t h e r  u n d e r w e n t  s e l f - c o n d e n e a t i o n  o r  u n d e r w e n t  
r e d u c t i o n .  The  p r o p i o n a l d e h y d e  a n d  a c e t o n e  a d d i t i o n s  h a v e  p r o v i d e d  
t h e  most  i n f o r m a t i o n .  T a b l e  1 p r e s e n t s  t h e  e f f e c t  of a d d i n g  200 ppm 
o f  P r o p i o n a l d e h y d e  t o  t h e  f e e d .  ( I s o s y n t h e s i s  p r o d u c e d  a t  m o s t  4 ppm 
o f  P r o p i o n a l d e h y d e  a t  t h e  c o n d i t i o n s  r e p o r t e d  h e r e . )  T a b l e  2 p r e s e n t s  
t h e  e f f e c t  o f  a d d i n g  250 ppm of  a c e t o n e  t o  t h e  f e e d .  The a c e t o n e  
e x p e r i m e n t s  w e r e  c o n d u c t e d  o v e r  a b a t c h  o f  z i r c o n i a  t h a t  h a d  a l o w e r  
a c t i v i t y ;  p r e s u m a b l y  t h i s  was c a u s e d  by a v a r i a t i o n  i n  t h e  p r e p a r a t i o n  
o f  t h e  z i r c o n i a .  

M e t h a n e ,  m e t h a n o l  a n d  d i m e t h y l  e t h e r  d e c r e a s e d ,  w h i l e  e t h y l e n e ,  
P r o p y l e n e ,  p r o p a n e ,  i s o b u t e n e ,  a n d  t h e  C4 a l c o h o l s  i n c r e a s e d  i n  
c o n c e n t r a t i o n  i n  t h e  p r e s e n c e  o f  a d d e d  p r o p i o n a l d e h y d e .  P r o p i o n a l d e -  
h y d e  a p p e a r e d  t o  r e a c t  w i t h  t h e  m e t h a n e / m e t h a n o l  p r e c u r s o r  t o  form 
i e o b u t e n e .  O u r  a t m o s p h e r i c  s t u d i e s  [6,7,8] h a v e  d e m o n s t r a t e d  t h a t  t h e  
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methane/methanol precursor is a methoxide. The amount of propionalde- 
hyde fed can be accounted for in the increase in ethylene, C j  hydro- 
carbons and oxygenates, isobutane and the C 4  alcohols. 

The majority of the acetone was reduced to propane and propylene. 
There was a significant increase in the amount of ieobutanol formed 
and an unexpected decrease in isobutene. The linear butenes were 
moderately affected. nethanol and dimethyl ether decreased substan- 
tially in the presence of acetone. Acetone was expected to form an 
aldehydic-like species by analogy to previous work with formaldehyde 
[ 6 , 7 , 8 1 .  

Isobutanol was seen to increase and isobutene was seen to 
decrease in the presence of acetone. Both were expected to increase. 
The significant drop in isobutene, in parallel with the methanol 
decrease, may be related to acetone interfering with methanol produc- 
tion. Aldol condensation appears to require the methanol precursor 
( s e e  next section). The mafority of the ieobutene loss could be 
associated with the isobutene formed via aldol condensation. 

Discussion 

The acetone addition experiments support the C O  insertion 
scheme proposed by nazanec [ 4 ] .  This scheme is represented in 
Figure 1 for a bound aldehyde originating from acetone. This scheme 
involves C O  insertion into a bound aldehyde, I, to form a cyclic acyl, 
11- The substituents of the cyclic acyl influence subsequent trans- 
formations, 1,l-shift of hydrogen (favored over alkyl [ 4 ] )  through the 
second valence bond structure, 111, or step-wise hydrogenation to the 
alcohol via the intermediate IV. 

The other CO insertion scheme has been proposed by Vedage et 
al. [ 5 ]  on the basis of extensive studies of alcohol synthesia 
o v e r  a variety of metal oxide systems. An alkoxide is proposed 
to undergo CO insertion to form an alkionate which is subsequently 
reduced to the alcohol. There is an important distinction between 
the two mechanisms. Secondary alcohols are not observed during 
isosynthesie; therefore, secondary alkoxides are not formed and 
the alkoxide-based C O  insertion mechanism [ 5 1  can only lead to linear 
products. 

Acetone addition led to an increase in isobutanol and a parallel 
loss of isobutene, which may be related to a suppression of aldol 
condensation ( s e e  below). Isopropanol was not detected, suggesting 
that acetone did not form the branched alkoxide required, in Vedage et 
al.'e scheme, to form the increased isobutanol. Additional studies in 
which n-propanol was added to the feed did not lead to a measurable 
change in any C q  product providing additional evidence that alkoxides 
are unlikely intermediates in CO insertion reactions over zirconia. 

Aldol condensation has been proposed as the termination reaction 
that can account for branching in the synthesis of alcohols [ 5 ]  and 
that can account for the non-flory distribution oboerved during 
isosynthesis [ 4 ] .  The propionaldehyde addition experiments showed a 
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lose in methanol, methane and dimethyl ether, and an increase in 
ieobutene. These observations suggest that the branching reaction 
involves the methanol/methane precursor, the methoxide [8,9]. F i g u r e  
2 presents the aldol condensation scheme that wae suggested by Hazanec 
[4]. Propionaldehyde is proposed to adsorb as structure 0 and 
transform into the enolate anion, VI. The enolate reacte with 
methoxide to form the next higher aldehyde, that is subsequently 
reduced to the branched hydrocarbon o r  alcohol. The alternative 
scheme involves a reaction between the enolate anion, VI, and a formyl 
[SI. All the previous work over zirconia [6,7,8,9] is consistent with 
the conversion of CO via a formate rather than a formyl intermedi- 
ate. This observation along with the effect propionaldehyde had 
on the methanol/methane yield supporte the aldol condensation scheme 
represented in Figure 2. 
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Tab10 1 
over 

Peed Gas 

Table 2 
o v e r  

Feed Gas 

Imosynthemis Product6 at 425 C and 35 at. 
ZrOZ nade f roa  Zr(NO3)4 

Hz/CO/He 

1312") 
104 
103 
67.0 
19.0 
6.1 

252 
4.0 

28.5 
27.7 
26.4 
486 
1 7 1  

0 
3.1 

12.3 
7.9 

1.47 

Hz/CO/He with 200 
ppm o f  C2HgCHO 

863 
123 
103 
204 
27.0 
5.5 

301 
4.7 

30.7 
27.6 
26.1 
455 
155 
0 

6.8 
16.9 
12.6 
1.94 

Isosyntheeis Products at 425 C a n d  35 atm 
Zr02 Hade from Zr(NOg)4 

Hz/CO/He 

1307(a) 
155 
64.3 
93.1 
1.2 

72.3 
2.9 

20.5 
665 
913 
0 

3.9 
31.9 
13.3 

Hz/CO/He with 250 
ppm o f  acetone 

834 
128 
34.5 
338 
1.8 

37.5 
11.5 
23.2 
356 
25.2 
0 

6.4 
69.8 
5.4 
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EFFECTS OF H20 AND COz ON THE ACTIVITY AND COMPOSITION OF 
IRON FISCHER-TROPSCH CATALYSTS 

Mark A. McDonald 

U.S. Department of Energy 
Pittsburgh Energy Technology Center 

P.O. Box 10940 
Pittsburgh, Pennsylvania 15236 

INTRODUCTION 

The composition of an iron Fischer-Tropsch (F-T) catalyst is strongly 
affected by the % conversion of Hz-CO syngas (1,2). At low % conversion, the 
strongly reducing syngas mixture tends to convert metallic or oxidic iron species 
to a bulk iron carbide phase or phases. As syngas conversion increases, HZ and 
CO are converted to organic products, and to HzO and COz. The gas mixture can 
therefore oxidize an iron catalyst ( 3 ) .  However, the catalyst's synthesis 
behavior (activity, selectivity, activity and selectivity maintenance) also 
depends strongly on syngas conversion (4 ) .  Thus, an iron catalyst's composition 
and synthesis behavior are not easily correlated under typical F-T reaction 
conditions. 

This study was designed to determine how the build-up of H20 and COZ during 
reaction affect F-T catalyst composition and synthesis behavior. Reaction rate 
measurements were conducted at differential % syngas conversion using catalyst 
wafers mounted in an in-situ cell. This cell allowed Mossbauer effect spectros- 
copy of the used catalyst for determination of the catalyst composition. 
Additional H20 and COz were added to syngas to determine the effects on catalyst 
composition, activity, and selectivity. Furthermore, these experiments were 
carried out at pressures well above atmospheric, the pressure range required for 
good iron F-T catalyst behavior (5). Thus, results presented here are more 
closely related to the state of working F-T catalysts than are previous in-situ 
Mossbauer studies of iron catalysts, which were done almost exclusively at atmos- 
pheric pressure, This paper focuses on initial experiments involving the addition 
of only H20, not Cor, to a syngas stream. 

EXPERIMENTAL METHODS 

Flows of 1/1 H2/CO, Ha, CO2, CO and He were obtained from cylinders, with 
purification traps located downstream from each cylinder. Two Brooks 5850 mass 
flow controllers regulated flows from one or two cylinders at a time. Water was 
added to the gas streams with an ISCO 314 syringe pump. The water flowing from 
the pump was vaporized and combined with the gas stream. Cas lines were heated 
downstream to prevent water condensation. The syringe pump was filled from a 
distilled water reservoir. The water in this reservoir was sparged 4-10 h with He 
to remove dissolved gases. 

The spectroscopy cell used for reaction experiments was constructed at. West 
Virginia University under the supervision of Dr. Pedro Montano. The cell pressure 
was regulated with a Tescom back-pressure regulator located downstream. Reaction 
products were analyzed using a Hewlett-Packard 5730 gas chromatograph. A flame 
ionization detector analyzed organic products eluted from a capillary column, 
while a thermal conductivity detector analyzed other gases (COz, CO) eluting from 
a Porapak R column. The Mossbauer spectrometer is an MS-900 manufactured by 
Ranger Scientific. The source was 100 millicuries of "CO in Rh, obtained from 
New England Nuclear. 

The iron catalyst was prepared by incipient wetness impregnation of Davison 
952 silica with aqueous Fe(NOr)r solution, yielding a catalyst precursor of 

17 



approximately 12 w t %  Fe following drying and ca lc ina t ion .  Approximately 0.15 g of 
t h i s  precursor was pressed i n t o  a wafer and mounted in  the  reac t ion  c e l l  f o r  each 
experiment. The ce l l  was then pressure tes ted  by heat ing in  a He flow t o  383 K 
for 2 h ,  then given a s tandard reduction i n  flowing Hz a t  523 K f o r  14 h ,  623 K 
f o r  8 h ,  and f i n a l l y  698 K f o r  14 h. Before exposure t o  syngas, the  c a t a l y s t  was 
cooled in H z  flow t o  523 K. A l l  gas treatments reported here  were car r ied  out a t  
2.06 MPa (20.3 atm). 

RESULTS 

Rates of synthes is  of  CHr and COz obtained a f t e r  2 h exposure t o  1 / 1  H z / C O  
are shown in Table 1 ,  reported as (moles product)/(mole t o t a l  Fe s). Product 
s e l e c t i v i t i e s  t o  l i g h t  hydrocarbons a r e  also l is ted,  shown a s  molehole  CH+.  The 
c a t a l y s t  reached maximum conversion a f t e r  two hours on stream, and maintained 
essent ia l ly  constant  a c t i v i t y  and s e l e c t i v i t y  during the  e n t i r e  24 h of synthesis .  

In a separa te  experiment, a c a t a l y s t  sample given t h e  same reduction pre- 
treatment and 24 h exposure t o  syngas was then exposed t o  syngas containing 12% 
HzO. Ca ta lys t  a c t i v i t y  declined f i f t y - f o l d  during t h e  f i r s t  four  hours on stream, 
to  a l e v e l  of a c t i v i t y  approaching t h e  accuracy of chromatographic analysis .  
(Thus, no d a t a  a r e  given.) Production of  COz declined rapidly over the  same 
period af tine. 

Mossbauer e f f e c t  s p e c t r a  of c a t a l y s t  samples a r e  shown i n  the Figure 1 .  
Figure l a  shows t h e  spectrum of the i n i t i a l l y  reduced c a t a l y s t .  This spectrum 
displays the c h a r a c t e r i s t i c  six-peak spectrum of  a-Fe, demonstrating thorough 
reduction occurred before  exposure t o  syngas. The spectrum may a l s o  contain an 
Fe+' component overlapping wi th  the  fourth peak, although no computer f i t t i n g  o f  
t h e  spectrum has been y e t  made. Figure lb  shows t h a t  during 24 h of  syngas 
exposure, t h e  c a t a l y s t  was completely converted t o  i ron carbide.  The six-peak 
spectrum is t h a t  o f  E'-carbide ( 6 , 7 ) ,  although a small amount of  X-carbide may 
a l s o  be present .  The sample exposed t o  an addi t iona l  24 h of syngas containing 
12% H20 gave e s s e n t i a l l y  the same spectrum (Figure I C ) ,  even though ca ta lys t  
a c t i v i t y  decl ined dramatical ly  during t h i s  treatment. Thus, the decl ine in 
a c t i v i t y  upon exposure t o  syngas + 12% H z O  was not  accompanied by any measurable 
bulk oxidation of  i r o n  carbide.  

DISCUSSION 

A t  least two processes  need to be considered in  discussing the e f f e c t s  of 
adding the oxidant H z O  t o  syngas: ( a )  bulk oxidat ion of t h e  i ron c a t a l y s t  by H z O ,  
and ( b j  oxidat ion o f  CO by H z O  t o  form H z  + C O z ,  the  water-gas s h i f t  react ion.  
The latter reac t ion  is c l e a r l y  favored thermodynamically under these con- 
d i t i o n s  ( E ) ,  and is typica l ly  equi l ibra ted  f o r  K-promoted F-T c a t a l y s t s  operating 
a t  non-different ia l  conversions and s l i g h t l y  higher temperatures than used 
here  ( 9 ) .  However, for  t h e  experimental condi t ions reported here ,  there  is l i t t l e  
reason t o  expect t h e  reac t ion  t o  approach equilibrium. Thus, it is s u f f i c i e n t  t o  
consider only t h e  f i r s t  process and t o  neglect  the  water-gas s h i f t  react ion.  
(This  statement is equiva len t  t o  saying t h a t  one need only consider the  oxidation 
of iron by HzO and need n o t  consider the  reverse  process, the  reduction of i ron 
oxide by CO. ) 

For t h e  run i n  which H z O  was added t o  syngas, the ( H z O ) / ( H z )  ratio was 
c lear ly  above that required t o  oxidize a-Fe t o  FerO, ( 8 ) .  However, E'-carbide, 
no t  a-Fe, was present  before exposure t o  HzO-containing syngas, and the  
thermodynamics of t h e  i ron  carbides  a r e  not  well-defined (3) .  The absence of any 
detectable  bulk carbide oxidat ion during H 2 0  exposure thus  may be due t o  e i t h e r  
t h e  unfavorable thermodynamics o r  k i n e t i c s  of  bulk oxidat ion.  
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Nevertheless, the addition of HzO to syngas certainly made the gas much more 
oxidizing. The loss of catalyst activity upon exposure to HZO-containing syngas 
suggests that surface oxidation of the catalyst took place. This would be con- 
sistent with the idea that reduced iron species are required for hydrocarbon 
synthesis from syngas (10,ll). 

The severe loss of catalyst activity upon exposure to HzO/Hz/CO was larger 
than the magnitude of effects reported by other workers (9,11,12). In fixed-bed 
experiments, Karn & reported that 10-30s H20 added to 1/1 H zKO had rela- 
tively little effect on % CO conversion (12). The main effect was to decrease the 
% CHc in the outlet stream while increasing % COz. Thus, the extent of water-gas 
shift reaction was increased while hydrocarbon synthesis was inhibited. The 
increase in water-gas shift and inhibition in methane synthesis was most notice- 
able at low % conversions (high space velocities). At higher % conversions, less 
inhibition of methane production was observed, attributed to the enhanced HzKO 
ratio resulting from water-gas shift. 

In slurry-phase F-T synthesis experiments, Satterfield et al. (9) reported 
trends similar to those of Karn & but of smaller magnitude. Addition of 12% 
HzO slightly increased the rate of CO consumption, due to an increase in COz pro- 
duction from water-gas shift. The rate of CO conversion to organic products 
appears to have declined very slightly. The magnitude of these trends was not 
much larger even for addition of up to 42% HzO; the increase in COz production and 
decrease in CO conversion to organic products still were each only about a factor 
of two. It should be noted that these runs had Hz + CO conversions over 50%. 
Since these authors used a mixed reactor, it is probably most reasonable to com- 
pare results presented here with their experiments containing 42% HzO in the feed, 
since in each case the reactor concentrations of HzO were in the same range. 

Reymond et al. (13) reported trends somewhat closer to those reported here. 
In studies at atmospheric pressure and differential % conversion, addition of only 
0.6% HzO to 9/1 HzKO produced about a three-fold drop in rates of both Ch, and Cor 
synthesis. 

The difference among these studies are attributable to differences in reactor 
type and catalyst used. conversion 
showed relatively small changes in reaction rates (9,12). Additional COz was 
produced, synthesis of F-T products was inhibited, but these trends became less 
pronounced as 5 conversion increased. In contrast, reactions carried out under 
differential 5 conversion (13) showed much larger effects of H20 addition on 
catalyst activity but no clear effect on selectivity. 

Studies of Ha0 addition carried out at high 

These trends can be rationalized from the following observations. The 
studies carried out at high % conversion (9,121 had substantial concentrations of 
HtO, COz, and organic products in the outlet stream, while concentrations of H2 
and CO were well below concentrations in the inlet stream. In addition, K- 
promoted catalysts were used in both studies. High % conversions and K-promotion 
both favor equilibration of the water-gas shift reaction (9,141, so this reaction 
is likely to approach equilibrium under these conditions. Addition of HzO to the 
feed perturbs the water-gas shift reaction away from equilibrium and makes the gas 
mixture more oxidizing. Therefore, the % CO conversion to COz (water-gas shift) 
increases while F-T activity drops. As % conversion is increased (space velocity 
is lowered), the water-gas shift reaction approaches equilibrium and the oxidizing 
effect of H20 addition is minimized. F-T synthesis is not as strongly inhibited 
under these conditions. 

In contrast, at differential % conversions, the Hz0 concentration in the feed 
is essentially the same as in the outlet. The water-gas shift reaction is not 
equilibrated, so the increase in HzO concentration is accompanied by a much larger 
drop in activity. 
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TABLE 1. Rates and Selectivities of F-T Synthesis 
(523 K, 2.06 MPa, 1/ 1  H2/CO, 2 h on stream) 

Product Rate/lO-* mol (mol Fe - s) - '  

CH4 
co 2 

3.2 
0.75 

Product Selectivity/mol (mol C H * ) - '  

1 .oo 
0.31 

.077 

.235 

.118 

.064 

0.18 

0.095 
0.050 

, 

21 



FIGURE 1. Nossbauer Effect Spectra of Fe/SiOz 

(a) Reduced catalyst 
(b) 
( c )  

Reduced catalyst, reacted 24 h in  1 / 1  Hz/CO 
Reduced catalyst, reacted 24 h i n  1 / 1  Hz/CO, 
24 h in 1/1  Hz/CO + 125 HzO 
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THE INFLUENCE OF PARTICLE SIZE AND STRUCTURE ON THE MJSSBAUER 
SPECTRA OF IRON CARBIDES FORMED D U R I N G  FISCHER-TROPSCH SYNTHESIS 

R .  R .  C a t t e  and J .  P h i l l i p s  

The Pennsylvania S t a t e  Un ive r s i ty  
133 Fenske Laboratory 

Un ive r s i ty  Park, PA 16802 

In t roduc t ion  

C h a r a c t e r i z a t i o n  of t h e  a c t i v e  and s t a b l e  phase of i ron-based Fischer-Tropsch 
c a t a l y s t s  has been a t o p i c  of i n v e s t i g a t i o n  f o r  s e v e r a l  yea r s  (1-10) .  Yet, a g r e a t  
d e a l  o f  c o n t r o v e r s y  s t i l l  s u r r o u n d s  t h e  i d e n t i t y  of t h e  phase ( s )  p re sen t  du r ing  
s y n t h e s i s .  T h i s  s t e m s  from t h e  f a c t  t h a t  n e i t h e r  x - r a y  nor MBssbauer s t u d i e s  
have proven capable  of unambiguously c h a r a c t e r i z i n g  t h e  me tas t ab le  c a r b i d e s  fo rmed .  

I n v e s t i g a t i o n s  o f  t h e  m e t a s t a b l e ,  o c t a h e d r a l  c a r b i d e s  ( a s  t h e y  h a v e  been 
termed (5)) have been going on for many yea r s  ( l l - l e ) ,  d a t i n g  back t o  a t  l e a s t  1949 
( 1 2 ) .  The i r o n  s t r u c t u r e  h a s  been a s s i g n e d  a s  HCP ( o r  ' n e a r l y '  H C P )  w i th  the  
carbon atoms occupying t h e  o c t a h e d r a l  ho les .  The most  n o t a b l e  of t h e s e  a r e  t h e  E 

and E '  c a r b i d e s .  X-ray r e s u l t s  have, however, been r a t h e r  u n s a t i s f a c t o r y  for  many 
reasons.  For i n s t a n c e ,  t h e  commercial c a t a l y s t s  s t u d i e d  c o n t a i n e d  many m e t a l l i c  
a d d i t i v e s  and  in most cases  t h e  small  c r y s t a l l i t e  s i z e s  gave rise t o  broad,  poorly 
resolved l i n e s .  

I n  r e c e n t  y e a r s ,  e m p h a s i s  h a s  s h i f t e d  t o w a r d  t h e  use of M 6 s s b a u e r  
spectroscopy f o r  i n - s i t u  s t u d i e s  of t h e  c a r b u r i z a t i o n  b e h a v i o r  (1 -10 ,  13-15. 18 ) .  
Aga in ,  a number of c o n f l i c t i n g  r e p o r t s  have appeared.  Many workers sugges t  t h a t  x 
and E '  are t h e  a c t i v e  phases ,  with E '  b e i n g  p r e s e n t  i n  smaller p a r t i c l e s  ( 4 , l O ) .  
O t h e r s  have a r g u e d  t h a t  t h e  dominant  p h a s e s  a r e  E and E '  (2 .8 ,9) .  S t i l l  o t h e r s  
have suggested t h a t  t h e  i d e n t i t i e s  of E and E '  a r e  a c t u a l l y  t h e  r e v e r s e  of what h a s  
been g e n e r a l l y  r e p o r t e d  ( 5 ) .  I t  s h o u l d  be, c l e a r  from a c a r e f u l  review o f  t h e s e  
s t u d i e s  t h a t  t h e  ambiguity arises from t h e  d i f f i c u l t  i n t e r p r e t a t i o n  of t h e  s p e c t r a  
o b t a i n e d .  T h i s  may be due t o  t h e  f a c t  that t h e s e  phases  are present  a s  very small 
p a r t i c l e s  ( c a .  1 0  nm d i a m e t e r ) ,  which i n t r o d u c e s  r e l a x a t i o n  e f f e c t s  i n t o  t h e  
s p e c t r a .  F u r t h e r ,  t h e  c h a r a c t e r i s t i c  peaks a t t r i b u t e d  t o  E and E '  ca rb ide  a r e ,  i n  
most cases ,  p re sen t  a s  background l i n e s  superimposed on a s t r o n g  s p e c t r a l  component 
of n-Fe or Fe-oxide. 

I t  w i l l  be shown t h a t  i f  s p e c t r a  are  c o L l e c t e d  f o r  a s i n g l e  sample over  a 
range of temperatures ,  and i f  r e l a x a t i o n  e f f e c t s  a r e  p r o p e r l y  a c c o u n t e d  f o r ,  t h e  
M6ssbaue r  resu l t s  can  g i v e  n o t  o n l y  a c c u r a t e  i d e n t i f i c a t i o n  of t h e  p h a s e ( s )  
present  but a l s o  q u a n t i t a t i v e  p a r t i c l e  s i z e  in fo rma t ion  and q u a l i t a t i v e  i n f o r m a t i o n  
r ega rd ing  p a r t i c l e  s t r u c t u r e  and t h e  n a t u r e  of p a r t i c l e / s u p p o r t  i n t e r a c t i o n .  

Discussion 

I n  t h i s  s t u d y  a M6ssbauer  m o d e l l i n g  r o u t i n e ,  d e s c r i b e d  i n  e a r l i e r  work 
( 1 9 - 2 1 ) ,  d e s i g n e d  t o  a c c o u n t  f o r  c o l l e c t i v e  m a g n e t i c  e x c i t a t i o n s  ( 2 2 , 2 3 ) ,  
s u p e r p a r a m a g n e t i c  r e l a x a t i o n  ( 2 4 )  and quadrupole  s h i f t  d i s t r i b u t i o n  (25 ,26) ,  was 
used t o  gene ra t e  t h e o r e t i c a l  i r o n - c a r b i d e  s p e c t r a  which c o u l d  t h e n  be a n a l y z e d  
u s i n g  a c o n v e n t i o n a l  l e a s t - s q u a r e s  f i t t i n g  r o u t i n e  ( 2 7 ) .  S e v e r a l  p a r a m e t e r s  
( inc luding ,  temperature ,  an i so t ropy  energy c o n s t a n t ,  quadrupole s h i f t  d i s t r i b u t i o n ,  
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 )  were s y s t e m a t i c a l l y  v a r i e d  t o  check t h e  e f f e c t  on 
t h e  observed s p e c t r a .  The s t a r t i n g  parameters were t h o s e  of X-carbide (25) .  

From t h e  r e s u l t s  (shown i n  F i g u r e s  1 - 4 ,  and  T a b l e s  1-111) t h e  f o l l o w i n g  
conclusions can be drawn: 
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1. )  A t  least  one phase of o c t a h e d r a l  carb ide  forms dur ing  Fischer-Tropsch s y n t h e s i s .  

2 . )  The p a r t i a l l y  r e l a x e d  spectrum of t h i s  phase can be reasonably  w e l l  f i t  wi th  a 
s i n g l e  s e x t u p l e t  wi th  Hhf 170 kOe and 61s Z . 2 5  m m / s  ( 2 8 ) .  However,  due t o  
t h e  c l e a r  a s s y m e t r y  o f  t h e  s p e c t r u m ,  more t h a n  o n e  s e x t u p l e t  i s  p r o b a b l y  
present .  

3 . )  A wide p a r t i c l e  s i z e  d i s t r i b u t i o n  cannot account f o r  t h e  broadness observed i n  
t h e  peaks a t t r i b u t e d  t o  E'-carbide.  and t h e  u n r e l a x e d  h y p e r f i n e  f i e l d  of  t h i s  
phase is probably l a r g e r  than  170 kOe. 

4 . )  The p a r t i c l e  s i z e s  r e p o r t e d  on t h e  b a s i s  of x-ray d a t a  cannot be c o r r e c t  ( i . e . ,  
358 p a r t i c l e  r a d i u s ) ,  s i n c e  i t  is imposs ib le  t o  o b t a i n  a d e f i n e d  s e x t u p l e t  for 
a p a r t i c l e  s i z e  th i s  small. Relaxa t ion  e f f e c t s  become overwhelming. 

A l l  of t h e s e  conclus ions  w i l l  be d i s c u s s e d  i n  g r e a t e r  d e t a i l .  
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TABLE I: Comparison o f  input  and f i t t e d  MBssbauer parameters f o r  a bulk 
X-carbide phase.  

Parameter Fe S i t e  Input  Values F i t t e d  Values 

I 
I1 
I11 

196.0 
217.0 
11a.o 

+O. 15 
+0.17 
+0.15 

I 0.00 
I1 + O .  027 
I1 I -0.012 

196.5 
21 7.5 
117.5 

+O. 149 
+0.169 
+0.143 

-0.003 
+0.025 
-0.021 

Re la t ive  I 3:2:1 3.9:3.2:1.2 
I n t e n s i t y  I1 3:2:1 4.0:Z.l: 1.7 

I11 1.5:1:0.5 2.0:1.4:0.4 

Linewi d ths  I .25:.23:.23 .5: .43: .35 
(mm/sec) I1 .25:.23:.23 .4a:.4a:.46 

111 .25:.23:.23 . 6 1 : . 6 a : . n  

*Other i npu t  parameters  were ( i )  an i so t ropy  ene rgy  cons t an t  = 1,000,000 
erg/cm3, ( i i )  ave rage  p a r t i c l e  s i z e  = ZOOA, ( i i i )  temperature  - 300 K ,  
( i v )  o = 1.20 
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FIGURE CAPTIONS 

Figure I .  

Figure 2. 

Figure 3. 

Figure 4. 

Effec t  of an i so t ropy  energy cons t an t  on spectrum. 
erg/cm3; ( b )  K = 1,500,000 erg/cm3; ( c )  K - 3,000,000 erg/cm3. Other 
input parameters  were (i) average p a r t i c l e  s i z e  = 558; ( i i )  a = 1.20;  
( i i l )  T = 300K. 

Ef fec t  o f  narrowness of p a r t i c l e  s i z e  d i s t r i b u t i o n  on spectrum. ( a )  o - 
1.25; ( b )  a - 1.10; ( c )  a = 1.05;  ( d )  log-normal d i s t r i b u t i o n  func t ion  
f o r  s e v e r a l  a va lues .  Other input  parameters were ( i )  average p a r t i c l e  
s i z e  - 55A; (11) T = 3OOK; ( i i i)  an i so t ropy  energy cons t an t  = 1,000,000 
erg/  cm3. 

Ef fec t  of a v a r i a t i o n  o f  ( equa t ion  (31,  Ref. 25) .  (a) = 0;  ( b )  
- . 5 ~ ~ ~ ~ i ~ < c ~ < . 5 ~ ~ ~ ~ i ~ ;  ( c )  -.75Ecurie<~o<.75Ecurie. Other inpu t  
parameters were ( i )  average p a r t i c l e  s i z e  = 808; ( i i )  a = 1.20; ( l i l )  T 
= 300K; ( l v )  an i so t ropy  energy cons t an t  = 1,000,000. 

Effect of temperature  on spectrum. ( a )  T = 350K; ( b )  T = 300K; ( c )  T = 
80K. Other parameters were ( i )  average p a r t i c l e  s i z e  = 558; ( l i )  a = 
1.20; ( i i i )  an l so t rophy  energy cons t an t  = 1,000,000 erg/cm3. Values of 
Hhf and 61s were taken from Ref. 25 at each t empera tu re .  

( a )  K = 150,000 
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ABSTRACT 

A magnetic method t o  measure t h e  average  tempera ture  of  superparamagnetic 
n i c k e l  c r y s t a l l i t e s  has been a p p l i e d  dur ing  CO methanation. The method t a k e s  
advantage of t h e  tempera ture  dependence of t h e  low f i e l d  magnet iza t ion  of  such 
c a t a l y s t s :  however, t h e  a d s o r p t i o n  of carbon monoxide and t h e  formation of s u r f a c e  
carbon s p e c i e s  compl ica te  t h e  i n t e r p r e t a t i o n  of  r e s u l t s .  C a l i b r a t i o n s  t o  account 
f o r  temperature change and t h e  a d s o r p t i o n  of r e a c t a n t s  are descr ibed .  The 
c a l i b r a t i o n  f o r  t h e  e f f e c t s  of CO is based on t h e  assumption t h a t  t h e  i n t e r a c t i o n  of 
CO w i t h  n i c k e l  is t h e  same f o r  methanation and d i s p r o p o r t i o n a t i o n .  
t r a n s f e r  c a l c u l a t i o n s  based on t h e  thermometric d a t a  compare favorably  w i t h  prev ious  
results from ethane  hydrogenolys is ,  and g i v e  n o  i n d i c a t i o n  of microscopic 
temperature d i f f e r e n c e s  between t h e  n i c k e l  c r y s t a l l i t e s  and suppor t .  

I n t e r p h a s e  hea t  

INTRODUCTION 

The temperature of t h e  a c t i v e  sites is of  fundamental importance for t h e  proper 
T h i s  in format ion  is n o t  c u r r e n t l y  o b t a i n a b l e ;  i n t e r p r e t a t i o n  of c a t a l y t i c  k i n e t i c s .  

however, ‘a magnetic method t o  de termine  t h e  bed average  n i c k e l  c r y s t a l l i t e  
temperature dur ing  e t h a n e  hydrogenolys is  has been developed i n  t h i s  l a b o r a t o r y  
( 1  , 2 ) .  T h i s  paper p r e s e n t s  some e a r l y  r e s u l t s  of a n  effort  t o  extend t h i s  magnetic 
c r y s t a l l i t e  thermometry t o  carbon monoxide methanation over n i c k e l  c a t a l y s t s .  This  
system is  being s t u d i e d  because of its h i s t o r y ,  p r a c t i c a l  importance,  more 
complicated magnetochemistry and h igher  h e a t  of r e a c t i o n .  

The b a s i s  of n i c k e l  c r y s t a l l i t e  thermometry is t h e  tempera ture  dependence of 
t h e  i n t r i n s i c  magnet iza t ion ,  o r  magnetic moment per volume, of  n i c k e l  c r y s t a l l i t e s  
i n  superparamagnetic samples ( 1 , 2 , 3 ) .  T h i s  c a n  be determined from low f i e l d  
magnetization da ta .  
hydrogenolysis,  e t h a n e  is in t roduced  i n t o  a s t ream of hydrogen and helium which is 
flowing through a short c a t a l y s t  bed. This  i n i t i a t e s  t h e  exothermic e t h a n e  
hydrogenolysis r e a c t i o n .  
n i c k e l  c r y s t a l l i t e  tempera ture  i n c r e a s e s .  
and average c r y s t a l l i t e  tempera ture ,  determined by c a l i b r a t i o n ,  is then  appl ied .  I n  
a d d i t i o n ,  any change i n  moment due t o  changes i n  s u r f a c e  coverage must be accounted 
for (1 .2) .  One of t h e  p r i n c i p l e  reasons  t h a t  e thane  hydrogenolys is  over  n i c k e l  was 
the  system chosen t o  demonst ra te  t h e  magnetic thermometry is t h a t  e t h a n e  does  not  
a f f e c t  the  magnetic moment of n i c k e l  c r y s t a l l i t e s  when hydrogen is p r e s e n t  (4,5). 
However, t h e  i n t r o d u c t i o n  of e t h a n e  reduces  t h e  hydrogen p a r t i a l  p r e s s u r e  s l i g h t l y ,  
which does a f f e c t  moment. 
is accounted f o r  as expla ined  elsewhere ( 2 ) .  

d a t e  is the  absence of microscopic  n i c k e l  c r y s t a l l i t e  t o  suppor t  g r a d i e n t s .  
c o n t r a s t ,  Matyi, et.  al. (6) p r e s e n t  ev idence  f o r  microscopic  c a t a l y t i c  c r y s t a l l i t e  
to Support t empera ture  d i f f e r e n c e s  f o r  CO hydrogenation over i ron .  The h i g h e r  hea t  
of r e a c t i o n  for CO hydrogenat ion  c e r t a i n l y  makes t h e s e  g r a d i e n t s  more l i k e l y  than  
dur ing  e thane  hydrogenolysis.  
i n t e r f e r e  w i t h  t h e  i n t e r p r e t a t i o n  of k i n e t i c  in format ion:  t h e r e f o r e ,  i t  is of 
i n t e r e s t  to  pursue c a t a l y t i c  c r y s t a l l i t e  thermometry d u r i n g  methanation. I f  they 
a r e  found t o  e x i s t ,  then  much of t h e  experimental  in format ion  on CO hydrogenation 
W i l l  have t o  be reviewed. 

I n  order t o  perform t h e  magnetic thermometry dur ing  e thane  

The sample moment d e c r e a s e s  r a p i d l y  a s  t h e  bed average  
The r e l a t i o n s h i p  between sample moment 

The moment change due t o  hydrogen p a r t i a l  p r e s s u r e  change 

A P r i n c i p l e  conclus ion  of t h e  r e s e a r c h  on e thane  hydrogenolys is  performed t o  
I n  

The presence of any microscopic g r a d i e n t s  would 
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In contrast to the simple magnetochemistry found for the ethane hydrogenolysis 
system, thermometry during methanation is complicated by the fact that carbon 
monoxide affects the sample moment (7,8) of supported nickel catalysts in a 
Complicated manner. In fact, an understanding of the interaction between CO and 
nickel is the primary hurdle to overcome in order to perform magnetic thermometry 
during methanat ion. 

size, have an affect on the net magnetization of a nickel catalyst in a fixed field. 
Therefore, these must be considered in order to perform accurate crystallite 
thermometry. There have been numerous studies concerned with the nature and role Of 
surface carbon species (carbon and carbides) that form during methanation (4,7-18). 
The formation of nickel carbonyls, which leads to catalyst deactivation through 
metal loss and crystallite size changes, has also been studied (19.20). 

an initial rapid weight gain for the first few minutes after initiating methanation, 
followed by a more gradual uptake. They concluded that three forms of surface 
Species are present during methanation: (1) easily desorbed species such as CO. CH,, 
H,, etc, (2 )  species reactive with H,, such as atomic carbon and (3) unreactive 
species. Their results also suggest that the species adsorbed after the initial 
rapid weight gain corresponds to a nonreactive surface species, such as a polymeric 
carbon. In addition, the weight gain during the initial stages of rapid adsorption 
decreased with increasing temperature. McCarty and Wise (21), using temperature- 
programmed surface reaction (TPSR) studies, also reported the formation of two 
carbon species, a and 8 .  These correspond to cases 2 and 3 above, respectively. 

magnetization methods by Martin et. al. (13), and Mirodotas, et.al. (17), and by low 
field magnetization techniques by Kuijpers, et.al. (18). Martin et. al. (13). 
working with samples containing only small amounts of carbon, concluded that the 
carbon was interstitially dissolved in the nickel lattice. Mirodotas, et. al. (17) 
and Kuijpers. et. al. (le), using much higher coverages, concluded that there is 
bulk carbon dissolution and nickel carbidization during CO disproportionation, 
whereas mainly surface carbidization dominates during methanation. Kuijpers, et. 
al. (18) also performed .static volumetric adsorption analyses between each magnetic 
measurement. They noted an initial rapid adsorption, followed by a more gradual and 
linear drop of pressure in their adsorption manifold. The similarity of this result 
to the observations of Gardner and Bartholomew (15) during methanation is 
noteworthy. They also noted that the sample magnetization drops to very low levels 
(up to 90% loss of magnetization) due to bulk carbide formation during 
disproportionation, whereas the adsorption of hydrogen onto the same samples reduces 
the relative magnetization by 26% at most. 

Since crystallite growth and metal loss would interfere with the magnetic 
thermometry, it is important to operate in a region where these are minimized. 
Shen, Dumesic and Hill (19) established a criteria for "safe" operating conditions 
for methanation over nickel catalysts, where the catalyst no longer deactivated 
rapidly due to metal loss or particle growth. The criteria is to maintain the 
equilibrium nickel tetracarbonyl pressure at less than ca. 7.5 x lo-' Torr. For 
this work, all experiments were performed in the "safe" operating region. However, 
because the AC permeameter design currently used can only operate up to a 
temperature ca. 510 K. conditions were near the "unsafe" operating region. Thus 
some changes in nickel crystallite size is to be expected. In addition, van Meerten 
et. al. (20) found nickel crystallite growth during methanation, even though the 
catalyst was not deactivating dramatically. This indicates a crystallite size 
dependence on methanation activity. If microscopic crystallite to Support 
temperature gradients exist, then the more active crystallites will be hotter than 
the less active crystallites. This would further complicate the interpretation of 
the thermometric results. Conversely, if  these gradients do not exist, then a 
crystallite size effect on activity has little impact on the magnetic thermometry. 
In that case, the measured temperature is the local temperature of the support and 
crystallites of all sizes. 

Adsorption and formation of surface species, as well as changes in Crystallite 

Using gravimetric analyses, Gardner and Bartholomew (15) found that there was 

The interaction of CO with N i / S i O ,  catalysts has been studied using saturation 
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EXPERIMENTAL 

A one h a l f  gram sample of a 25% n i c k e l  on s i l i c a  c a t a l y s t ,  w i th  a n  average 
equ iva len t  s p h e r i c a l  diameter o f  0.018 cm, was packed i n t o  a q u a r t z  r e a c t o r  (22.23) 
t o  a bed length of 0.6 cm. 
used i n  previous c r y s t a l l i t e  thermometry experiments  ( 1 , Z ) .  The c a t a l y s t  sample was 
reduced in f lowing hydrogen a t  673 K f o r  5 h r s  and "cleaned" (23) in f lowing helium 
a t  723 K for 1 / 2  h r .  Before beginning thermometric experiments ,  t h e  c a t a l y s t  was 
"aged" under r e a c t i o n  c o n d i t i o n s  u n t i l  t h e  magnet izat ion no longer  changed much. TO 
perform t h e  thermometry, t h e  c a t a l y s t  sample is i n i t i a l l y  brought  t o  e q u i l i b r i u m  
w i t h  a flowing s t r eam of hydrogen and helium. 
is then t h a t  of the  bulk stream. React ion is i n i t i a t e d  by in t roduc ing  carbon 
monoxide a t  e s s e n t i a l l y  c o n s t a n t  t o t a l  p re s su re .  

t h e  n icke l  c a t a l y s t  sample upon i n i t i a t i o n  of r e a c t i o n .  The ou tpu t  vo l t age  of the  
permeameter is r e l a t e d  t o  ave rage  c a t a l y s t  bed temperature  v i a  a c a l i b r a t i o n .  
Cor rec t ions  f o r  t h e  change i n  sample moment due t o  a d s o r p t i o n  and s u r f a c e  s p e c i e s  
formation a r e  t aken  i n t o  account  a s  desc r ibed  elsewhere i n  t h i s  paper. React ion 
products  a r e  analyzed us ing  a Carle Ana ly t i ca l  g a s  chromatograph t o  determine t h e  
e x t e n t  of r e a c t i o n .  D e t a i l s  of t h e  equipment a r e  p re sen ted  elsewhere ( 1 , 2 , 2 2 ) .  
Modif icat ions o f  t h e  g a s  hand l ing  system which was used f o r  e thane  hydrogenolysis  
'Iere required in orde r  t o  perform CO methanation. Ultra h igh  p u r i t y  hydrogen 
(99.9995, Alphagaz) p a s s e s  through a palladium Deoxo p u r i f i e r  (Enge lha rd ) ,  a Linde 
g a s  p u r i f i e r  column (Model 120: i n d i c a t i n g  s i l i c a  g e l  and molecular  s i e v e ) ,  and a 7 
micron f i l t e r  (Nupro) b e f o r e  pas s ing  through a Linde mass flowmeter (Model FM 4570). 
The hydrogen is then mixed wi th  u l t r a  h igh  p u r i t y  helium (99.999%. Alphagaz) which 
h a s  s i m i l a r l y  passed through a Linde gas  p u r i f i e r  column, 7 micron f i l t e r ,  and mass 
flowmeter. In order t o  remove remaining components t h a t  r e a c t  w i t h  n i c k e l ,  t h e  
hydrogen/helium mixture  pas ses  through a Ni/SIO, "guard1' r e a c t o r  a t  600 K ,  a s  well 
a s  another  s i l ica  g e l  t r a p .  The g a s  mixture  then f lows t o  a manifold were carbon 
monoxide can be added t o  t h e  mixture  be fo re  e n t e r i n g  t h e  r e a c t o r .  The carbon 
monoxide (99.3%. Air Produc t s )  p a s s e s  through a 7 micron f i l t e r  and mass flowmeter 
b e f o r e  passing through a ca rbony l  t r a p ,  which c o n s i s t s  o f  a column of copper 
t u r n i n g s  (19,201 heated t o  500 K. The carbon monoxide is f u r t h e r  p u r i f i e d  by 
pass ing  through an Oxy-Trap ( A l l t e c h  Assoc ia t e s ,  Inc. ,  Model 4002) heated a t  400 K 
and an  Al l t ech  g a s  p u r i f i e r  column (Model 8125: i n d i c a t i n g  s i l i c a  g e l  and molecular 
SeiVe). The carbon monoxide t h e n  passes  through a needle  va lve .  A b a l l  valve is 
used t o  in t roduce  t h e  ca rbon  monoxide i n t o  the  hydrogen/helium s t r eam j u s t  be fo re  
t h e  sample r e a c t o r .  

The c a t a l y s t  was from the same ba tch  a s  the c a t a l y s t s  

The average c r y s t a l l i t e  temperature  

An AC permeameter (3 ,221 is used t o  fol low t h e  changes in magnetic moment o f  

RESULTS AND DISCUSSION 

An example of t h e  r a p i d  d e c r e a s e  i n  AC permeameter vo l t age  which occur s  upon 
in t roduc ing  carbon monoxide i n t o  t h e  f lowing s t ream of hydrogen and helium is shown 
i n  Figure 1 .  
C r y s t a l l i t e  temperature  rise as well  a s  t o  the  adso rp t ion  o f  carbon monoxide. 
t h i s  rapid dec rease ,  t h e  sample s i g n a l  remains r e l a t i v e l y  c o n s t a n t .  
r e a c t i o n  is terminated by s topp ing  t h e  carbon monoxide flow, there is a r a p i d  
i n c r e a s e  in sample moment fol lowed by a more g radua l  i n c r e a s e  i n  moment which l e v e l s  
O f f  w i t h i n  5 t o  10 minutes .  T h i s  is a l s o  Shown in Figure 1 .  

AS w i t h  e t h a n e  hydrogeno lys i s ,  the  temperature  and adso rp t ion  c a l i b r a t i o n s  were 
performed a f t e r  an i n i t i a l  ag ing  per iod ,  in orde r  t o  minimize any pos t  c a l i b r a t i o n  
changes. 
was Performed w i t h  t h e  H,/CO r a t i o  kept  a t  7 .  F igu re  2 shows t h e  dec rease  i n  
conversion r e l a t i v e  t o  that  of t h e  f r e s h  c a t a l y s t .  
hydrogen f o r  a pe r iod  of 16  hours  between samples 10 and 1 1 ,  and f o r  a pe r iod  o f  17 
hours  between samples 26 and 27. 
i n  run  1 1 ;  however, t h e r e  is no corresponding i n c r e a s e  between samples 26 and 27. 
Nevertheless ,  the a c t i v i t y  of t h e  c a t a l y s t  seems t o  l e v e l  off and remain 
comparat ively c o n s t a n t .  

T h i s  co r re sponds  t o  t h e  dec rease  i n  sample moment due t h e  average 
Af te r  

When t h e  

I n  o r d e r  t o  monitor c a t a l y s t  a g i n g ,  a s e r i e s  of methanation experiments  

The c a t a l y s t  was l e f t  i n  flowing 

Th i s  is taken t o  account  f o r  t h e  h ighe r  conversion 
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The temperature c a l i b r a t i o n  is performed by p e r t u r b i n g  t h e  average  bed 
temperature by temporar i ly  removing t h e  c a t a l y s t  bed from t h e  AC permeameter/oven 
whi le  flowing hydrogen and helium over t h e  c a t a l y s t .  A f t e r  a l lowing  t h e  Sample t o  
c o o l  5 t o  10 K ,  a s  measured by a thermocouple a t  t h e  bed e x i t .  t h e  c a t a l y s t  Sample 
is re turned  t o  t h e  optimal sens ing  l o c a t i o n  w i t h i n  one of  t h e  secondary c o i l s .  The 
AC permeameter s i g n a l  and e x i t  f l u i d  tempera tures  a r e  then  monitored as t h e  c a t a l y s t  
bed hea ts .  This  is repea ted  s e v e r a l  t imes.  The s e n s i t i v i t y  (mV/K), determined 
Using l e a s t  squares  r e g r e s s i o n  is assumed c o n s t a n t  over t h e  small tempera ture  range 
considered. A s  mentioned, t h i s  c a l i b r a t i o n  w i l l  be a f f e c t e d  by changes i n  
c r y s t a l l i t e  s i z e  and by t h e  formation of  "permanent" nonmagnetic n i c k e l  compounds. 
Thus, i t  is important t h a t  t h e s e  do  n o t  change s i g n i f i c a n t l y  between a c a l i b r a t i o n  
and t h e  corresponding thermometry experiments.  

magnetization due t o  changes i n  CO uptake t a k e s  advantage of t h e  s i m i l a r i t y  between 
t h e  uptake r e s u l t s  repor ted  dur ing  methanation (15)  and d i s p r o p o r t i o n a t i o n  ( 1 7 , 1 8 ) ,  
d i scussed  previous ly .  The formation of bulk c a r b i d e  d u r i n g  t h e  CO 
d i s p r o p o r t i o n a t i o n  c a l i b r a t i o n  would r e s u l t  i n  l a r g e  magnetization d e c r e a s e s  and 
i n v a l i d a t e  t h e  procedure; t h e r e f o r e ,  t h e  p o s s i b i l i t y  of  i ts  formation Was 
i n v e s t i g a t e d .  Previous s t u d i e s  (17 ,18)  found t h e  formation of bulk c a r b i d e  dur ing  
CO d ispropor t iona t ion .  However, Mirodatos e t .  a l .  (17)  using both  s t a t i c  and flow 
experiments,  only found bulk c a r b i d i z a t i o n  a t  t imes  g r e a t e r  than  30 minutes f o r  
t h e i r  f low c o n d i t i o n s .  For experiments i n  t h i s  l a b o r a t o r y ,  when carbon monoxide is 
introduced i n t o  a helium stream flowing through t h e  c a t a l y s t  bed,  t h e r e  is a r a p i d  
decrease  i n  sample moment, followed by a more gradual  decrease  i n  moment, as shown 
i n  F igure  3 .  When d i s p r o p o r t i o n a t i o n  is allowed t o  run  f o r  longer  p e r i o d s  of t ime,  
t h e  moment decrease  approaches a l i m i t i n g  va lue  a f t e r  10 t o  15 minutes wi th  a f i n a l  
moment loss of  only  6 t o  8% of t h e  t o t a l  sample moment. 
moment l o s s  i n d i c a t e s  t h a t  no s i g n i f i c a n t  amount of bulk c a r b i d i z a t i o n  h a s  occurred. 
When t h e  r e a c t i o n  is t e rmina ted ,  l e a v i n g  only  helium flowing through t h e  c a t a l y s t  
bed, t h e r e  is a gradual  i n c r e a s e  i n  moment which r e a c h e s  a l i m i t i n g  v a l u e  a f t e r  15 
t o  20 minutes with a recovery of  g r e a t e r  than  90% of t h e  l o s t  moment. 

I f  hydrogen flow is i n i t i a t e d  through a c a t a l y s t  t h a t  has  prev ious ly  been 
exposed t o  CO d i s p r o p o r t i o n a t i o n ,  t h e r e  is a r a p i d  i n c r e a s e  i n  sample moment, 
i n d i c a t i n g  t h e  removal of a hydrogen r e a c t i v e  s u r f a c e  s p e c i e s .  T h i s  is i n  agreement 
with t h e  r e s u l t s  of o t h e r  l a b o r a t o r i e s  (15.17).  There is no d i s c e r n i b l e  change i n  
t h e  sample moment when t h e  hydrogen f l o w  i s  te rmina ted ,  l eav ing  only  helium flowing. 
With repea ted  c y c l e s  of 10 minutes of a H,/He mixture followed by 20 minutes of pure 
He flow through t h e  c a t a l y s t  bed, t h e r e  is a r a p i d  i n c r e a s e  i n  sample moment a f t e r  
each hydrogen in t roduct ion .  However, t h e  magnitude of  t h e  moment i n c r e a s e  d e c l i n e s  
somewhat with each s u c e s s i v e  i n i t i a t i o n  of hydrogen f low.  Analys is  of  t h e  e f f l u e n t  
shows t h a t  methane is evolved a f t e r  each hydrogen in t roduct ion .  S i m i l a r  r e s u l t s  a r e  
a l s o  obtained f o r  t h e  c a t a l y s t  a f t e r  methanation with a n  H,/CO r a t io  of a t  l e a s t  
seven. There is no marked d i f f e r e n c e  i n  t h e  response of  t h e  sample moment t o  t h e  
i n i t i a t i o n  of hydrogen flow a f t e r  e i t h e r  t h e  methanation or d i s p r o p o r t i o n a t i o n  
experiments. These r e s u l t s  i n d i c a t e  t h e  formation of carbon s p e c i e s ,  d u r i n g  both  
methanation and d i s p r o p o r t i o n a t i o n ,  a l l  forms o f  which a r e  not  a v a i l a b l e  for  
r e a c t i o n  with hydrogen, b u t  wi th  which they  become a v a i l a b l e  f o r  r e a c t i o n .  T h i s  
corresponds t o  t h e  i n t e r s t i t i a l l y  d i s s o l v e d  carbon r e p o r t e d  by o t h e r  r e s e a r c h e r s  
(13 ,17 ,18) ,  where t h e  s u r f a c e  carbon is removed by t h e  hydrogen, and is r e p l a c e d  by 
t h e  migration of  t h e  i n t e r s t i t i a l l y  d i s s o l v e d  carbon. 

The use of CO d i s p r o p o r t i o n a t i o n  f o r  a c a l i b r a t i o n  t o  account  for carbon 
monoxide adsorp t ion  e f f e c t s  is s u b s t a n t i a t e d  by t h e s e  r e s u l t s  because: ( 1 )  they 
i n d i c a t e  no s i g n i f i c a n t  formation of bu lk  c a r b i d e ,  a t  l e a s t  no t  i n  t h e  s h o r t  t ime 
requi red  f o r  t h e  c a l i b r a t i o n s .  and ( 2 )  they  i n d i c a t e  t h a t  t h e r e  is no s i g n i f i c a n t  
d i f f e r e n c e  i n  t h e  carbon formed d u r i n g  both methanation and d i s p r o p o r t i o n a t i o n .  The 
r e s u l t s  do not  prec lude  t h e  p o s s i b i l i t y  of  t h e  formation of t h e  f i lamentous  carbon 
s p e c i e s  repor ted  by o t h e r  r e s e a r c h e r s  (24-26) dur ing  t h e  CO d i s p r o p o r t i o n a t i o n  
c a l i b r a t i o n .  Such f i lamentous  carbon s p e c i e s  can  d e a c t i v a t e  t h e  c a t a l y s t ,  but  have 
no e f f e c t  on t h e  sample moment ( 1 8 ) .  

The c a l i b r a t i o n  procedure used i n  t h i s  s tudy  t o  account f o r  changes i n  

This  r e l a t i v e l y  smal l  
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Baseline d r i f t  is usua l  when us ing  an AC permeameter. Therefore  f o r  
thermometry, w e  r e l y  on t h e  r a p i d  change i n  sample moment which occurs  wi th in  t h e  
f irst  1 / 2  t o  1 minute af ter  i n t r o d u c i n g  carbon monoxide i n t o  t h e  hydrogen and helium 
stream. A s  mentioned, t h e r e  is a l s o  a r a p i d  d e c r e a s e  i n  sample moment when carbon 
monoxide is in t roduced  i n t o  a helium stream ( s e e  F igure  3 ) .  The magnitude of t h e  
r a p i d  decrease  depends upon t h e  carbon monoxide p a r t i a l  p r e s s u r e ,  and is 
reproducib le .  This i s  i n  apparent  agreement wi th  t h e  results of Gardner and 
Bartholomew (15) and Kui jpers  et .al .  ( 1 8 ) .  For c a l i b r a t i o n  purposes ,  t h i s  magnitude 
is assumed t o  cor respond t o  t h e  a d s o r p t i o n  of carbon monoxide which occurs  upon t h e  
i n i t i a t i o n  of methanation. The c a l i b r a t i o n  is performed by in t roducing  carbon 
monoxide a t  v a r i o u s  p a r t i a l  p r e s s u r e s  i n t o  helium. The carbon monoxide is allowed 
to  flow only long  enough t o  record  t h e  i n i t i a l  r a p i d  decrease  i n  sample moment (2  t o  
3 minutes ) .  
regress ion:  

A s  i n d i c a t e d ,  wi th  t h e  t e r m i n a t i o n  of metganation t h e r e  is a r a p i d  i n c r e a s e  i n  
moment wi th in  t h e  f i r s t  minute a f t e r  t h e  carbon monoxide flow is s topped ,  which i s  
followed by a more g r a d u a l  i n c r e a s e .  However, when t h e  carbon monoxide flow is 
stopped during CO d i s p r o p o r t i o n a t i o n  t h e r e  is only  a gradual  i n c r e a s e  i n  sample 
moment, as  shown i n  F i g u r e  3. In t h e  absence of a r a p i d  moment change, a time of 60 
seconds  was a r b i t a r i l y  chosen t o  r e p r e s e n t  t h e  s i g n a l  i n c r e a s e  corresponding t o  
desorp t ion  upon r e a c t i o n  te rmina t ion .  Again, t h e  change is reproducib le ,  and 
dependent upon t h e  carbon monoxide pa t7 t ia l  p r e s s u r e  p r e s e n t  before  r e a c t i o n  
te rmina t ion .  The r e s u l t s  with t h i s  c h o i c e  of t ime s c a l e  is represented  by t h e  
e q u a t i o n  

obta ined  using l e a s t  s q u a r e s  r e g r e s s i o n .  
The i n t r o d u c t i o n  of carbon monoxide i n  o r d e r  t o  i n i t i a t e  methanation s l i g h t l y  

d e c r e a s e s  t h e  hydrogen p a r t i a l  p r e s s u r e ,  which e f f e c t s  t h e  sample moment. A 
c a l i b r a t i o n  for t h e  moment change due t o  hydrogen p a r t i a l  p r e s s u r e  changes is 
performed by s l i g h t l y  changing t h e  hydrogen p a r t i a l  p r e s s u r e  dur ing  r e a c t i o n .  
Hydrogen partial p r e s s u r e  a f f e c t s  t h e  r e a c t i o n  rate,  however f o r  t h e  small changes 
t h a t  are requi red  for t h e  c a l i b r a t i o n ,  t h e  e x t e n t  of convers ion  changes a t  most only 
2 t o  5%. 
p r e s s u r e .  J u s t  t h e  o p p o s i t e  was observed i f  t h e  hydrogen p a r t i a l  p r e s s u r e  was 
changed during e thane  hydrogenolys is  ( 2 ) .  Thus, i t  seems t h a t  t h e  decrease  i n  
hydrogen par t ia l  p r e s s u r e  l e a d s  t o  a n  i n c r e a s e  i n  t h e  c r y s t a l l i t e  s u r f a c e  coverage 
by carbon, i n s t e a d  of a d e c r e a s e  i n  s u r f a c e  coverage by hydrogen. The moment change 
is reproducib le  and dependent upon t h e  change i n  hydrogen p a r t i a l  p ressure .  There 
is no S i g n i f i c a n t  d i f f e r e n c e  i n  t h e  magnitude of t h e  moment decrease  wi th  decreas ing  
p a r t i a l  p ressure  and t h e  moment i n c r e a s e  wi th  a n  e q u i v a l e n t  increase  i n  hydrogen 
Partial  pressure .  The r e s u l t s  a r e  c o r r e l a t e d  u s i n g  l ea s t  squares  r e g r e s s i o n  and f i t  
to t h e  equat ion  

I t  is important t o  n o t e  t h a t  t h i s  e f f e c t  iszone to  two o r d e r s  of magnitude l e s s  than 
t h a t  for changes i n  carbon monoxide p a r t i a l  p r e s s u r e ,  and seldom has  s i g n i f i c a n c e  i n  
t h e  thermometry exper iments  s i n c e  t h e  hydrogen p a r t i a l  p r e s s u r e  changes only  
s l i g h t l y .  

is determined by f i r s t  measuring t h e  magnitude of t h e  s i g n a l  change upon t h e  
i n i t i a t i o n  of r e a c t i o n .  
decrease  i n  hydrogen p a r t i a l  p r e s s u r e  are then s u b t r a c t e d .  
d iv ided  by t h e  tempera ture  s e n s i t i v i t y  (mV/K) t o  de termine  t h e  temperature rise. 

of t h i s  study wi th  t h e  t h o s e  f o r  e thane  hydrogenolysis.  
miCrOSCOpiC c r y s t a l l i t e  to  suppor t  g r a d i e n t s  e x i s t ,  i t  is p o s s i b l e  t o  de termine  t h e  
in te rphase  Nusse l t  number u s i n g  t h e  descr ibed  thermometry (1 ,2 ,27 ,28) .  The average 
c r y s t a l l i t e  temperature r i s e  determined from c r y s t a l l i t e  thermometry is used t o  
c a l c u l a t e  t h e  average  s o l i d  temperature.  This  in format ion ,  a long  wi th  t h e  average  
bulk f l u i d  tempera ture  rise, and  t h e  convers ion  ( h e a t  r e l e a s e )  a l l o w s  t h e  d i r e c t  

The r e s u l t s  were f i t  t o  t h e  fo l lowing  equat ion  us ing  least  squares  

1 )  
0.662 ASignal(mV) = 0.00462*(P O(Torr))  . 

2 )  
1.05 ASignal( mV) = 0.00071 * ( PCO(Torr) ) 

A small d e c r e a s e  i n  s i g n a l  r e s u l t s  from a decrease  i n  hydrogen p a r t i a l  

3) 
ASignal(mV) = 0.00003(APH (Torr)) 1.27 . 

The average c r y s t a l l i t e  tempera ture  rise due  t o  t h e  i n i t i a t i o n  of methanation 

S i g n a l  changes due t h e  i n c r e a s e  i n  CO p a r t i a l  p r e s s u r e  and 
The r e s u l t  is then  

The v a l i d i t y  of t h e  c a l i b r a t i o n  technique  was t e s t e d  by camparing t h e  r e s u l t s  
Assuming t h a t  no 

1 
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calculation of interphase Nusselt number within the differential reactor assumption. 
The flow conditions (0.3<Re<0.6) were not varied enough in this study to determine 
the functional dependence of the interphase Nusselt number (Nu) on Reynolds number 
(Re). The interphase Nu was determined for runs for which the catalyst bed was 
Operated under differential conditions, taken as less than 5% conversion. The 
resulting Nu are scattered uniformly around the results from the previous study 
using ethane hydrogenolysis (2,27,28). The average Nu determined from the 
methanation data matches the previously determined relationship. If the results 
Obtained during ethane hydrogenolysis are accepted, then the calibration method used 
in this work seems valid. 
results are inconclusive, but also indicate the absence of microscopic temperature 
differences between the crystallite and support. 
Nu would be expected if these microscopic temperature differences existed. 
conclusion is correct, then any crystallite size dependence of activity does not 
interfere with the thermometry. 

The possibility of crystallite growth during the initial aging period was 
investigated. This is not critical to this work, but it is of interest. Samples 
with larger nickel crystallites exhibit a larger magnetization than those with 
smaller crystallites, at a fixed field (3). As discussed, the calibrations Were 
performed on the "aged" catalyst. Therefore, the sample moment would be larger than 
that for the fresh sample, at a given field, if crystallite growth occurred. This 
assumes that there is no Significant loss of nickel. Thus, the fresh catalyst would 
show smaller magnetization changes than the aged sample for a given temperature 
change. Therefore, if the temperature calibration performed on the aged sample is 
applied, a smaller "measured" solid temperature rise is indicated from Crystallite 
thermometry. The average solid temperature rise expected for given flow and 
conversion data can be estimated using the interphase heat transfer data from the 
ethane hydrogenolysis study (2,27,28). As discussed above, the interphase heat 
transfer results using data gathered on the aged catalyst have already been shown to 
agree with these previous results. Figure 4 shows a plot of the difference between 
the "measured" solid temperature and the "predicted" temperature during the initial 
aging period. The results show that initially, the "measured" solid temperatures 
were much smaller than that predicted. 
predicted temperatures decreased as the catalyst aged. Subsequent data reflects 
scatter. The crystallite growth inferred from these results is in agreement with 
the results of van Meerten et. al. (20). Those researchers performed crystallite 
size estimates as the catalyst aged and found crystallite growth. However, Contrary 
to the results of that laboratory, a significant loss of activity was found in this 
work. A strong size dependence of activity is not apparent. 

Due to the limited Re range covered, these preliminary 

A significantly smaller interphase 
If this 

The difference between the measured and 

CONCLUSIONS 

Nickel crystallite thermometry has been performed during CO methanation. The 

The calibration scheme 
analysis and calibrations are more complicated than for ethane hydrogenolysis, 
because of the more complicated magnetochemistry involved. 
used to account for CO adsorption and the formation of surface species seems to work 
satisfactorily. The scheme used is based on results that show no significant 
formation of bulk carbide during the disproportionation calibration and no 
significant difference in the carbon species formed during methanation and 
disproportionation. I n  addition, interphase Nusselt number estimates are in good 
agreement with those obtained during ethane hydrogenolysis. However, it would be 
more satisfying to have a calibration based on methanation, rather than 
disproportiOnat1On. 

while maintaining the same CO adsorption conditions is under development. The 
approach is to decrease the reaction rate while holding the adsorption/surface 
carbon species formation effects constant. 
w i l l  decrease. Thus, it should be possible to extrapolate to zero rate in order to 
isolate the moment change due only to adsorption. Preliminary results following 

An alternate calibration scheme in which the methanation rate is decreased 

The effect due to the temperature rise 
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t h i s  l i n e  of reasoning are inconc lus ive ,  and f u r t h e r  work is necessary  t o  determine 
whether such a c a l i b r a t i o n  scheme can be developed. 
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INPRODUCTION 

The metal-oxide support i s  known t o  exert a s t rong inf luence  on t h e  a c t i v i t y  
and s e l e c t i v i t y  of heterogeneous CO hydrogenation c a t a l y s t s  (1). Ichikawa 
demonstrated t h a t  c a t a l y s t s  der ived from [Rlq(C0)121 deposi ted o n  b a s i c  MgO produced 
methanol from CO t H2 with >95% s e l e c t i v i t y ,  whereas [Rh4(C0)121 d e r i v e d  c a t a l y s t s  
supported on  more a c i d i c  metal oxides  such as  Y-Al& and Si0  
methane wi th  only t r a c e s  of  oxygenated products  being formed t 2 ) .  
is  c u r r e n t l y  ava i lab le  r e l a t i n g  these  d i f f e r e n c e s  i n  c a t a l y t i c  performance t o  
d i f fe rences  in ca ta lys t  s t r u c t u r e  (3 ) .  
under high-t anperature  CO hydrogenation condi t ions  (275OC, 10 atm) an ionic  osmium 
carbonyl c l u s t e r s  (e.g., [OsloC(CO)2412-) a r e  formed on  MgO from adsorbed 
fR20s(C0)4] (4) .  
Os(I1) snbcarbonyl formation observed under s i m i l a r  condi t ions f o r  osmium c l u s t e r s  
adsorbed on Y - A 1 2 5  and Si02 ( 5 ) ;  t h e  n a t u r e  of t h e  support d i c t a t e s  t h e  sur face  
organometallic chanis t ry .  

[OsloC(C0)23 5- on t h e  surfaces  of conventional MgO-supported CO hydrogenation 
c a t a l y s t s  prepared by aqueous impregnation with [B208C16] ( 6 ) .  
c l u s t e r  is  synthesized i n  high y ie ld  from Os(1V) on MgO exposed t o  CO hydrogenation 
condi t ions.  

produced c h i e f l y  
Only l imi ted  d a t a  

Eowever, i t  was recent ly  demonstrated t h a t  

This f ind ing  i s  i n  c o n t r a s t  t o  t h e  c l u s t e r  f ragmentat ion and 

Rere we resent  t h e  r e s u l t s  of an i n v e s t i g a t i o n  confirming t h e  presence of 

The carb ido  carbonyl 

EXPEBIMENTAL 

The MgO support (MX-65-1 powder, MCB reagents )  was contacted with an aqueous 
s o l u t i o n  of [H20sC16] having s u f f i c i e n t  volume (-2 ml/g) t o  y ie ld  a heavy paste. 
The mater ia l  was dried a t  70OC in vacuum, and t h e  r e s u l t a n t  l ight-blue powder w a s  
analyzed by X-ray f luorescence (XRF) spectroscopy and found t o  contain 1.3 w t  % Os. 

Samples (0.30 g)  of MgO impregnated with [H20SC16] were t r e a t e d  with 82 o r  a €12 
t CO mixture in a tubular  flow reac tor .  
pretreatment  i n  flowing R e  f o r  1 h a t  150OC. 
resu l ted  from reduct ion with E2 a t  275OC and 1 atm f o r  10 h. These c a t a l y s t s  v e r e  
subsequently exposed in-s i tu  t o  H2 t CO ( e q u i m l a r )  a t  275oC and 1 o r  10 a t m  f o r  8 
h. A sample of IH20sC161 and MgO was t r e a t e d  d i r e c t l y  with 82 t CO (equimolar) a t  
275OC and 1 atm f o r  5 h. I n  each case t h e  sealed r e a c t o r  tube was unloaded i n  a dry  
box. The 82-reduced mater ia l s  v e r e  m e t a l l i c  gray a f t e r  exposure t o  CO hydrogenation 
condi t ions;  t h e  sample exposed d i r e c t l y  t o  H2 + CO was reddish-pink. 
employed were Matheson W P  grade and were f u r t h e r  p u r i f i e d  by passage over  a c t i v a t e d  
5 8  molecular s i e v e  and supported Cu20 (H2 and R e  only) .  

The samples were thoroughly d r i e d  by 
Conventional OslMgO c a t a l y s t s  ( 7 )  

The gases  

[Et.@] 2[0sloC(C0)24] was synthesized following t h e  procedure of Eayward and 
Shapley (8) .  
from dry te t rahydrofuran (TEF) so lu t ion .  The r e s u l t a n t  reddish-pink s o l i d  was 
recovered by f i l t r a t i o n ,  washed with f r e s h  TEF, and d r i e d  i n  flowing n i t rogen .  

[ O S ~ O C ( C O ) ~ , J ~ -  from t h e  c a t a l y s t  sur faces  by i o n  exchange. 
t h e  e x t r a c t  so lu t ions  was detected by i n f r a r e d  spectroscopy. 

The metal c l u s t e r  was adsorbed on M g O  ( p r e t r e a t e d  i n  vacuum a t  4OOOC) 

Acetone so lu t ions  of [PpNl [ C l l  (PPNt - N(PPh3)2+) were used t o  e x t r a c t  
[PPNI~[OsloC(CO)23 in 
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Inf ra red  s p e c t r a  were obtained wi th  a Nicolet  7199 Fourier  t ransform 
spectrometer. Powders were pressed, forming self-support ing wafers which were 
loaded (without exposure t o  a i r )  i n t o  a leak-t ight  g l a s s  c e l l  f i t t e d  with N a C l  
windows. The t h e m s t a t e d  c e l l  could be connected t o  a manifold f o r  evacuation o r  
gas treatments. 

U l t r a v i o l e t v i s i b l e  s p e c t r a  of powders under N2 were recorded with a Cary 219 
spectrophotometer equipped wi th  a d i f f u s e  r e f l e c t a n c e  attachment. 

mtended X-ray absorp t ion  f i n e  s t r u c t u r e  (FXAFS) measurements were conducted a t  
t h e  Cornell Eigh  Energy Synchrotron Source (CHESS). [~S~oc(cO)~412- /Mgo formed by 
t h e  €I2 + co reduct ion of OS(IV) on MgO and a sample of [Et4N12[0sloC(C0)241 and MgO 
were examined. 

RFSULTS AND DISCUSSION 

~n t h e  presence of CO or an equimolar mixture  of H2 t CO at 275OC and 1 atm, 
Os(1V) on H g O  i s  reduced and carbonylated t o  y i e l d  [oS10c(cO)2412- i o n i c a l l y  bound 
t o  the M g O  surface.  The formation of [ o s ~ o c ( c o ) ~ 4 ~ 2 -  under these condi t ions  has 
been confirmed by IR, W-Vis, and EXAFS spec t roscopies ,  in addi t ion t o  the  i s o l a t i o n  
of [ P P N ] ~ [ O S ~ O C ( C O ) ~ ~ ]  from t h e  surface by c a t i o n  meta thes is  with [PPNI[Cl] i n  
acetone. 

Treatment of MgO impregnated with [82Osc16] i n  E2 + CO (equimolar) a t  275OC and 
1 atm f o r  5 h in a f l o w  r e a c t o r ,  r e s u l t e d  in a change i n  color  of the  s o l i d  from 
l i g h t  b lue  t o  reddish pink,  i n d i c a t i v e  of t h e  formation of [OsloC(CO)2412-. The 
W-Vis d i f f u s e  re f lec tance  spectrum (200-800 nm) of t h e  product i s  in exce l len t  
agrement  with t h a t  of [Et4N]2[0sloC(CO)241 deposi ted on  MgO from THF. 
of a port ion o f  t h e  mater ia l  with [PPNI[ClI in acetone r e s u l t e d  in  a white s o l i d  and 
a brownish-red so lu t ion .  The inf ra red  spectrum of  t h e  s o l u t i o n  contains  only s t rong 
bands assigned t o  [PPN] 2[0sloC(CO)241 (Table 1 ) .  

&trac t ion  

The synthes is  of [OsloC(CO)24]2- on t h e  M g O  sur face  was a l s o  monitored by -- in-s i tu  i n f r a r e d  spectroscopy.  
i n  flowing 82 + CO a t  atmospheric pressure,  f i r s t  produced Os(I1) subcarbonyls 
("CO = 2105(m), 2030(s), 1936(s) cm-l) on MgO (9) .  
dramatic  increase in absorp t ion  in  t h e  carbonyl s t r e t c h i n g  region,  and a f t e r  1.5 h 
under these  condi t ions  s t rong bands assigned t o  [OsloC(CO)232-/MgO (Table  1 )  were 
present. 
resu l ted  in t h e  formation of t h e  carbido carbonyl c l u s t e r  i n  high y ie ld .  

Slowly hea t ing  a wafer  of [H20SC16] and MgO t o  275OC 

However, near  275OC t h e r e  was a 

A s i m i l a r  experiment conducted using pure  CO instead of H2 t CO a l s o  

TABLE 1 

Molecular Clus te r  vco (cm-1) Ref. 

[PPN] 2[ osloc(co)24l 2034(s), 1992(s) (acetone)  ( 8 )  

~ E ~ ~ N I ~ [ O ~ ~ O C ( C O ) ~ ~ I  2079(vw), 2062(w), 2030(s), 1998(sh), This work 

[OSloC(CO)24]2- from 2104(vw), 2080(w), 2040(s),  1998(sh) This work 

and MgO 1986(sh), 1975(vs), 1966(sh) 

OS(IV) on Mgo 1989(s) ,  1979(sh), 1963(sh) 

Confirmation of t h e  i d e n t i t y  of t h e  sur face  spec ies  was obtained from EXAFS 

Close 
spectroscopy. 
comparison made t o  t h e  spectrum of [Et,@l2[0slOC(CO)2J deposi ted on HgO. 
agreement was found f o r  t h e  EXAFS o s c i l l a t i o n s  above t h e  Os LIII edge Over t h e  range 
of t h e  wavevector from k = 3 t o  1 2  1-1. 
d e t a i l e d  ana lys i s  of  t h e  data. 

The reduct ion  and carbonylat ion were again e f fec ted  in-s i tu  and 

A f i n a l  s t r u c t u r e  determinat ion awaits 
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Even reduct ion  of MgO impregnated v i t h  [H20sC16] v i t h  82 t o  y i e l d  supported Os 
aggregates (7) d i d  not completely i n h i b i t  t h e  formation of [OsloC(C0)24l2-. 
highly s t a b l e  molecular c l u s t e r  vas i s o l a t e d  i n  low y ie lds  by i o n  exchange of 
E2-reduced samples exposed t o  82 + CO a t  275OC and 1 o r  10 atm f o r  8 h. 
presence of  t h e  c l u s t e r  in t h e  l i g h t l y  colored e x t r a c t  so lu t ions  v a s  confirmed by 
inf ra red  spectroscopy. 
c a t a l y s t s  der ived from t h e  decomposition of adsorbed Os3(CO)12 gave evidence f o r  the 
presence of rmlecular  c l u s t e r s  fo l lov ing  use i n  CO hydrogenation t o  produce C1-C4 
hydrocarbons a t  300OC and 7 atm (10). 
t h e i r  used c a t a l y s t s  (Vco = 2080(m), 2048(sh), 2039(s), 2010(sh), 1986(vs), 1950( sh) 
cm-l), v i t h  those of [ O S ~ O C ( C O ) ~ ~ ] ~ - / M ~ O ,  we i n f e r  t h a t  t h i s  molecular  c l u s t e r  v a s  
formed on these  c a t a l y s t s  as vell. 

The 

The 

I n  addi t ion ,  Deeba st. have reported t h a t  MgO-supported 

Comparing t h e  i n f r a r e d  d a t a  reported f o r  

I n  summary, [OsloC(CO)24]2- represents  an ex t rene ly  s t a b l e  molecular s t r u c t u r e  
on the sur faces  of Os/MgO CO hydrogenation c a t a l y s t s .  
support appears t o  be e s s e n t i a l ;  analogous s t r u c t u r e s  do not form on t h e  more a c i d i c  
Y-Alz@ and Si02 sur faces  ( 4 ) ,  and t h e  surface-mediated synthes is  of [OsloC(CO)2412- 
p a r a l l e l s  the  syntheses  of h igh-nuclear i ty  Group VI11 - metal c l u s t e r s  i n  bas ic  
so lu t ion  (11) .  What d i r e c t  r o l e  t h i s  metal c l u s t e r  has i n  t h e  c a t a l y s i s  remains t o  
be elucidated.  

The b a s i c i t y  of t h e  MgO 
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Methanation and HDS Catalysts Based on Sulfided, Bimetallic Clusters 

M. David Curtis, Johannes Schwank, Levi Thompson, 
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Departments of Chemistry and Chemical Engineering, 
The University of Michigan, Ann Arbor, MI 48109 

INTRODUCTION 

Environmental concerns have led to an increased interest in 
hydrotreating catalysts, i.e. catalysts for hydrodesulfurization (HDS) 
or hydrodenitrogenation (HDN) (1-3). Although HDS may be catalyzed 
by bulk or supported MoS2 and related sulfides, the most effective 
catalysts are those derived from "sulfided cobalt molybdate" supported 
on A1203.  
ing the alumina support with solutions of molybdate ions and cobaltous 
ions. The impregnated support is then calcined to convert the ad- 
sorbed species to their respective oxides. The supported metal oxides 
are then converted to sulfides ("sulfided") with a mixture of H2 and 
H S (or the feed stream itself) at temperatures in the range 300-4OO0C. 
Afternate promoters, e.9. Ni and Fer may be used in the place of Co, 
but the resulting catalysts usually show a lower activity. 

Despite intensive study, the exact nature of the active "CoMoS" 
phase is still uncertain, and hence the role of the Co promotor and 
the exact mechanism of HDS remain obscure. XPS and Mossbauer Emis- 
sion Spectroscopy has been used to show that a "COMOS" phase, dis- 
tinct from Cogs8 or MoS2, is present and that the activity of the 
catalyst parallels the amount of this CoMoS phase present ( 4 ) .  

These catalysts are prepared conventionally by impregnat- 

More recently, EXAFS has been used to study these cobalt molyb- 
date catalysts in both the oxidized and sulfided states (5-11). The 
most popular model has Co-atoms coordinated to sulfur at the edges of 
basal planes of small ( 1 0 - 3 0 f )  crystallites of MoS2 (see Figure 1). 
The EXAFS results also are best fit by assuming the MoS2 rafts are 
essentially two dimensional. 

The promotor metal, Co or Ni, is intimately involved in the 
active site. The activities of the promoted MoS2 can be lo2 that of 
unpromoted MoS2, usually with the CO/MO ratio ~ 1 . 0  (12). It is there- 
fore surprising that Co-Mo vectors have never been identified in the 
EXAFS studies of these catalysts. Therefore, the location of the CO 
relative to the Mo in these CoMoS catalysts is still uncertain. New 
approaches are necessary to probe the nature of the active site of 
these sulfided catalysts. 

MOLECULAR MODELS OF PROMOTED MOS2 PHASES 

We have prepared discrete, molecular clusters which may serve as 
models for the active sites in promoted molybdenum sulfide catalysts 
(13-15). These clusters are composed of one metal each from the sets, 
{Mo,Wl and fFe,Co,Ni); they contain sulfur in the cluster framework 
and organic ligands, e.g. carbonyls, cyclopentadienyls (Cp), etc. on 
the periphery of the cluster. The structures of representative 
clusters are shown in Figure 2. 

These clusters have been deposited on oxide supports by dissolv- 
ing the molecular cluster in an appropriate solvent, e.g. CH2C12, and 
then adding the calcined support. With the low loadings (1% total 

44 



metal) employed in this study, the clusters are quantitatively ad- 
sorbed onto the support from solution. The solvent is then removed 
and the solid dried under vacuum. The supported clusters are then 
subjected to temperature-programmed decomposition (TPDE) in a stream 
of H2 or He. The exit gas stream is analyzed for CO,CO2, hydrocar- 
bons, etc. by GC and GC/MS. Figure 3 shows a typical TPDE curve for 
the MoFeS cluster, 1, (Figure 2). 

lost at 100°C, and heating to 4OO0C causes gradual loss of one addi- 
tional CO/cluster. 
C02 are lost between 15OOC and 4OO0C. The average composition of the 
remaining surface species is found to be C5M02Fe2S1,80,Hy (the oxygen 
and hydrogen are uncertain since surface OH groups may contribute to 
the formation of C02, CH4, etc.). Similar results are obtained for 
all the clusters investigated. 
even with TPDE in flowing H2 is attributed to carbide formation. 

The facile loss of CO by the supported cluster stands in contrast 
to the thermal stability of the pure compound which is stable to 
>250°C. Therefore, there must be a strong support-cluster interaction 
which facilitates loss of CO from the adsorbed cluster. 

In the TPDE of cluster 1 on y-A1203, E. 5 CO per cluster are 
In addition, small quantities of MeaS, CH4, and 

The high carbon retention observed 

t 

Figure 4 shows the IR spectrum of pure cluster 1 and spectra of 
the cluster adsorbed on y-Al2O3. The bridging CO band at 1795 cm-l 

Lewis acid site (e.g. Al+3) on the surface through the bridging CO. 
normally the most basic CO on the cluster (16). As the adsorbed 
cluster is heated to llO°C, the intensities of the CO bands diminish 
and finally disappear as the CO is lost. No new CO peaks are observed 
during the TPDE and no new CO bands appear if the decarbonylated 
cluster is placed in an atm. of CO at 25'C. Since the TPDE shows the 
loss  of only 5 of the 8 CO-groups under these conditions, the remain- 
ing 3 CO's must be either dissociatively adsorbed or must be bonded 
in a multi-hapto manner with very low frequency CO-stretching vibra- 
tions. 

The Mossbauer parameters (Table 1) suggest that the Fe in the 

l is most strongly perturbed, suggesting that the cluster is bound to a 

cluster is oxidized during TPDE from Feo to Fe+3. 

Table 1. Mossbauer Spectral Parameters (mms-l) 

Pure 1 MoFe SA- 0 1 Used Cat. 
* 

I.S. -0.01 0.38 0.43 
0.78 0.84 0.84 AEQ 

*1% loading of cluster I. on y-A1203 
METHANATION CATALYSIS 

Clusters 1 and 2 (1% total metal loading) on y-A1203 were pre- 
treated in flowing H2 (1 atm.) at 400'C for 6-12 hr. The resulting 
catalysts are labelled MoFeSA-01 and MoCoSA-01. The methanation 
activity of these catalysts was determined in the temperature range 
25oO-50O0C with total pressures from 30 psi to 300 psi. The feed 
stream composition was 3:l or 1:l H2:CO. A differential flow reactor 
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w i t h  GRSV z 2500 hr -1  and CO convers ions  5 2 %  was employed f o r  k i n e t i c  
measurements. 

A break-in pe r iod  of  s e v e r a l  hours  w a s  observed du r ing  which t i m e  
t h e  methanation a c t i v i t y  w a s  n e a r l y  zero .  Methane then  appears  and 
t h e  a c t i v i t y  goes  th rough  a peak and then  r eaches  s t eady  s t a t e  be- 
havior  which remains  c o n s t a n t  f o r  days  i f  t h e  tempera ture  i s  1. 300DC. 
A t  lower t empera tu res ,  a ve ry  g radua l  d e c r e a s e  i n  a c t i v i t y ,  presumably 
due t o  coking ,  was observed. 

Arrhenius p l o t s  of t h e  formal tu rnove r  f requency ,  N f ,  E. 1 / T  a r e  
shown i n  F igu re  5 (Nf i s  de f ined  a s  moles of  C H 4 / m o l e  o f  c lu s t e r  pre- 
c u r s o r / s e c ) .  Apparent i c t i v a t i o n  e n e r g i e s  are approximate ly  2 2  kca l /  
mol f o r  MoCoSA-01 and 26 kcal/mol f o r  MoFeSA-01. 

The methanat ion  r e a c t i o n  over MoFeSA-01 seems 
Hinshelwood k i n e t i c s  w i t h  t h e  ra te  expres s ion  (T = 

- 6  -1 (4 .0  x 10 )PH Pco 
N f ( S  ) = 2 

H2 
11 + (0 .018 P )'I2 + 0.143 PcOl2 

t o  fo l low Langmuir- 
300DC, P i n  p s i . ) :  

Th i s  r a t e  l a w  i s  c o n s i s t e n t  w i t h  a CO d i s s o c i a t i v e  mechanism i n  
which CH(ads.) + H(ads . )  + CHz(ads.) i s  t h e  r a t e  l i m i t i n g  s t e p  and a l l  
p rev ious  s t e p s  are ir. s t e a d y - s t a t e  equ i l ib r ium.  

and MoCoSA-01 unde r  t y p i c a l  c o n d i t i o n s .  S e l e c t i v i t y  f o r  methane 
ranges  from 90-98% depending on t h e  tempera ture  and p res su re .  Higher 
tempera tures  and lower p r e s s u r e s  f a v o r  methane format ion .  S m a l l  
amounts of  C 2  and C3 a lkanes  and o l e f i n s  are formed, t h e  l a t t e r  a r e  i n  
g r e a t e r  abundance w i t h  t h e  MoCoSA-01 c a t a l y s t .  A t  h igher  p re s su res ,  
dimethyl e t h e r  c o n s t i t u t e s  2-4 mole % of t h e  product  s t ream,  b u t  
methanol has  never  been de tec t ed .  

The product  d i s t r i b u t i o n s  a r e  p l o t t e d  i n  F igu re  6 f o r  MoFeSA-01 

I t  should be  po in ted  o u t  t h a t  t h e  s e l e c t i v i t i e s  of MoFeSA-01 and 
MoCoSA-01 d i f f e r  from M o / A 1 2 0  , MoS2, Fe /A1203  or Co/Al203 which a l l  
produce less C H 4  and more C2-55 hydrocarbons i n  a Schul tz -Flory  d i s -  
t r i b u t i o n .  Th i s  r e s u l t  sugges t s  t h a t  t h e  c l u s t e r s  a r e  n o t  fragment- 
i n g  and r e -aggrega t ing  i n t o  l a r g e r  meta l  ( o r  meta l  s u l f i d e )  c r y s t a l -  
l i tes.  A f t e r o r e a c t i o n ,  SEM and STEM a l s o  f a i l e d  t o  r e v e a l  any 
p a r t i c l e s  >10A, t h e  r e s o l v i n g  power of  t h e  microscope under t h e  con- 
d i t i o n s  used. The Fe I .S .  (Table  1) i n c r e a s e s  somewhat a f t e r  time on 
stream, p o s s i b l y  i n d i c a t i n g  t h a t  F e ( I I 1 )  i s  being reduced somewhat. 

HDS CATALYSIS - 
The a c t i v i t y  o f  MoFeSA-01 and MoCoSA-01 toward c a t a l y s i s  of  

thiophene HDS h a s  been determined i n  a d i f f e r e n t i a l  f low r e a c t o r  a t  
GHSV =. 3000 hr -1  and th iophene  convers ions  of 1 -2% ( cond i t ions :  2.8 
m o l  % th iophene  i n  1 a t m .  H2 a t  25OoC-35O0C). The c a t a l y s t s  were re -  
duced i n  H2 a t  4 O O O C  and then  p r e s u l f i d e d  w i t h  H2S/H2 or d i r e c t l y  
w i t h  t h e  thiophene/H2 feed  s t ream.  No d i f f e r e n c e  i n  c a t a l y t i c  be- 
havior  due t o  t h e  d i f f e r e n t  p re t r ea tmen t s  was observed. C a t a l y t i c  
a c t i v i t y  was immediately e s t a b l i s h e d ,  i n  c o n t r a s t  t o  t h e  methanation 
a c t i v i t y .  Steady s t a t e  s e l e c t i v i t y  was observed a f t e r  1 h r .  on stream 
and n o  d iminut ion  of  c a t a l y t i c  a c t i v i t y  w a s  observed a f t e r  3-4 days of 
ope ra t ion .  
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I 

Figure 7 is ankrheniusplot of the formal turnover frequencies 
(moles converted/mole cluster/sec) for total thiophene conversion and 
for C4 and C3 products. Table 2 compares turnover frequencies and 
product slates of a clean Mo (100) surface, several cobalt molybdate 
catalysts with high metal loading, and the MoFeSA-01 and MoCOSA-01 
(1% total metal loading) catalysts described above. 

Table 2. Comparison of Activities and Selectivities of Various 
Catalysts for ThioDhene HDS. 

catalyst Nfcsec-l) T Z  BuH J n m &  - A 
MO (100) a .02-.12 340 8 53 14 19 - 
14014-Co4~'~ 0.05 420 - NOT G I V E N  - - 
Mo8-Co3 0.03 ? "butenes" d 

M013-C07e 0.05 290 10 - 29 62 - 
MOCOSA-01 0.04 340 1 14 17 26 41 
MoFeSA- 0 1 0.01 340 2 13 18 25 41 

(11) (19) (27)f 
a) 2. Catal. 1984, 88, 546. Butadiene (6%) also formed. 
b) nufi=referto%Moand%Co on y-Al707. . - -  
c) J. Catal. 1984, 87, 292. 
d) ';bia.1984785, z. 
e) ibid. 1984, E, 55. 
f) equilibrium ratios of butenes. 

Two features are especially noteworthy. First, the activity of 
the MoCoSA-01 catalyst is comparable to catalysts with much higher 
metal loadings when compared on a per mol of 180 basis. This is un- 
usual for HDS catalysts because the first few % of metal occupies 
tetrahedral holes in the A1203 lattice and is not converted to sul- 
fides during the sulfiding step in conventional HDS catalysts. 

Second, the cluster catalysts produce a large fraction of pro- 
pene. Thus a carbon-carbon bond has been totally cleaved by hydro- 
genolysis. To our knowledge, C-C bond hydrogenolysis without C=C bond 
hydrogenation is unprecedented. 
(mostly C2H4) are also produced, but technical difficulties have pre- 
cluded our quantifying the methane. Presumably, the amount of methane 
is equal to the amount of propene. 

Methane and 1-5% Cz hydrocarbons 

CONCLUSIONS 

Sulfided bimetallic clusters of early and late transition metals 
have been shown to be precursors for methanation and HDS catalysts 
when supported on A1203. 
hydrogenation closely resembles other metals in very highly dis- 
persed states on Al203. 
be useful Fischer-Tropsch catalyst precursors. 

The activities and selectivites in CO 

Thus, stable metal clusters are not likely to 

However, these cluster species are exceptionally active in thio- 
phene HDS and exhibit an unprecedented selectivity. Catalysts cap- 
able of simultaneously removing sulfur and cracking large molecules 
into smaller unsaturated fragments at relatively low temperatures 
could be especidlly useful for producing clean, low viscosity fluids 
from still bottoms and heavy coal liquids. 
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Figure  1. Proposed s t r u c t u r e  of "CoMoS" phase i n  promoted 
MoSZ H D S  c a t a l y s t s .  

b 

Figure  2 .  S t r u c t u r e s  of molecu la r  models of promoted 
Mo-sulfide phases.  

F igu re  3 .  TPDE cu rves  f o r  c l u s t e r  1. Figure  4 .  I R  s p e c t r a  of 1 
i n  CH2C12 s o l u t i o n  

(A) and on A1203 (B). 

49 



l O O O / T  K - l  

Figure 5. Arrhenius plots for CO 
hydrogenation with cluster 
catalysts. 
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PHYSICAL AND CHEMICAL PROPERTIES OF Fe (CO) s/A1203 
CO-HYDROGENATION CATALYSTS. 

and C .  H .  Bartholomew. 

BYU C a t a l y s i s  Laboratory, Department of Chemical Engineering, 
Brigham Young Universi ty ,  Provo, UT 84602: 

Introduction 
Carbonyl-derived catalysts  (CDCs)  , ie  c a t a l y s t s  prepared  by 

t h e  decomposition of  metal  carbonyls  on c a t a l y s t  c a r r i e r s ,  have 
a t t r a c t e d  r e c e n t  a t t e n t i o n  because  of  t h e i r  u n u s u a l l y  h i g h  
d ispers ions  ( f r a c t i o n s  exposed t o  t h e  sur face)  and high e x t e n t s  of 
reduct ion [1,2] . While convent ional  p r e p a r a t i o n  methods may lead  
t o  metal  contaminat ion with S o r  C 1  o r  may r e s u l t  i n  suppor t  
decora t ion  [3 ,4] ,  it may be p o s s i b l e  t o  produce "clean" p a r t i c l e s  
by decomposing carbonyl  complexes on c a r e f u l l y  dehydroxyla ted  
suppor ts .  Thus, e f f e c t s  of metal loading,  and c r y s t a l l i t e  s i z e  may 
be  i n v e s t i g a t e d  i n  t h e  absence of t h e s e  contaminants  us ing  t h i s  
c l a s s  of c a t a l y s t s .  

The objec t ive  of  t h i s  study was t o  i n v e s t i g a t e  t h e  e f f e c t s  of 
metal  loading  and suppor t  dehydroxyla t ion  tempera ture  on t h e  
phys ica l  and chemical p r o p e r t i e s  of Fe C D C s .  

Experimental 

Alumina (DISPAL M,) was dehydroxyla ted  under  vacuum a t  
473-1073 K f o r  1 6  hours and s t o r e d  i n  a dry  box. A dehydroxylation 
temperature  of 923 K was used i n  t h e  p r e p a r a t i o n  of  most of t h e  
c a t a l y s t s  i n  t h i s  s t u d y .  About a two f o l d  excess  of  Fe(CO)5 t o  
a c h i e v e  a g i v e n  F e  l o a d i n g  was mixed w i t h  p e n t a n e .  The 
dehydroxylated alumina was then  impregnated t o  i n c i p i e n t  wetness 
using t h i s  s o l u t i o n .  The pentane so lvent  was removed by evacuat ion 
a t  room temperature .  About 10 g of t h e  catalyst  t h u s  prepared was 
reduced i n  f lowing  hydrogen and s t o r e d  i n  a d r y  box and t h e  
remainder was s e a l e d  and s t o r e d  i n  a r e f r i g e r a t o r .  Tota l  hydrogen 
adsorp t ion  c a p a c i t i e s  and oxygen t i t r a t i o n  uptakes (upon oxid iz ing  
t h e  reduced c a t a l y s t  a t  723 K) w e r e  measured us ing  a volumetr ic  
a p p a r a t u s  and procedures  d e s c r i b e d  e l sewhere  [ 5 1  . The r e a c t o r  
system used f o r  o b t a i n i n g  t h e  a c t i v i t y / s e l e c t i v i t y  p r o p e r t i e s  a r e  
descr ibed elsewhere [6]  . 

Results and Discussion 

Figure 1 d e p i c t s  t h e  e f f e c t  of reduct ion  temperature  on t h e  
d i s p e r s i o n  and t h e  e x t e n t  o f  r e d u c t i o n  of a 4 . 6  %Fe/alumina 
c a t a l y s t .  The d i s p e r s i o n  goes through a maximum while t h e  e x t e n t  of 
reduct ion reaches 100% a s  t h e  temperature  Of reduct ion i s  increased  
from 473-713 K .  Garten [7]  repor ted  t h a t  i n  t h e  case  of Fe/alumina 
c a t a l y s t s  prepared  by aqueous impregnat ion,  up t o  1 . 5 %  Fe (300 
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pmoles p e r  gram c a t a l y s t )  was i r r e d u c i b l e  even a t  very high 
reduct ion temperatures  due t o  s t rong  i n t e r a c t i o n  of  i r o n  oxide with 
t h e  suppor t .  However, t h e  r e s u l t s  from t h i s  s tudy i n d i c a t e  t h a t  t h e  
Fe/alumina p r e p a r e d  v i a  carbonyl  decomposi t ion can be  e a s i l y  
reduced t o  t h e  F e ( 0 )  s t a t e  a t  r e l a t i v e l y  mild reduct ion condi t ions .  
The s i g n i f i c a n t  d e c r e a s e  i n  d i s p e r s i o n  a t  h i g h e r  r e d u c t i o n  
temperatures  sugges ts  t h a t  the carbonyl-der ived s p e c i e s  a r e  mobile 
a t  h igher  tempera tures  i n  reducing atmosphere. Since t h e  maximum 
d i s p e r s i o n  w a s  o b t a i n e d  a t  513 K,  t h i s  tempera ture  was used f o r  
reducing a l l  t h e  c a t a l y s t s  i n  t h i s  s tudy.  

Data showing t h e  e f f e c t s  of metal  l o a d i n g  on t h e  p h y s i c a l  
p r o p e r t i e s  of carbonyl-der ived Fe/alumina reduced a t  513 K a r e  
t a b u l a t e d  i n  Table  1. Although d i s p e r s i o n  decreases  with increas ing  
meta l  l o a d i n g ,  n e i t h e r  t h e  hydrogen uptake  n o r  t h e  e x t e n t  of 
reduct ion  fo l low any c l e a r  t r e n d s .  Never the less ,  t h e  d i s p e r s i o n s  
and e x t e n t s  of r e d u c t i o n  f o r  t h e s e  c a t a l y s t s  a r e  much h igher  than 
o b t a i n a b l e  f o r  c a t a l y s t s  prepared  by o t h e r  method v i t h  s i m i l a r  
metal loadings .  

Table  2 i l l u s t r a t e s  e f f e c t s  of suppor t -dehydroxyla t ion  
temperature  on t h e  p h y s i c a l  p r o p e r t i e s  of Fe/alumina CDS's. A l l  
t h e  c a t a l y s t s  l i s t e d  i n  Table 2 conta in  4.0-4.8 w t . %  i r o n .  However 
t h e  amount of hydrogen adsorbed p e r  gram of c a t a l y s t s  v a r i e s  
s i g n i f i c a n t l y  w i t h  dehydroxyla t ion  t e m p e r a t u r e .  The e x t e n t  of 
r e d u c t i o n  and t h e  %D f o r  t h e  c a t a l y s t  w i t h  t h e  s u p p o r t  
dehydroxylated a t  413 K were not  ob ta ined  due t o  t h e  i n a b i l i t y  t o  
measure any s i g n i f i c a n t  oxygen uptake by t h e  convent ional  methods. 
Hence it can be s a f e l y  assumed t h a t  t h e  impregnated carbonyl  was 
f u l l y  o x i d i z e d .  However, t h e  c a t a l y s t  w i t h  t h e  s u p p o r t  
dehydroxylated a t  1023 X was e a s i l y  reduced. T h u s ,  i t  i s  seen t h a t  
t h e  e x t e n t  of reduct ion  (o r  t h e  ease of r e d u c t i o n )  i n c r e a s e s  with 
d e c r e a s i n g  s u r f a c e  OH c o n c e n t r a t i o n .  T h i s  o b s e r v a t i o n  i s  
c o n s i s t e n t  with t h a t  of Brenner and Burwell [ E ] ,  who proposed t h a t  
t h e  s u r f a c e  OH groups a c t  a s  anchors f o r  t h e  carbonyls  by causing 
t h e i r  p a r t i a l  o x i d a t i o n .  

The a c t i v i t y  of  i r o n / a l u m i n a  d e h y d r o x y l a t e d  a t  923 K 
i n c r e a s e s  with decreas ing  metal  loading o r  i n c r e a s i n g  d i s p e r s i o n .  
This  o b s e r v a t i o n  i s  o p p o s i t e  t o  t h a t  observed  f o r  Co/alumina 
prepared by aqueous impregnation [ 91 and Ru/alumina prepared from 
carbonyls  on p a r t i a l l y  dehydroxylated alumina [ l o ] .  However, t h e  
s e l e c t i v i t i e s  o f  t h e s e  Fe/alumina CDC c a t a l y s t s  w e r e  independent of 
metal loading  or dispers ion  (Table 3 ) .  The 1 and 1 . 5 %  Fe/alumina 
c a t a l y s t s  d e a c t i v a t e d  r a p i d l y  a t  tempera tures  above 4 7 3  K, hence 
a c c u r a t e  measurement of  a c t i v a t i o n  e n e r g i e s  was not  p o s s i b l e .  
Although Fu and Bartholomew [ 9 ]  observed a t r e n d  of decreas ing  
a c t i v i t y  with decreas ing  metal loading o r  i n c r e a s i n g  d ispers ion  f o r  
Co c a t a l y s t s  prepared by aqueous impregnation with c o b a l t  n i t r a t e ,  
they a l s o  observed t h a t  a 3% Co/alumina CDC c a t a l y s t  w a s  a t  l e a s t  
twice a s  a c t i v e  as 3% Co/alumina prepared  by impregnat ion.  Their 
r e s u l t s  suggest  t h a t  t h e  convent ional  impregnation method leads  t o  
c r y s t a l l i t e  decora t ion  and t h u s  lower a c t i v i t y .  Hence t h e  results 
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TABLE 1. 
Ef fec t s  of Metal Loading on t h e  Physical  P rope r t i e s  of Fe/ Aluminaa C a t a l y s t s .  

W t  % Fe H2 uptake % Dispersionb ExtentC 
( p l e s / g )  of Reduction 

1.0 

1.5 

4.6 

45.1 

31.5 

72.6 

75 

40 

31 

33.6 

58.6 

55.1 

a .  Support dehydroxylated a t  923 K under vacuum, c a t a l y s t  reduced a t  573 K. 

b .  %D- m d  Fe at-=) 

c. Measured by 02 t i t r a t i o n  a t  673 K. 

of Fe ' X l O O  

T a b l e  2 

Fe/Aluminaa. 
E f fec t s  of Support Dehydroxylation Temperature on t h e  Physical  P rope r t i e s  of - 4 . 5  

Dehydroxy- H2 uptake 
l a t i o n  Temp. ( w o l e s / g )  

(K) 

% Dispersionb ExtentC 
of Reduction 

473 

923 

1073 

8.9 

72.6 

55.9 

--d 

31 

16 

-d 

55.1 

95.4 

a .  Ca ta lys t  reduced a t  573 K. 

b. %D= -s  Of Fe 

c. Measured by 02 t i t r a t i o n  a t  673 K. 
d. Unable t o  measure oxygen uptakes.  

' X l O O  
Total  It of reduced Fe atom.(From oxygen t i t r a t i o n  and AA) 
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TABLE 3.  

E f f e c t s  of Metal L o a d i n g  o n  A c t i v i t y / S e l e c t i v i t y  P r o p e r t i e s .  
(H2/CO = 2, 1 a t m ,  4 1 3  K) 

W t  % F e  T O F ~  % HC i n b  - HC S - O/Pd 8 .  c 
x ~ O - ~  p r o d u c t  CH4 C2-C4 C12+ 

(sec-l)  S t r e a m  

1 . 0  0 . 3 6  8 7 . 2  2 6 . 2  4 0 . 8  33.0 0 1 . 6  

1 .5  0 . 1 3  83.8 2 8 . 3  4 2 . 4  2 9 . 3  0 2 . 5  

4 . 6  0 . 0 5  8 7 . 2  2 1 . 7  4 0 . 1  3 8 . 1  0 2 . 5  

a .  B a s e d  on t o t a l  H2 adsorption 

b. Mole p e r c e n t  based o n  carbon b a l a n c e ;  the  r e m a i n d e r  of t h e  C 
a p p p e a r e d  as CO2. 

c .  W t  .% h y d r o c a r b o n  i n  p r o d u c t .  
1 
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observed for catalysts prepared by conventional methods [91 are 
probably due to a secondary structure-sensitivity [ie. decoration 
of the crystallites by support species] while the results in this 
study reflect either a primary structure sensitivity or changes in 
the electronic properties of the small metal clusters in the 
well-dispersed Fe/alumina. In a study by Kellner and Bell [lo] of 
highly dispersed Ru/alumina prepared from the carbonyl, their 
observation of a decreasing activity with increasing dispersion may 
be a result of incomplete dehydroxylation of the support leading to 
crystallite contamination in the more highly dispersed catalysts. 

The results of this study show that the support 
dehydroxylation temperature has a greater influence on the 
activity/selectivity properties than does dispersion (Table 4 ) .  
The activity, selectivity for CH4 and C2-C4 hydrocarbons, and the 
O/P ratio decrease with increasing dehydroxylation temperature, 
while the C5-Cll fraction increases. Figure 2 indicates that the 
activation energy also increases with increasing dehydroxylation 
temperature. These effects of dehydroxylation temperature may be 
due to changes in the concentration of surface OH groups. 

Conclusions 

1. It is possible to produce highly dispersed and highly 
reduced catalysts by decomposing Fe(C0)5 on dehydroxylated alumina. 

2. The specific activity decreases with increasing metal 
loading (or decreasing dispersion). This effect may be due to a 
primary structure sensitivity on "clean" metal crystallites. The 
independence of selectivity with metal loading supports this 
hypothesis. 

3 .  The significant changes in activity/selectivity with 
support dehydroxylation temperature may be a function of support 
hydroxyl group concentration, a significant concentration leading 
to support contamination of the metal surface and oxidation of the 
metal. 
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TABLE 4 .  

Ef fec ts  of Dehydroxylation Temperature on A c t i v i t y / S e l e c t i v i t y  
P r o p e r t i e s  of - 4 . 5  % €e on A1203. 

( H 2 / C 0  = 2, 1 atm, 4 7 3  K) 

~ 0 / P C  Dehydro- TOFa % HC inb  - & i " i t V C  
xy la t ion  x ~ O - ~  product C H q m c j - C l l  C12+ 
Temp. (K) (sec-1) Stream 

4 7 3  0 . 2  7 7 . 0  4 3 . 0  56.0e 0 0 C o f  

92 3 0.05 8 7 . 2  2 1 . 7  4 0 . 1  3 8 . 1  0 2 . 5  

1 0 7 3  0 . 0 2  8 7 . 4  2 1 . 7  3 9 . 0  3 9 . 7  0 2 . 3  

a.Based on total H2 adsorp t ion .  

b.Mole percent  based on carbon balance; t h e  remainder of t h e  C 
apppeared a s  C 0 2 .  

c .  Wt.% hydrocarbon i n  product .  

n=3 

e .  C2 and C3 only 

f .  C2: no p a r a f i n s ;  C 3 :  O/P=1.54 
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ZSM-5 SUPPORTED Fe AND Ru FROM Fe3(C0)I2 AND Ru~(C0)lp: STRUCTURE-ACTIVITY 
CORRELATIONS FOR SYNTHESIS GAS CONVERSION 

, 

Ellis 6. Zuckermn and Gordon A. Melson 

Department of Chemistry, Virginia Commonwealth University, Richmond, VA 23284. 

INTRODUCTION 

The goal of improving the efficiency and product selectivity in the conversion 
of synthesis gas (CO + Hp) to liquid hydrocarbons has resulted in efforts to develop 
bifunctional catalysts which combine a transition metal Fischer-Tropsch component 
with a zeolite support. This combination utilizes the carbon monoxide reduction and 
carbon chain propagation functions o f  the metal as well as the shape selectivity and 
dispersive effects of the zeolite. During the 1970's, workers at Mobil introduced 
the new synt$etic zeolite ZSM-5 which possesses a unique channel structure. In its 
acid form H -ZSM-5 is capable of isomerizing hydrocarbons and converting reactive 
species to alkylbenzenes in the gasoline range. The combination of metal oxides 
with ZSM-5 and the impregnation o f  metal salts into ZSM-5 have resulted in catalysts 
which produce gasoline range hydrocarbons containing a high percentage o f  aromatics 
from synthesis gas (1-4). Metal particle size and metal-support interaction also 
affect product selectivity. It has been argued (5) that the former, in particular, 
is an important factor in controlling the molecular weight distribution of hydro- 
carbon products from synthesis gas conversion. 

During the past decade, there has been considerable interest in the development 
of supported metal catalysts by the incorporation of metal carbonyls (6.7). It has 
been demonstrated that this approach, depending on the method of preparation, is a 
means of rendering the metal component in the form of highly dispersed, small 
particles on oxide and zeolite supports (8). It thus provides an alternative to 
conventional aqueous impregnation of metal salts which usually results in the 
formation o f  large metal particles and low dispersion. Furthermore, the method o f  
preparation of zeolite-supported metal catalysts affects the interaction o f  the 
metal with the BrSnsted acid sites of the zeolite. It has been demonstrated (9,lO) 
that the introduction of transition metals by aqueous methods leads to ion-exchange 
between metal ions and protons and results in a partial depletion of the catalyti- 
cally active BrSnsted acid sites. It also seems reasonable to suspect that physical 
blockage o f  the zeolite channels causes an apparent loss of acidity after calcina- 
tion or reduction if the metal species initially penetrates the zeolite channels. 

The present goal of the research effort is to develop supported metal catalysts 
which are both efficient for synthesis gas conversion and selective for the produc- 
tion of aromatic and branched aliphatic hydrocarbons in the gasoline range. If the 
metal component can be introduced onto the zeolite particle without extensive 
penetration of the channel structure and subsequent ion-exchange at the Bransted 
acid sites, an efficient bifunctional catalyst should be produced. Such a catalyst 
would convert reactive intermediates and high molecular weight hydrocarbons produced 
by the metal component directly on the particle. This would eliminate the necessity 
for physical transfer of the organic products from the metal site to the zeolite 
site that is necessary in a mixed metal-zeolite system. Additionally, the products 
of synthesis gas conversion may be different by using a bifunctional catalyst from 
those obtained with the mixed system. In order to achieve this goal, we have 
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prepared b i f u n c t i o n a l  ZSM-5 supported Fe and Ru i n  which the  c a t a l y t i c  func t ions  o f  
the  metal and the  suppor t  a r e  re ta ined.  Th is  was accomplished by us ing  an ex t rac-  
t i o n  method repor ted  e a r l i e r  (8)  w i t h  Fe3(CO),, and R u ~ ( C O ) ~ ~  as the  source o f  t h e  
metals. I t  was a n t i c i p a t e d  t h a t  t h i s  method would l ead  i n i t i a l l y  t o  a h igh  degree 
o f  d i s p e r s i o n  o f  t h e  metal  and t h a t  t he  metal would be r e s t r i c t e d  t o  t h e  ex te rna l  
sur face  o f  the  z e o l i t e .  I t  was a l so  a n t i c i p a t e d  t h a t  changes i n  the  metal p a r t i c l e  
s i z e  cou ld  be induced by subsequent pre-treatment,  e.g. ca l c ina t i on .  We repor t  here 
eva lua t ion  o f  some Fe/ZSM-5 and Ru/ZSM-5 c a t a l y s t s  f o r  t h e i r  a c t i v i t y  and product 
s e l e c t i v i t y  i n  the  conversion o f  syn thes is  gas, and draw conclusions concerning 
c a t a l y s t  s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p s .  

EXPERIMENTAL 

ZSM-5 (Si02/A120, = 32) was rece ived i n  the  NH,' form and was ca lc ined under 
vacuum a t  400°C f o r  3 h t o  ob ta in  the  a c i d  form. Ru/ZSM-5 and Fe/ZSM-5 m a t e r i a l s  
were prepared by an e x t r a c t i o n  technique (8 )  us ing  Ru3(CO)lp (Strem Chemical) and 
Fe,(CO),, (A l fa ,  Ventron D i v i s i o n )  w i t h  cyclohexane as the  so lvent .  A l l  o f  t h e  
ca ta l ys ts  discussed i n  t h i s  r e p o r t  have metal  load ings  o f  approximately 3% by  
weight.  Por t ions  o f  t he  as-prepared (AP) c a t a l y s t s  were ca lc ined i n  a i r  a t  4OOOC 
(H-400) i n  order  t o  induce an increase i n  t h e  p a r t i c l e  s i z e  o f  the  metal component. 

The ma te r ia l s  have been charac ter ized  by i n f r a r e d  spectroscopy ( I R ) ,  X-ray 
powder d i  f f r a c t o m e t r y  (XRPD) , X-ray photoe lec t ron  spectroscopy (XPS), i o n  sca t te r i ng  
spectrometry (ISS), Mossbauer spectroscopy ( f o r  Fe), and py r id ine  chemisorpt ion 
s tud ies .  

For c a t a l y t i c  eva lua t ion ,  t he  c a t a l y s t s  were dispersed i n  s i l i c a  (200-300 
mesh), and reduced under f l ow ing  H, a t  20.4 atm. Fe c a t a l y s t s  were reduced a t  450°C 
f o r  20 h whereas Ru c a t a l y s t s  were reduced a t  400°C f o r  12-15 h. Fo l low ing  reduc- 
t i o n ,  Fe ca ta l ys ts  underwent a c a r b i d i n g  s tep  i n  f l ow ing  synthesis gas (H2/C0 = 1) 
a t  6.8 atm and 250°C f o r  20 h. Eva lua t ion  was c a r r i e d  ou t  by us ing  a fixed-bed, 
cont inuous flow mic roreac tor .  The reac t i on  cond i t ions  cons is ted  o f  a pressure o f  
20.4 atm of syn thes is  gas (H,/CO = 1) and r e a c t o r  temperatures o f  280°C and 300OC. 
For s tud ies  designed t o  determine the  e f f e c t s  o f  space ve loc i t y ,  t he  f l o w  r a t e  was 
adjusted so t h a t  t h e  WHSV was es tab l i shed a t  990, 2085, and 3135 cc/g.h. I n  
s tud ies  which d i d  n o t  i n v o l v e  space v e l o c i t y  comparisons, t he  WHSV was se t  to  2090 
cc/g.h. Each e v a l u a t i o n  a t  a given s e t  of cond i t ions  was allowed t o  proceed f o r  a 
p e r i o d  of 48 h d u r i n g  which the  l i q u i d  products were c o l l e c t e d  i n  an ice-cooled t r a p  
which fol lowed a heated t r a p  (180°C) f o r  t h e  c o l l e c t i o n  o f  h igh molecular weight 
products. The gaseous e f f l u e n t  was analyzed by us ing  a gas chromatograph which i s  
an i n t e g r a l  p a r t  o f  t h e  reac to r  system. The l i q u i d  product was separated i n t o  o i l  
and aqueous f rac t ions ;  the ana lys is  o f  t h e  o i l  was accomplished p r i m a r i l y  by a 
q u a n t i t a t i v e  i n f ra red  method descr ibed e a r l i e r  (11).  Add i t i ona l  suppor t ing  i n f o r -  
mat ion such as the  carbon number d i s t r i b u t i o n  and t h e  degree of p a r a f f i n  branching 
were obtained by c a p i l l a r y  GC and 'H NMR spectroscopy respec t ive ly .  

RESULTS AND DISCUSSION 

Charac ter iza t ion  

The r e s u l t s  o f  c h a r a c t e r i z a t i o n  s tud ies  have been repor ted  e a r l i e r  (12); 
however, because o u r  o b j e c t i v e  i s  t o  enable c o r r e l a t i o n s  between the  n a t u r e  o f  t he  

60 



c a t a l y s t s  and the r e s u l t s  o f  c a t a l y t i c  eva lua t i on  t o  be drawn, some conclusions are 
presented here. 

I n  XRPD s tud ies  o f  both Fe/ZSM-5/AP and Ru/ZSM-~/AP, no evidence f o r  t he  pres-  
ence o f  t he  metal component was detected. h i s  suggests t h a t  the meta ls  are h i g h l y  
d ispersed w i t h  a p a r t i c l e  s i z e  o f  ~ 5 0  and/or t h a t  t he  meta l  species a re  
non-c rys ta l l i ne .  Ca lc ina t i on  o f  the AP m a t e r i a l s  induces the  formation of b u l k  
a-Fe203 and RuOz, which have been detected by  XRPD. Depth p r o f i l e  s tud ies  of bo th  
Fe/ZSM-5/AP and Ru/ZSM-~/AP, by ISS, reveal  a r a t h e r  l a r g e  i n i t i a l  M / S i  r a t i o  which 
r a p i d l y  decreases w i t h  spu t te r i ng .  We have i n t e r p r e t e d  t h i s  observat ion t o  i n d i c a t e  
t h a t  the metal component i s  r e s t r i c t e d  t o  the  e x t e r n a l  sur face o f  t he  z e o l i t e  
p a r t i c l e s  (by v i r t u e  o f  t he  r e l a t i v e  s i zes  of the metal c l u s t e r s  and the diameter o f  
t he  ZSM-5 channels) and i s  h i g h l y  dispersed, perhaps monodispersed a t  l ow  loadings,  
on t h a t  surface. The ISS depth p r o f i l e s  of c a l c i n e d  ma te r ia l s  c o n s i s t  of smal l  
i n i t i a l  M / S i  r a t i o s  which increase s l i g h t l y  w i t h  s p u t t e r i n g  t ime and suggest the 
formation o f  l a r g e  metal ox ide p a r t i c l e s .  XPS s tud ies  of Fe/ZSM-5/AP and Ru/ZSM-5/AP 
reveal  t he  presence o f  metal oxides, b u t  are i nconc lus i ve  regard ing the  exact  na tu re  
of the species. Calc ined ma te r ia l s  c l e a r l y  con ta in  the  metals i n  the  form of Fez03 
and Ru02, and the  t rends observed w i t h  s p u t t e r i n g  o f  AP and c a l c i n e d  samples 
p a r a l l e l  those observed i n  ISS studies.  I n f ra red  s tud ies  o f  chemisorbed p y r i d i n e  
were conducted as a probe t o  determine whether channel blockage and/or chemical 
i n t e r a c t i o n  between the metal and Br6nsted a c i d  s i t e s  i n  the z e o l i t e  channels had 
occurred as a r e s u l t  of metal l oad ing  o r  subsequent c a l c i n a t i o n  o r  reduct ion.  No 
i n d i c a t i o n  o f  such i n t e r a c t i o n s  was observed. 

We have concluded from the  r e s u l t s  o f  c h a r a c t e r i z a t i o n  o f  Fe/ZSM-5 and Ru/ZSM-5 
ma te r ia l s  t h a t  both con ta in  the  metal component i n  a h i g h l y  d ispersed s t a t e  on the 
ex te rna l  sur face o f  t he  z e o l i t e  p a r t i c l e s .  Ca lc ina t i on ,  and t o  a l esse r  e x t e n t  
reduct ion,  both induce the format ion o f  l a rge  p a r t i c l e s  of t h e  ox ides o r  metals 
which remain excluded from the  z e o l i t e  channels. The r e s t r i c t i o n  o f  t h e  meta l  t o  
t h e  ex te rna l  sur face o f  t he  o f  t h e  ZSM-5 p a r t i c l e s  should r e s u l t  i n  the r e t e n t i o n  o f  
Bronsted a c i d i t y  and pe rm i t  access o f  reac tan ts  t o  the i n t e r i o r  o f  t he  z e o l i t e .  

C a t a l y t i c  Evaluat ion 

Fe/ZSM-5/AP, Ru/ZSM-S/AP and Ru/ZSM-5/H-400 c a t a l y s t s  have been evaluated f o r  
t h e i r  e f f i c i e n c y  and s e l e c t i v i t y  i n  synthes is  gas conversion. The th ree  c a t a l y s t s  
discussed here have been compared i n  o rde r  t o  i n v e s t i g a t e  e f f e c t s  o f  t h e  choice o f  
t r a n s i t i o n  metal and t h e  e f f e c t s  which r e s u l t  from c a l c i n a t i o n  o f  t he  Ru/ZSM-5 
c a t a l y s t  p r i o r  t o  evaluat ion.  Furthermore, the e f fec t  of va ry ing  the  space v e l o c i t y  
a t  d i f f e r e n t  temperatures f o r  Fe/ZSM-5/AP and Ru/ZSM-5/AP was examined. 

Comparison o f  t he  data i n  Tables 1 and 2 revea ls  a number o f  s i m i l a r i t i e s  
regard ing the e f f e c t s  of space v e l o c i t y  and temperature on the  two ca ta l ys ts .  For 
both as-prepared c a t a l y s t s ,  t h e  percentages o f  H2 and CO convers ion genera l l y  
decrease a t  h igher  space v e l o c i t i e s  w h i l e  i nc reas ing  a t  h ighe r  temperature. The two 
c a t a l y s t s  e x h i b i t  a decreasing a c t i v i t y  f o r  the water  gas s h i f t  r e a c t i o n  a t  h ighe r  
space v e l o c i t y  and an i nc reas ing  a c t i v i t y  f o r  t h e  s h i f t  r e a c t i o n  a t  h ighe r  tempera- 
tu re .  Analys is  o f  t he  l i q u i d  products  by a q u a n t i t a t i v e  I R  technique reveals  an 
enhanced s e l e c t i v i t y  f o r  aromatic hydrocarbons coupled w i t h  an apparent consumption 
o f  o l e f i n s  and oxygenated species a t  h ighe r  temperature and lower space v e l o c i t y .  
The e f f i c i enc ies  o f  synthes is  gas conversion, the s h i f t  reac t i on ,  and t h e  conversion 
o f  Fischer-Tropsch products and in termediates by the  a c i d i c  and shape s e l e c t i v e  
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zeol i te  a re  known to be influenced by temperature and the residence time of the 
reactants and products i n  the catalyst  bed. In th i s  respect, the trends mentioned 
above are n o t  surprising. 

Of greater in te res t  i s  the e f fec t  of the choice of metal on the overall behav- 
io r  of the catalysts.  Inspection of Tables 1 and 2 reveals a number of differences 
in the efficiencies and product s e l ec t iv i t i e s .  These serve t o  dist inguish the two 
catalysts on the basis of the metal component in sp i te  of the presence of the ZSM-5 
which i s  certainly a factor i n  controlling the nature of the product d i s t r ibu t ion  
a n d  may a l so  exert  a n  influence on the properties of the metals. For example, the 
Ru/ZSM-5/AP catalyst  showed higher ac t iv i ty  t h a n  Fe/ZSM-5/AP for  synthesis gas 
conversion. This observation i s  consistent with the resu l t s  reported1 by Vannice 
(13) who demonstrated t h a t  Ru has the greatest  specific ac t iv i ty  among Group VI11 
metals f o r  the conversion of CO/H2 mixtures to  hydrocarbons. Furthermore, Ru i s  
well known t o  be the most selective of the Group VI11 metals fo r  higher molecular 
weight hydrocarbons, and th i s  i s  also evident in the present study when the re la t ive  
quantit ies of C5+  hydrocarbons are compared. This same se lec t iv i ty ,  on the p a r t  of 
Ru, fo r  species of higher carbon number may a l so  account fo r  the smaller aromatic 
content of the o i l  from Ru/ZSM-5/AP compared t o  t h a t  from Fe/ZSM-5/AP. The higher 
molecular weight products a re  more l ike ly  t o  be cracked and isomerized by the 
zeol i te  whereas l igh ter  products such as  C3 and C4 olefins are more favorable for  
conversion to  aromatics. If th i s  i s  the case, then the greater se lec t iv i ty  of Fe 
f o r  l igh ter  hydrocarbons could explain the greater aromaticity of the o i l  product 
from Fe/ZSM-5/AP. Consistent w i t h  t h i s  explanation i s  the fac t  t h a t  the normalized 
r a t io  of methyl t o  methylene hydrogen i n  the a l ipha t ic  fraction, obtained from 'H 
NMR spectra, i s  large and is  indicative of a significant degree of branching. This 
suggestion i s  n o t  meant t o  preclude other factors which may influence the l iquid 
product distribution. For example, we have considered the poss ib i l i ty  t h a t  Fe might 
be more favorable fo r  the formation of the correct chemical species (olefins a n d  
alcohols) fo r  conversion t o  alkylbenzenes. 

I t  should also be noted tha t  the o i l  product from Ru/ZSM-5/AP contains a 
substantially larger fraction of o le f ins  and oxygenates t h a n  t h a t  from Fe/ZSM-5/AP. 
A t  f i r s t  glance th i s  would appear t o  refute the statement above concerning correct 
chemical species for aromatization. However, i t  must be mentioned t h a t  the olefins 
detected i n  a l l  of these o i l s  are trans a n d  branched u olefins which, unlike normal 
u olefins,  are not considered t o  beprimary products-of synthesis gas conversion. 
The presence of these species may resu l t  from the ac t iv i ty  of the zeol i te .  The 
oxygenated fraction consists of aldehydes and acids b u t  no alcohols. Kellner and  
Bell (14) have reported tha t  acetaldehyde was the only oxygenate produced over a 
Ru/Si02 catalyst .  

Finally, i t  i s  apparent that  the Fe ca ta lys t  i s  more active fo r  the  water gas 
s h i f t  reaction than the Ru catalyst .  T h i s  i s  i n  agreement w i t h  the f a c t  t ha t  the 
shif t  reaction i s  f a s t e r  over Fe t h a n  over Ru,  Co o r  Ni (15). 

Comparison of the resu l t s  of evaluation of the Ru/ZSM-5/AP and the  Ru/ZSM-5- 
/H-400 catalysts reveals some striking differences i n  ac t iv i ty  and product selec- 
t i v i ty .  I t  should be mentioned, before further discussion, tha t  while the ac t iv i ty  
and se lec t iv i ty  of the AP ca ta lys t  were s tab le  for  the 48 h duration of each 
evaluation period, the H-400 catalyst  exhibited significant deactivation over the 
f irst  24 h a t  280'C. Consequently i t  i s  unreasonable t o  t r e a t  the resu l t s  of the 
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H-400 eva lua t ion  as i f  they were representa t ive  of a behavior which p e r s i s t e d  f o r  48 
h; nevertheless,  some general  comparisons of t he  two c a t a l y s t s  can be made. 

A t  280°C and a space v e l o c i t y  o f  2090 cc/g.h the  percentage conversion o f  CO 
and H, was much lower over the  H-400 c a t a l y s t  than over t h e  AP ca ta l ys t .  Further-  
more, the s e l e c t i v i t y  f o r  h igher  molecular weight hydrocarbons i s  g r e a t e r  w i t h  the  
H-400 ca ta l ys t .  Both o f  these observat ions may be r e l a t e d  t o  a metal p a r t i c l e  s i ze  
e f f e c t  as a r e s u l t  o f  p r i o r  ca l c ina t i on .  The l i q u i d  hydrocarbon product,  l i k e  t h a t  
produced over t h e  AP c a t a l y s t ,  contained subs tan t i a l  aromat ic and branched a1 i p h a t i c  
f rac t ions .  

CONCLUSIONS 

B i func t i ona l  c a t a l y s t s  c o n s i s t i n g  o f  Fe and Ru supported on ZSM-5 have been 
prepared by an e x t r a c t i o n  technique us ing  metal  c l u s t e r  carbonyls.  As an t ic ipa ted ,  
these precursors of t h e  supported metal  component were excluded from the  ZSM-5 
channels which have a diameter s i g n i f i c a n t l y  smal le r  than t h a t  of the  metal  c lus-  
t e rs .  Evidence f o r  t h i s  r e s t r i c t i o n  was obtained from s tud ies  o f  t he  ca ta l ys ts  by 
ISS, XPS and p y r i d i n e  chemisorpt ion.  These s tud ies  revea led  t h a t  t he  metal was 
present as h i g h l y  d ispersed metal p a r t i c l e s  on t h e  ex te rna l  surface o f  the  ZSM-5 
p a r t i c l e s  and t h a t  o b s t r u c t i o n  of t he  z e o l i t e  channels and ex tens ive  i n t e r a c t i o n  
w i t h  Bronsted a c i d  s i t e s  d i d  no t  occur. As a r e s u l t ,  these m a t e r i a l s  were found t o  
be e f f i c i e n t  b i f unc t i ona l  c a t a l y s t s  f o r  syn thes is  gas conversion. The metal compo- 
nent  produces hydrocarbon and oxygenated products and intermediates which are  
fu r the r  converted by  the  z e o l i t e  t o  mix tu res  c o n t a i n i n g  subs tan t i a l  f rac t i ons  of 
aromatic and branched hydrocarbons. 

Ca lc ina t i on  o f  a Ru/ZSM-5 c a t a l y s t  p r i o r  t o  e v a l u a t i o n  r e s u l t s  i n  an increase 
i n  the  average metal p a r t i c l e  s ize .  When evaluated, t h i s  c a t a l y s t  e x h i b i t s  less  
a c t i v i t y ,  bu t  g r e a t e r  s e l e c t i v i t y  f o r  h i g h e r  molecular weight products when compared 
t o  the  as-prepared c a t a l y s t .  However, r a p i d  d e a c t i v a t i o n  o f  the  c a l c i n e d  c a t a l y s t  
occurred. Although t h e  reason f o r  t h i s  i s  n o t  c l e a r  a t  t he  t ime o f  w r i t i n g ,  t h i s  
behavior i s  being i n v e s t i g a t e d .  

The product d i s t r i b u t i o n s  obtained by syn thes is  gas conversion over the  above 
b i func t i ona l  c a t a l y s t s  w i l l  be compared w i t h  those obtained from c a t a l y s t s  cons is t -  
i n g  of t he  metal  component dispersed on a convent ional  ox ide  support as we l l  as from 
these ca ta l ys ts  p h y s i c a l l y  mixed w i t h  ZSM-5. Cor re la t ions  concerning the  nature o f  
t he  ca ta l ys ts  and d i f fe rences  observed among the  var ious  product d i s t r i b u t i o n s  w i l l  
be drawn, and mechan is t i c  cons idera t ions  w i l l  be presented. 
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INTRODUCTION 

Previous results for zeolite-supported Ru prepared by ion 
exchange suggested a possible effect of the nature and concentra- 
tion of the neutralizing cations in the zeolite on the catalytic 
properties of the metal (1). However, the interpretation of 
these results was complicated by the fact that a series of zeo- 
lites with different Si/A1 ratios was used. 

The present study was undertaken to investigate systemati- 
cally the influence of the nature of alkali neutralizing cations 
on CO hydrogenation over ion-exchanged Y- zeolite-supported 
ruthenium catalysts. 

EXPERIMENTAL 

A series of RuY catalysts was prepared from NH Y, LiY, Nay, 
KY, RbY, and CsY zeolites by ion-exchange with R U ( N ~ ~ ) ~ C ~ ~ .  After 
decomposition under vacuum and reduction in hydrogen at 673 K, 
the resulting Ru catalysts were characterized by atomic absorp- 
tion and chemisorption of hydrogen and carbon monoxide. 

CO hydrogenation was carried out in a tubular microreactor 
where the prereduced catalyst (0.25 g) was first rereduced in a 
hydrogen stream at 673 K for two hours before cooling to reaction 
temperature. The reaction was carried out at atmospheric pressure 
and 483-573 K using 1:l mixture of H2 and CO. A sample of the 
effluent gas was analyzed on-line by gas chromatography after 
five minutes of reaction. The hydrogen bracketing technique was 
used to maintain a clean metallic surface. 

RESULTS AND DISCUSSION 

Catalytic Activity and Product Distribution 

Hydrogen chemisorption measurements were used to calculate 
the Ru dispersion (Table I) as described in (2). Based on both 
H2 and CO chemisorption results it was concluded that the metal 
dispersions were high and similar in the various Y-zeolites, 
except for RuHY. 

Table I compares the turnover frequencies (TOF) at 523 K for 
CO conversion on the various catalysts, as well as the product 
distributions. No significant effect of the nature of the neutra- 
lizing and 
the chain growth probability were observed. Having similar metal 
loadings, the concentrations of the structural hydroxyl groups, 
formed during the reduction of the ruthenium ions in LiY Nay, 
KY, RbY, and CsY, should be comparable in all these catalysts. 

alkali cations on TOF nor on the selectivity for CH4 
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TABLE I 

CATALYTIC PROPERTIES OF ZEOLITE-SUPPORTED RU CATALYSTS AT 523 K 

Catal. Load. Disp. TOF Selectivity (ut%) 

( w t ~  ( x )  (s-1x~~3) c1 c2 c3 c4 c5 c6 
- _____ 
RuHY 3.0 30 40.5 34.3 13.7 19.1 17.1 12.3 3.5 
RuLiY 3.4 53 10.7 33.4 14.3 21.8 17.6 11.8 1.1 
RuNaY 3.0 67 6.9 32.7 14.0 21.5 17.0 10.9 3.9 
RuKY 3.2 52 8.0 30.7 13.7 23.5 15.8 11.0 5.2 
RuRbY 3.6 49 14.1 33.5 14.4 22.0 15.3 9.7 5.1 
RuCsY 3.7 56 12.4 36.1 13.2 21.6 15.1 9.8 4.2 

It is generally accepted that for alkali cation zeolites, 
exchange of sodium ions for smaller or larger cations produces a 
change in the electostatic field inside the zeolites, and hence a 
change in the strength of their acid sites (3-4). However one 
possible reason why these different acid sites have no signifi- 
cant effect on the catalytic properties of the metal is the 
"neutralization" of these sites by olefins adsorbed on them (5) , 
thus interrupting any possible interactions that these acid sites 
might have with the metal particles. Such interactions have been 
often suggested to be responsible for the observed changes in 
adsorption properties of zeolite-supported metals (6-7). The 
higher activity observed for RuHY is probably due in large part 
to the fact that the Ru particles were significantly larger in 
this catalyst. 

The apparent activation energy for CO conversion, E , varied 
with the neutralizing cation employed. A plot of E vearsus the 
crystal ionic radius of the initial charge balanzing cations 
suggests that Ru is more uniformly distributed throughout the 
zeolite crystallites for the small cation zeolites. In the larger 
cation zeolites, Ru is probably preferentially distributed in the 
external shell of the zeolite crystallites. Although this uniform 
versus shell distribution, if true, does not seem to affect the % 
dispersion of the reduced Ru, but it affects the activation 
energy of reaction by introducing diffusion limitations on reac- 
tants and products for the zeolite catalysts having smaller 
neutralizing cations. This is further confirmed by the non- 
linearity of the Arrhenius plots for these catalysts. 

Secondary Olefin Transformations _-- 
The nature of the neutralizing cations in Y-zeolites was 

fougd t2 have a strong influence on the olefin-to-paraffin ratios 
(C3-/C3 ) ,  regardless of whether the comparison was made at 
copstant temperature (Figure 2) or constant CO conversion .The 
C3-/C3 ratio was highest where the larger alkali cations had 
been exchanged into the zeolite and followed the sequence: Cs - 
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Rb > K > Na > Li .. H. The variation in the amount of isobatane in 
the C -fraction is also included in Figure 2 as this reflects the 
secondary acid-catalyzed reactions which were enhanced in the 
order: Cs ,. Rb < K < <  Na < Li << H. The results listed in Table 
I1 show that at 523 K RuHY gave 53% isobutane (based on the total 
amount of C 4 ) .  When this catalyst was exchanged after feductip 
with a dilute solution of K CO in order to replace H by K , 
the isobutane was no longer'ob%ined and the propene-to-propane 
ratio increased to 1 6 . 9 .  On the other hand, RuRbY yielded only 
very small quantities of isobutane, but, when 0.2 g of HY was 
added at the tail end of the reactor bed in a separate layer, the 
isgbutgne content of the C -fraction increased to 30%, and the 
C3-/C 

Tzese results provide strong evidence that the hydrocarbon 
products of CO hydrogenation over supported ruthenium catalysts 
are mainly, if not totally, desorbed as olefins which can then 
undergo secondary reactions on the acid sites or to a lesser 
extent hydrogenation on the metal sites. 

ratio dropped from 8 . 4  to 4 . 1 .  

TABLE I1 

EFFECT OF ACIDITY ON OLEFIN AND ISOBUTANE SELECTIVITIES 
- ------- ____-____- 

Catalyst Propene/Propene Isobutane 
Ratio (wt% in C 4 )  

RuHY 
RuHY (K) (a) 

1.1 
16.9 

RuRbY 6 . 4  
RuRbY+HY( ) 4 . 1  

53.0 
0.0 
1 . 4  
30.6 

(a) RuHY treated in 0.1 N K2C03 solution after reduction. 
(b) RuRbY and HY in separate layers. 

The most important acid-catalyzed reactions of olefins are 
isomerization, oligomerization, disproportionation, hydrogenation 
by hydride transfer, and coke formation. The rate of these reac- 
tions are influenced by the concentration and the acid strength 
of the hydroxyl groups present in the zeolite (8). The decrease 
of the olefin-to-paraffin ratio with decreasing cation radius, 
paralleled by an an increasing acidity strength, may be partly 
explained by the enhancement of hydrogen transfer reactions 
catalyzed by acid sites. Several studies (8-10) of acid-catalyzed 
olefin reactions have demonstrated that the interaction of acidic 
hydroxyl groups with adsorbed olefins is accompanied by olefin 
oligomerization. At temperatures higher than 370 K, the olefin 
oligomers decompose by a disproportionation mechanism to produce 
gaseous paraffins and some polyene species which remain on the 
zeolite ( 8 ) .  The primary olefinic products may be hydrogenated on 
the acid sites, not only by hydrogen resulting from the oligomer 
decomposition, but also by hydrogen supplied by spillover from 
the metal to the support. However, the effect of mass transfer 
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limitations on the propene-to-propane ratio due to a .uniform 
versus shell distribution of Ru in the zeolite cannot be ruled 
out. The increase in residence time of olefins following their 
formation may result in an increased probability for readsorption 
on the metal sites and hydrogenation. 

It has also been shown that the higher the concentration and 
strength of the acid sites in a zeolite, the more branched the 
olefin oligomers ( 8 ) .  Thus, decomposition of the oligomers formed 
on the more acidic zeolites would result in the formation of more 
isoparaffins. The trend in selectivity for isobutane suggests 
that the nature of the alkali cations modify the strength of the 
acid sites. A possible effect of diffusion and steric factors may 
also account for this trend in selectivity for isobutane. 

CONCLUSION 

The nature of the charge balancing cations in zeolites can 
have a marked effect on the catalytic properties of ruthenium for 
CO hydrogenation in ion-exchanged zeolite-supported Ru catalysts. 
Although it has hardly any influence on the specific activity of 
the catalysts or on the overall chain growth probability, the 
nature of the neutralizing cations has a pronounced effect on the 
selectivities for olefins and branched hydrocarbons. Variations 
in the strength of the acid sites with the nature of these 
cations as well as mass transfer limitations apparently play a 
major role in shaping the olefin and isoparaffin selectivities. 
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Figure Variation in Ea with neutralizing cation radius; ( m )  RuHY. 

Figure 2. Effect of neutralizing cation on olefin fraction and 
iaobutane formation; Catalysts: (H) RuHY, (L) RuLiY, 
(N) RuNaY, (K) RuKY, (R) RuRbY, (C) RuCaY. 
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Synthesis and CO Hydrogenation A c t i v i t y  of 
Ruthenium Z e o l i t e  A 
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V i r g i n i a  Poly technic  I n s t i t u t e  and S ta te  U n i v e r s i t y  

E1 acksbu r g  , V i  r g i  n 1 a 24061 

Ruthenium z e o l i t e  A was synthesized by several techniques from e i t h e r  RuCl o r  
[Ru(N$) C11C12. i s  descrqbed 
below. % i r s t ,  z e o l i t e  A i s  synthesized i n  t h e  presence o f  R u b  by simple 
add i t i on  o f  t he  ruthenium s a l t  t o  a standard z e o l i t e  A s y n t h e s d  ge l .  The 
r e s u l t i n g  rutheniumzeol  i t e  A was c r y s t a l 1  ized i n  approximately 2 hours under 
autogeneous pressure a t  95OC. Next, a p o r t i o n  o f  t h e  ruthenium-zeol i te  A was 
added t o  another z e o l i t e  A synthesis ge l  t o  serve as a " c a r r i e r "  o f  ruthenium and 
as a "seedtf f o r  t h e  synthesis. Ru then iumzeo l i t e  A was recovered from t h e  
"seeded" synthes is  and exchanged w i t h  CaCl f o r  t h e  two reasons: (1) t o  remove 
exchangeable ruthenium from t h e  surface 03 t h e  z e o l i t e  ( i n t r a z e o l  i t i c  ruthenium 
w i l l  be t o o  l a r g e  t o  exchange o u t  o f  t h e  a-cage), and (2) t o  p lace t h e  z e o l i t e  A 
i n  I t s  most s tab le  form ( t h e  calcium form o f  z e o l i t e  A i s  more s t a b l e  than  NaA t o  
at tack by water a t  e levated temperatures). Th i s  RuCaA w i l l  be denoted c a t a l y s t  6. 
For  comparison, a CaA was ion  exchanged w i t h  aqueous F?uC13 and t h i s  RuCaA w i l l  be  
denoted c a t a l y s t  A. 

Table 1 shows t h e  X.P.S. and bulk chemical ana lys i s  (C.A.) data f o r  c a t a l y s t s  
A and B. Notice t h a t  t h e  X.P.S./C.A. r a t i o  f o r  i o n  exchanged RuCaA i s  14.7 w h i l e  
t h a t  o f  our synthesized RuCaA i s  0.22. Since t h e  X.P.S./C.A. r a t i o  g i ves  an 
I n d i c a t i o n  o f  t h e  amount of ruthenium i n  t h e  s u p e r f i c i a l  regior, r e l a t i v e  t o  t h a t  
i n  t h e  bulk, i t  i s  obvious t h a t  c a t a l y s t  B con ta ins  i n t r a z e o l i t i c  ruthenium. 

The c a t a l y s t  was heated 
t o  150 C i n  f l ow ing  He f o r  several hours t o  p a r t i a l l y  dehydrate t h e  z e o l i t e  be fo re  
reduction. a t  27SoCI 2.25 atm. I n  
order  $0 reduce t h e  ruthenium. F ina l l y ,  1:l CO:H2 was cogtacted w i t h  t h e  c a t a l y s t  
a t  255 C, 2 atm. (2.1 g cata lyst ,  F = 6.5 ml/min). 

F igu re  1 shows t h e  start-up behavior o f  c a t a l y s t  6. No t i ce  t h a t  t h e  
product ion o f  a l l  hydrocarbons o the r  than Cs pmceeds through a maximum. Also. 
these maxima do n o t  occur a t  t h e  same time. F igu re  2 i l l u s t r a t e s  t h e  hydrocarbon 
product d i s t r i b u t i o n  f o r  over 10 hours o f  con tac t  w i t h  syngas. I n  no  case were 
branched hydrocarbons o r  hydrocarbons o f  C8 (on l y  t races  o f  C6 and 5) or  grea te r  
observed i n  t h e  product stream (see Table 2 f o r  an example o f  an exact  product 
d i s t r l b u t l o n ) .  

An example o f  our synthes is  procedure w i t h  RuCl 

CaJalyst 6 was tested f o r  CO hydrogenation a c t i v i t y .  

Next, t h i s  mater ia l  was exposed t o  f l ow ing  H 

X-ray d i f f r a c t i o n  ana lys i s  o f  c a t a l y s t  B f o l l o w i n g  reac t i on  showed no l o s s  i n  
c r y s t a l l i n i t y ,  however. a 22% l o s s  i n  pore volume (by 0 adsorption) was observed. 
The l o s s  s t r u c t u r a l  
rearrangements o f  t h e  zeol i te .  or a combination o f  both factors .  The FTIR 
spectrum of  c a t a l y s t  B a f t e r  exposure t o  reac t i on  cond i t i ons  d i d  show new bands i n  
t h e  z e o l i t e  framework region. These a l t e r a t i o n s  suggest t h a t  changes i n  t h e  
z e o l i t e  have occurred over t h e  course o f  t h e  reaction. X.P.S. analyses of 
c a t a l y s t  8: (I) as synthesized. (ii) a f t e r  H2 exposure. and (111) a f t e r  reac t i on  
show t h a t  t h e  ruthenium was reduced by t h e  H and t h a t  dur ing t h e  course of t h e  
reac t i on  t h e  ruthenium d i d  no t  m ig ra te  t o  t h e a u r f a c e  o f  t h e  zeo l i t e .  

i n  pore volume could be due t o  adsorbed2 hydrocarbons, 
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Table 1 

XFS and Chemical Analysis Data for  RuCaA 

Ru/Si 
m d ! i s - m  !2 XeSLI;BPreDaratfon 

A 1.98 0.534 0.0363 14.7 exchange 

B 1.53 0.006 0.0276 0.22 synthesis 

Table 2 

Product Dlstributlon for RuCaA (Catalyst  E). 

T = 255'CI P = 2 atm, CO:t12 (l:l), t = 3.5 h 

Hvdrocarbon 
Methane 
Ethane 
E t h y l e n e  

Propane/Propyl ene 
1-Butene 
n-Butane 

t-2-Butene 
c-2-Butene 

n-Pentane 

- 
66.09 
2.00 
2.00 

13.30 
0.43 
2.98 
7.08 
3.65 
2.48 
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- 
36.17 

2.19 
2.19 

21.84 
0.95 
6.52 

15.15 
7.80 
6 .80 



GAS PHASE CONCENTRATION (ppm) 

0 
0 
0 
c 

0 
0 
u) 

0 
0 
(u 

0 
(D 

0 
N 

73 



1.0 

0.1 
C 

cj 

T 
C 

V 

0 72 m i n  

280 m i n  

0.01 - 
A 666 min 

I I 1 I 

1 3 4 
CHAIN LENGTH 

2 5 6 

Figure 2: 
255 C. All hydrocarbons were linear. 

Hydrocarbon Product Distribution for Catalyst B a t  

74 



CATALYTIC CONVERSION OF SYN GAS WITH PEROVSKITES 

J. A. Broussard and L. E. wade 

Celanese Research Company, Summit, NJ, 07901 

INTRODUCTION 

Perovskites, mixed metal oxides of the general formula AB0 , have been 
examined as catalysts for conversion of syn gas to oxygena2ed organic 
chemicals. Several of these perovskites have been found to provide 
moderate to high selectivities to oxygenated organics, particularly 
methanol and C20x (acetic acid, acetaldehyde, and ethanol). 

RESULTS AND DISCUSSION 

CATALYST EVALUATIONS 

The perovskites were prepared by co-precipitation with subsequent 
calcination in air to form pure crystalline phases. The resulting 
powders (pelleted with Si0 ) were evaluated in a U-tube vapor phase 
reactor. Catalysts were eviluated with 2:l H2:C0 at 1000 psig. 
Conclusions are based on results obtained in the CO conversion range 
of 1-20% (usually 1-10%). Results of catalyst evaluations are 
presented in Tables 1-111. 

Perovskites of La with late transition metals and other closely 
related perovskites were evaluated as syn gas conversion catalysts. 
The maximum oxygenate selectivities obtained with LaCoOj, LaNiO , and 
LaFe03 were in the range of 24-33%. 
observed with LaMnO . LaCoO and LaNiO underwent runaway 
methanation, but La3eO3 and iaMnO 
known as catalysts f o r  producing itydrocarbons (1, 2). 

Six substituted derivatives of the above ternary perovskites were 
evaluated in hopes of finding positive synergism. LaNi 5Fe0 s02tznd 
LaMn Ni 0 exhibited positive synergism (i. e .  highgf oxygen 
~ele$t?vi?3~taan the average f o r  the related ternary perovskites) . 
LaNiB.SCoo 03, L a m  5Coo 502, and LaMno 2Fep.5z3to 
exhi i ed Bit e r L ~ ~ e & ? % ~ i h  or neg%tive Pyn rgism when 
the related ternary perovskites. 

Partial substitution of La with Ce and Sr was examined as a means of 
modifying the catalytic behavior of LaCo03. 

were much lower than the resul?P*ob?A?ned with thg.$:$h$ sy2tem. 

LaCoO 5 R ~ 0  LaNiO 2Ru8.S02i and LaFe RU 0 were evaluated to 
deterlhine t e ffect 6 p K i substitu?ih 8 f 5 ~ 5  for Co, Ni, and Fe 
and the selectivity patterns typical of Ru in these perovskite 
lattices. The maximum oxygenate selectivities obtained with these 
materials (3-14%) are much lower than those obtained with related 
ternary perovskites. Ru is apparently a poor catalyst for converting 
syn gas to oxygenates which is consistent with reports that Ru is used 
in Fischer Tropsch synthesis for producing higher hydrocarbons ( 2 ) .  

~~~hP$f!T~oB2f2cts of pa$€?alOPzb$titution of the B cations by Ti( IV). 
Both of these materials provided significantly lower oxygenate 

No oxygenated products wer2 

did Jot. Co, Ni, and Fe are best 

mp r 

The maximum oxygenate 
selectivities obtained with La Ce Coo3 and La coo ( 7 - 8 % )  

0 and LaFe Ti 0 were evaluated to determine the 
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selectivities than the related ternary perovskites. 

were evaluated to determine the 
erovskite lattice. Both materials 

exhibited high methanol selectivities (37-38%, maximum). These 
results suggest that Cu is the catalytic metal in these systems, 
probably in reduced form. Cu is used in commercial methanol synthesis 
catalysts. 

NdNiO , NdFe03, and NdCo03 were evaluated to determine the catalytic 
effeczs of replacing La with closely related Nd. 
oxygenate selectivities obtained with these perovskites (0-10%) are 
much lower than those obtained with the analogous La perovskites 
(24-33%). 

Perovskites of barium with platinum group metals were also evaluated 
as catalysts for syn gas conversion. These materials were prepared by 
Professor B. L. Chamberland (U6 Conn.). 
temperature calcination ( <  400 C) were amorphous by XRPD6 
prepared by re-calcination at higher temperatures ( 2  600 C) were pure 
crystalline phases by XRPD. 

High oxygenate selectivities (almost exclusively methanol) were 
obtained with BaRhO and BaPtO (maximum, 62% and 5 4 % ,  respectively). 
Maximum oxygenate sslectivitiez obtained with BaIKO and BaRuO were 
39% and 14%, respectively. 
reported for the related LaRhO by Bartley ( 3 )  and by Watson and 
Samorjai ( 4 ) .  
selective catalysts for methanol synthesis (2). Supported Ir has been 
reported as catalysts for both methanol and hydrocarbon synthesis (2). 
Ru Fischer Tropsch catalysts ( 2 )  and our own La-Ru perovskites are 
mainly hydrocarbon producing catalysts. 

The maximum 

Materials prepared by low 
Materials 

High methanol selectivisies have baen 

Supported-Pt cagalysts have been reported to be 

CATALYST CHARACTERIZATION 

Catalysts were characterized to determine the crystalline phase purity 
of starting materials, to determine if perovskite phases were 
preserved OK decomposed (by reduction) under reaction conditions, and 
to determine the nature of catalytic sites in these materials. 
Catalyst samples were characterized by XRPD, EXAFS, XANES, AND ESCA. 
Results zre presented in Table IV. 

The "A" cations in these perovskites (La(III), Nd(III), and Ba(I1)) 
are stable to reduction and catalytically inactive under these 
conditions. Therefore, the stability of these crystalline lattices to 
reductive decomposition and the catalytic activity of these materials 
depends on the late transition metal "B" cations. 

The ternary perovskites of La with Co, Ni, Fe, and Mn were pure 
crystalline phases prior to catalyst testing. EXAFS and XANES results 
indicated the expected +3 bulk oxidation state for the "B" metals. 
ESCA analysis of surface "B" atoms indicated oxidation states > 0, but 
specific oxidation state (i. e. +2 OK +3) could not be assigned. 

Recovered materials exhibited a consistent trend. Perovskite lattices 
of materials not exposed to runaway methanation were preserved. Ni 
and Co perovskites not exposed to runaway methanation appeared to have 
been partially reduced (ca. one electron) to form oxide deficient 
perovskite lattices. Fe and Mn perovskites were unaffected. The 
oxidation state of surface "B" cations in all of these recovered 
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catalysts was > 0 . 
Perovskite lattices of materials exposed to runaway methanation were 
destroyed by reduction. During runaway methanation catalyst bed 
temperatures exceed 500°C. 
perovskite lattices of LaCo03 and LaNiO were destroyed. Ni was 
reduced from +3 to a mixture of +1 and a, and co was probably 
comparably reduced. These results parallel those of Hall and 
cowgrkers who reported that hydrogen reduces LaCo03 by one electron at 
400 C and by three electrons at 500°C (5). 
did not undergo runaway methanation under the conditions employed. 

Based on these data it appears that the catalytic sites for these 
materials are higher valent ( >  0), late transition metal, surface "B" 
cations in a perovskite or perovskite-like lattices, so long as 
runaway methanation does not occur. This conclusion applies also to 
substituted perovskites of La and Nd with Mn, Fe, Co, and Ni. 

Six perovskites of the general formula LaM M' 0 (M # M' = Mn, Fe, 
Co, and Nil were characterized after catal$$? tP&?i?g. LaNi 5Cog.503 
was exposed to runaway methanation and its crystalline l a t t i h  wa 
decomposed. The other materials were not exposed to runaway 
methanation, and their crystalline lattices were preserved. 

La Ceo 2Co0 and La Sr 2Co0 were exposed to runaway methanation, 
ane'@he trystilline lP€@ic8$ of 80th materials were destroyed. 

LaCoOa5Ru0.503 was not exposed to runaway methanation, but 
LaNi 5Ru0 and LaFe 0 were. Yet, the perovskite lattices 
of a91 three materials %?pBt5sarved. 
behavior of LaNiO which underwent lattice decomposition under these 
conditions. RU aaparently confers added stability to these lattices. 

LaNi Ti 0 and LaPe Ti were not exposed to runaway 
me thinst i 8n5 3As expec t8d: ti6 pe rovsk i te lattices we re preserved . 
The catalytic sites for these materials appear to be higher valent 
surface cations of Ni and Fe in perovskite lattices. 

Neither of the Cu containing perovskites were exposed to runaway 
methanation. The perovskite structures of both materials were 
preserved, albeit, with partial reduction. The stability of these 
lattices is probably due to the reductive stability of Ti(1V) and 
Mn(1V). The catalytic sites for these materials appear to be lower 
valent surface atoms of Cu in a perovskite or perovskite-like lattice. 

NdNiO , NdCo03, and NdFeO all underwent runaway methanation. Like 
the aaalogous La compoundg, the Ni and Co perovskite structures were 
destroyed , but the perovskite structure of NdFe03 was preserved. 
The crystalline barium platinum metal perovskites were all pure 
crystalline phases prior to catalyst testing. The bulk oxidation 
states of the platinum metals were the expected +4. However, all of 
these materials except BaRuO contained surface platinum metal cations 
in lower oxidation states ingtead of, or in addition to the +4  state. 

Both crystalline and amorphous barium platinum metal perovskites are 
unstable to syn gas and its products. Platinum metals were reduced to 
the elemental state, and Ba was converted to BaCO . It appears that 
these materials after an induction period are traasformed to zero 
valent platinum metal crystallites on BaC03. 

After exposure to runaway methanation the 

The Fe and Mn perovskites 

This contrasts with the 
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CONCLUSIONS 

Seven hasc  mptnl lonthaniim perovhkites that provide 20-40% selectivity 
to oxygenates have been found. All of the lanthanum metal perovskites 
are stable to reductive decomposition f not exposed to runaway 
methanation and some are stable even i exposed to runaway conditions. 
The catalytic sites in these materials are thought to be late 
transition metal surface "B" atoms in higher oxidation states ( >  0) 
and in perovskite or perovskite-like lattices. Two platinum metal 
barium perovskites that provide > 50% selectivity to oxygenates 
(mainly methanol) have also been found. These materials are unstable 
under reaction conditions and are converted to elemental platinum 
metals and BaC03. After an induction period, the catalytic sites for 
these materials are thought to be the mainly zero valent platinum 
metal crystallites on BaC03. 
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Introduction 

The future  use of -1 as a source of conventional t ransportat ion fue l  w i l l  depend on 
the  developtrent of an econanical and energy e f f i c i e n t  liquefaction praess. 
Technologies tha t  have been m r c i a l l y  proven or t h a t  are close to 
c m r c i a l i z a t i o n  include the fixed- and fluidized-bed Fischer-Tropsch (FT) 
synthesis, mthanol synthesis (fixed-bed a d  slurry-phase) and the Mobi l  
methanol-togasoline process. 
synthesis  produces the  widest slate of products and has been i n  -ration for  t h e  
longest period. 

The ET r a c t i o n  prduces  hydrocarbons with a broad spectrum of m l e c u l a r  weights 
ranging from methane t o  paraff in  waxes. 
s igni f icant ly  limits the m x i m  yield of t ransportat ion fue l  f rac t ion  a d  creates 
the  need for fur ther  damstream processing such as hydraracking and l i g h t  o le f in  
ol igarer izat ion t o  increase such yields. 
control led mainly by ca ta lys t  composition and process renditions. 
inprove the econanics of the FT process, a ca ta lys t  s h l d  display high a c t i v i t y  and 
minimize the f-tion of both l i g h t  hydrocarbons (C -C 1 and waxes (C 4+), while 
producing the bulk of the p r d u c t  f ract ion i n  either1& gasoline (C or diesel 
(C -C 
co%ro&d by m n i w l a t i n g  process c a d i t i o n s .  Since the ET react ion is exothermic, 
control of the reaction heat plays a m j o r  role i n  m t r o l l i n g  product se lec t iv i ty .  
The slurry-phase process of fe rs  the best mans of heat t ransfer  a d  tenperature 
oontrol and has been shawn to inprove l iqu id  p r d u c t  se lec t iv i ty  mainly by l a e r i n g  
t h e  l i g h t  gas y ie ld(1) .  
limited t o  only a few studies  and s igni f icant  differences have been reported i n  
y ie lds ,  ca ta lys t  l i f e  and ease of o+ationCl-4). bbre research is needed t o  f u l l y  
determine the potent ia l  of slurry-phase ET processing, and we w i l l  describe cur 
e f f o r t s  i n  developing new slurry-phase FT catalyst systems. 

uder an earlier contract with the Department of Energy, Air Products and Chemicals, 
Inc. developed several new slurry-phase ET ca ta lys t s  that enhanced s e l e c t i v i t y  to 
l iqu id  fuel products(5). 
c l u s t e r s  d i f i e d  by pramters .  
system, Air Products has bqun a program to  thoroughly invest igate  t h e  preparation, 
character izat ion am3 perfornance of mtal carbonyl cluster-based ca ta lys t s  f o r  use i n  
s l u r r y  phase ET technology. 
increasing ca ta lys t  ac t iv i ty ,  inproving p r d u c t  se lec t iv i ty  for  l iqu id  fuels ,  
reducing the y ie ld  of mthane, developing ca ta lys t  systems ac t ive  a t  high co/H 
ratios and incorporating uater-gas shift ac t iv i ty .  
d i n a t i o n  of tests i n  s t i r r e d  and fixed-bed reactors. 
characterized by surface techniques and bulk analyses. 

Of these technologies, the Fischer-Tropsch hydrozarbon 

This broad p r d u c t  d i s t r ibu t ion  

Research has sharn that  s e l e c t i v i t y  is 
I n  order to 

) ranges. Product se lec t iv i ty ,  &er, has been mre su&sf&y 

The anDunt of d a t a  f r a n  slurry-phase operation, haever, is 

One group of catalysts included supported mtal carbonyl 
To fur ther  develop and inprove these ca ta lys t  

(xlr merall cbjezt ives  focused predaninately on 

Catalysts were evaluated b# a 
I n  addition, c a t a l y s t s  were 

Experimental 

Catalyst  Preparation: Catalyst precursors and supports were plrchased fran 
m c i a l  sou~%es. 
5OO0C for  3 hr i n  a i r :  y -azo3 ( C a w @  SB, 217 rn /g), Si02 (Davison 952, 339 

The follcwing supports were usp a f t e r  a calcining treatment a t  
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2 d / g ) ,  kQO.3.6 Si02 (Florisilm, 298 mz/g) and ?io2 (L)epssa P 2 5 ,  50 m /g). 
ca ta lys t s  and p r w s o r s  were protected f r a n  air and m l s t u r e  using standard Schlenk 
techniques(6) and a Vacuum Atnuspheres d q  box. A l l  solvents here reagent grde and 
d i s t i l l e d  f r a n  S o a i m  benzcphenone ke ty l  i n  a nitrogen atmsphere. 
t o  use, the s u p p r t s  w x e  fur ther  dr ied i n  vacuo at  llOoc for  1-2 hr. 
prepared by irrprqmtion ( to  incipient  wetness) of the  supports with separate  
solut ions containing the p r c m t e r  and mztal carbonyl. Several prmters =e 
evaluated, w i t h  one being p a r t i c d a r l y  effect ive.  All ca ta lys t s  disxssad i n  llhi-; 
r a p r t  d e  lise of t h i s  p r a t e r  (desigmted "Pram"). This mthcd wzs u s d  for the  
f o l l w i n g  ca ta lys t s  that were prepxed f r a n  m t a l  carbonyls: 

The 

Irrmediately prior 
Catalysts  =e 

3.8% co/6*8% Ran on A1203 
0 2.8% Ru/4.9% Pran on A120 
0 4.7 co on ~ 1 ~ 0 ~  (no pr-ger) 

5.1% Co/4.4% Prom on M203 
0 4.0% Co/6.4% Pran on AI. 0 
0 10.86 Co/8.5% Pram on A!? d 
0 3.5% C0/6.6% Prom on Si02 
0 3.7% Co/7.2% Prun on kQ0'3.6 Si02 
0 3.5% Coon Ti02 (no praro ter )  

basecase catalysts 

Two catalysts w e  also prepared using CO(N0 ) as t h e  cobalt swrce. The mthd was 
s l i g h t l y  d i f i e d ,  i n  that a f t e r  addition 0f3 t ie  promoter and r-a1 of the  solvent, 
the mterial was e x p s e d  t o  air. 
impregnate the s J p p r t ,  the mterial was dr ied  a t  110°C and ca?cined a t  300°C i n  air 
f o r  5-6 hr.  

An aqueous solution of Co(Ex3 )2 was then us& t o  

The two ca ta lys t s  and t h e i r  analyses are as follows: 

4.2% Co/7.1% R a n o n  Y-A1203 
0 4.6% Co/7.5% Pran on Si02 

G a s  Phase Tests: 
screen ca ta lys t  ac t iv i ty .  
no1 of syngas converte3/kg of catalyst/hr m e  selected for further slurry-phase 
tes t ing.  

The gas phase reactor was a fixed-bed, 316 SS tubular unit with d d l w  
configuration a d  10 cc bed volume. All gas-phase tests used a co/H f e d  ratio of 1 
a t  300 ps ig  and nearly all -e conducted a t  1000 GHSV (v/v). Ten&ature was varied 
i n  the range of 220 t o  28OoC. 
with H2. 

Slurry Phase Tests: 
f o r  s lur ry  tests. 
s l u r r y  phase tests, catalysts were ac t iva te3  in a separate, 150 cc fixed b d  tubular 
uni t  Using eithsr plre 
deoxygenated paraff in  03 (Fisher to-122) i n  the dry box and t ransferred to the 
slurry autoclave reactor under a N2 blanket. 

Slurry tests w e  performed Continuwsly f o r  up to 21 days, except for  the  test of 
basecase Co on praro te l  alumina, which was run for  55 days. 
2 ,  1.5, and 0.5, with enphis on W r i c h  f d s .  
of c a t a l y s t h r .  
220 t o  28OoC, respectively. 

Because of t h e  amplexi ty  of the Pischer'Propsch prcduct, equi l ibrat ion of t h e  
reactor  and the product collection sys tem,  and a f lex ib le  quant i ta t ive  analysis  
scheme incorporating a l l  products including waxes w e  required to p r d u c e  god 
carbon and hydrcyen mterial balances, which were i n  the range of 95-105%. The 
d e t a i l s  of the analytical am7 data handliny system have ken plbl ished(7) .  The 
mthCd, illustrated SchaMtically i n  Figure 2, consisted of four separate gas 

Prior to slurry-phase tes t ing ,  gas-phase tests w2re d u c t e d  to  
Those ca ta lys t s  with gas-phase a c t i v i t i e s  greater than 20 

For the gas-phase tests, t h e  ca ta lys t  was activated 

Two continuous, stirred, 1 liter autazlave reactors m e  used 

or 20% syngas in.N2. Activated catalyst w a s  s lur r ied  i n  

Figure 1 shows a schematic diagram of one of these uni t s .  For the 

Inlet CO/H2 ratios were 
Space ve loc i t ies  were 1 and 2 W g  

w a t i n g  pressures and temperatures ranged f r a n  300 t o  600 p i g  and 
The so l ids  content of the slurry was 15 t o  25 wt%. 
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chr-tographs linked via a Perkin-Ehr Sigrna 15 ccmputing integrator/controller to 
a Tektronix 4052 microconputer e q u i e  with a 1.9-megabyte disk systan. 

Catalyst Characterization: 
arm IReasurenents, mcury  intrusion prosirretry, helium pycnarrtry, and particle 
size distribution. 
characterized by B.E.T. surface area measurerents and hydrogen chemkwrption. 
loadings were determined in-hmse and at Schwarzkopf Wcroanalytical Laboratories. 
Scnr of the catalysts were also studied using X-ray photoelectron spectrosmpy and 
X-ray diffraction. 

Catalyst supports were characterized by B.E.T. surface 

Freshly prepard catalysts and redacd r2talysts were 
ktal 

R e s u l t s  and Discussion 

The type of activation used for "conVentiOM1" FT catalysts has been shown by several 
researchers to affect performance(8). 
performance of precipitated and fused iron catalysts(9) and idicated that Wre H2 
was preferred. 
for CO(m l 2  on alumina used only H reduction(l0). 
netal car&nyl catalysts has generally been done by therm1 decarpsition urder 
vacuum or inert atnuspliere(l1). 
on supported =tal carbonyls has not been w=ll established, but these gases should 
improve the degree of mtal reduction since the rnetals are initially oxidized by the 
support . 
Our study of activation conditions canpared pre H2 activation with syngas (co/H2 = 
1) activation using the 4% CO on prmted alumina catalyst. 
significantly inproved both activity and liquid fuel selectivity in the slurry tests. 
Figure 3 canpares syngas conversion following both types of activation as a function 
of tenperature and space velocity. At carparable reaction conditions, H2 activation 
converted 30 to 40% m e  syngas in the 220 to 260°C range, but at 28OoC, the 
difference was less. For HZ-activated catalyst at lawer space velcrity, the syngas 
conversion appeared to be independent of tmperature between 240 and 28OoC. 

Table 1 shaws that H activation increased the C 
percent, from 57 to 51 w t %  and decreased both 
increased activity prcbbly resulted fran a higher degree of Co reduction but the 
reason for the enhanced liquid fuel selectivity is less clear. 
reduction and mtal pqticle sizes which both depend on activition conditions 
together affect chain-grmth prcbability. 
catalysts fran different activation procedures for these two properties. 
mjor cbjective of OUT research was to study the use of mtal carbonyls as catalyst 

Table 1. Effect of syngas vs. hydrqen activation on hydrocarbon selectivity. 

Dry detailed the effects of activation on the 

Another recent study of catalyst perfomnce vs. degree of reluction 
The activation of supported 

The effect of reducing gases such as H2 and syngas 

Hydrogen activation 

selectivity by 25 relative 
and WBX selectivity. The 

Perhaps the degree of 

Ibever, we did not examine or catpre the 
Since a 

4% Co ON PROMOTED - A1203 

SYNGLS H l  

SPACE VELOCIlT. N L l o  ealrhr. 1.8 1.0 
win1 1.6 1.5 
PRESSURE. pBm aoo a00 

TEUPERATYRE. .C 250 158 

11.5 
10.4 
20.1 
15.1 
11.5 
21.1 

1.1 
10.8 
a6.i 
l?J 
I.# 

11.4 

c5.13 51.0 70.8 

precursors, a muparison to conventionally prepared catalysts v a s  "ecessary. 
was done by examining catalysts prepard fran &t nitrate using the s a n ~  m p r t  
and prmter as the c d d t  carbonyl-based catalysts. 
the two catalysts in the slurry-e reactor are canpared in Table 2. 

This 

The activity and sel-lectivity of 
Both 
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catalysts had similar c d d t  and prarpter loadings. Again, perfomce differences 
ere larger at l c w  temperatures. 
was mre than twice that of the nitrate catalyst, while specific activity was three 
times higher. 
catalyst in both bulk activity (29% increase) and specific activity (52% increase). 
 he Wbonyl-prepared catalyst also provided better liquid fuel selectivity at both 
t-atures, prcducing less Ethane bct mre light hydrocarbons (C274). The major 
difference was in the production of heavier hydrmarbons, with the nltrate4srivtd 
catalyst giving significantly higher C + selectivity. 
related to mtal particle sizes and m?8 is in progress t-d characterizing and 
conparing these catalysts. 

Table 2. Effect of Co source on activity and selectivity. 

At 240'C, bulk activity of the carbonyl catalyst 

At 260DC, the carbonyl catalyst still atperfond the nitrate 

These differences are  likely 

4% CO ON PROMOTED Alp 0 3  
( C O / H 2  = 1.0, 2.0 NLlh1.g cat. 300 pslg) - Z i E  

BULK ACTIVITY. 
mOlSVNGASIha callhl  35.3 38.5 15.8 20.0 
SPECIFIC ACTIVITY. 

0.09 0.21 mol COlmolCDlmln 0.29 0.32 

SELECTIVIN. WT% 
7.9 10.4 (0.9 16.5 
(3.7 15.0 5.5 11.1 c2 .4  

c 5 - 1 1  a7.0 14.5 12.0 16.6 
Cl2.18 23.b 25.8 10.8 23.8 
C W . ~ J  a.0 2.0 21.0 10.6 

TOTAL FUELS Cg.23 60.3 72.3 S4.6 60.0 

- 
= I  

c2b+ 0.1 2.3 28.0 11.5 

Several other parameters were M n e d  using the carhnyl-based catalysts. The 
effect of cobalt to prcrroter ratio on activity was examined with alumina-supported 
catalysts. Figure 4 plots specific activity vs. cc&lt/pramter ratio for 
slurry-phase tests at similar reaction conditions and different activation 
procedures. 
specific activity as the Co/pramter ratio increased. 
R2-activated catalyst, haever, was independent of this ratio. 
explanation involves the interaction of &lt with the suert and its subsequent 
reducibility. 
strongly with the support a d  beccnres mre difficult to reduce. 
reducibility is,especially evident when the catalyst is activated with syngas; the 
cobalt is not ifficiently reduced, resulting in Lower activity. Hydrogen, on the 
other h a d ,  provides sufficient reducing pcw to activate ocbalt that is mre 
strongly associated with the support. 

The effect of c a t  loading on bulk activity of the &t carbonyl-pramted alumina 
catalyst was examined in the slurry reactor at 240 and 26OoC (Figure 5 ) .  
loading gave lower bulk activities at both terrperatures. 
the higher cobalt loading also had a higher =tal dispersion, these results agree 
with the general trend of increasing activity with decreasing dispersion reported in 
the literature. 

The type of support also had a major influence on catalyst activity, as shown in 
Figure 6. These catalysts all had similar cobalt and prcrnoter loadings, except for 
the TiO2-su~rted catalyst, which had no pramter . The silica-supported catalyst 
was approximately twice as active as all the others. T h i s  m y  be due to the low 
reactivity between M t  carbonyl and silica as opposed to the high reactivity of 
the other supports trmards mtal carbonyls. A surface area effect is being checked 
by using a 1- surface area silica. 

We also studied the effects of operating paraters such as tenperaturs and CO/H 
feed ratio on catalyst performance. 
increased the bulk activity of both M203- and ~io~-Supported CO catalysts, as sham 

Catalyst that had undergone syngas activation shmd a decrease in 
The specific activity Of the 

One possible 

As the amxlnt of pramter decreases, the cc&lt interacts m e  
T h i s  decreased 

Higher 
Since the catalyst having 

AS expzted, increasing the reaction tanper3ture 
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i n  Figure 7. The Si02-sumrted ca ta lys t  ac t iv i ty  was independent of tenperature at  
240°C and 26OoC, but increased a t  280°C. The ac t iv i ty  of the A1203-supported 
Catalyst began to  leve l  off a t  higher tgnperatures. 

The ratio of carken m o x i d e  to hydrogen i n  the fe& strongly affected ca t a lys t  
ac t iv i ty ,  as shown i n  Figure 8 f o r  p r m t d  cobalt on silica. 
best with %-rich feed: when the  feed was s to ich iane t r ic  with respect to  hydrocarbon 
( -Q i2 - )  f o m t i o n  (CO/H2 7 0 . 5 ) ,  t he  syngas converison was highest at  60%. 
Conversion drcppd d r a m t i c a l l y  t o  only 25% d en the CO/H2 ratio was increased t o  
1.5. 

This poor perfonrance w i t h  -rich feeds r e f l ec t s  the lm a c t i v i t y  f o r  the water-gas 
s h i f t  reaction. Figure 9 fur ther  illustrates this by carparing CO/H usa e ratios 
w i t h  feed ratios f o r  the supported 
precipitated iron ca ta lys t ,  all i n  t h e  slurry reactor. The &lt ca ta lys t  showed 
the  pazest CO usage a t  all feed l eve ls ,  usage ratios never exceded 0.60. 
rutheniumcatalyst  offered saw inpxwemnt with a usage ratio n a l y  mtshed  t o  a 

The usage ratio, m e r ,  never inpraved abave 1.0 as the 
feed r a t i o  was increased. The s l igh t  irrproverrwt in  s h i f t  ac t iv i ty  fo r  rdthenium 
correlates w i t h  its &served s h i f t  ac t iv i ty  in  hamgeneas systems(l2). 
ca t a lys t  s k w d  t h e  excellent s h i f t  ac t iv i ty  that  is exhibited by precipitated or 
fused iron ca ta lys t s .  

In  an ef for t  t o  inprove the s h i f t  ac t iv i ty  of the promoted Co on alumina ca ta lys t ,  a 
canwrc ia l ly  available,  lcw tanperature s h i f t  ca ta lys t  (Cu/Zn/Al 0 ) was physically 
mixed with it and tested in  the gas phase reactor. The r e su l t s  &z summrized in  
Table 3 along w i t h  r e su l t s  i n  which no s h i f t  ca t a lys t  was added. The added s h i f t  
catalyst caused a drop i n  a c t i v i t y  w i t h  no indication of enhanced s h i f t  ac t iv i ty .  
There was an increase in oxygenate production, especially of ethanol and higher 
alcohols. A second gas-phase test of the mixed catalysts, this tim using 
preactivated s h i f t  ca t a lys t ,  still gave lcuer ac t iv i ty  than w i t h c u t  s h i f t  catalyst, 
but s h i f t  ac t iv i ty  increased s l igh t ly .  Upon increasing the feed ratio f r an  1.0 t o  
1.9, m e r ,  s h i f t  ac t iv i ty  declined as the usage ratio drcpped to 0.35. 

Table 3. Pddi t im of Cu/Zn/Al water-gas s h i f t  ca ta lys t  t o  Co/RadA1203 m catalyst. 

The ca t a lys t  p e r f o n d  

and ruthenium catalysts, d as, a 

The 

feed ratio of 1.0. 

Neither 

UCOnr#mbn. ~ A c l M l y .  
C.1**.1(” W l M 2  (COIM2) CO + 4 (mol .pgasIkg ulllr) 
mOXF.1 1.0 0.61 as 18.8 

( O X  SHIFT 
*OX F-1  

10X SMlFl 

BASECASE 

mCrmDmONS: 240% SO0 pslg. 1000 OHSV 

+ 

+ 1.0 0.68 4 4  11.6 

(pr..stlv.1.a) I.* 0.16 18 8.6 

r-1 1.0 0.69 I 6  l T . 0  

Another inportant objective of this study was ca ta lys t  characterization and its 
correlation t o  ca ta lys t  performance. X-ray photoeledron spectroswpy (XPS) w a s  used 
to  examine cobalt oxidation states: three spectra are shown in Figure 10. The 1- 
spedrum is that for oxidized Co on pramted Al 0 prepared f r an  Co(ND ) The 
binding energy fo r  Co 2p electrons of 781 eV a&sponds to e s ’ h l i s h d  &lues fo r  
~ ( I I )  and Co(II1). 
the xps data on fresh ca t a lys t  prepared f ran  zerodxidation-state Co (Co) 
data,  shcwn as the middle spectrum. indicates that mst of the cobalg is Gidized  to 
2+ and 3+. 
suggests the presence of a -11 m u n t  of zero valent ccbalt. F ina l ly ,  upon 
ac t iva t ion  i n  p r e  ?$ at  3OO0C, the top spectrum was &+dined, indicating the  
presence of a only oxidized cobalt. 

The strong interaction of cc&lt with alumina was evident f r an  
This 

Only a shoulder corresponding to a birding energy less than 780 eV 

This is further evidence fo r  a strong 
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nretal-support interaction. 
at low loadings, is well established(l0). 
that after H~ reduction at 250"C, alumina-supported Co4(co)12 had only 25% of its 
cobalt as zero valence( 13 1. 

Hydrogen chemisorption was used to determine active cobalt surface area and percent 
dispersion. These results, presated in Table 4, are consistent with the X F 5  data, 
showing only -11 atmunts of metallic cobalt. Hydrogen chemisorption was lm, 
especially at room temperature and low loadings. 
reported by Feuel and Bartholarew(l4) and is possibly due to sare metal support 

Table 4. Catalyst properties. 

That supported cobalt is difficult to reduce, especially 
Hall and coworkers have used XPS to show 

This activated adsorption has been 

B.E.T. Tot.! MI AcW1 Y.1.l S 
O1.h.l Sunac. &re. U19.l. sur(.r. AI.. Olw.naon 

4% C o l R m l A I s O ~  

,o.eu sorrrm,nlo, N.A. 101.1.1 100% 5 . 4  9.7  

IO*rn' lP  S . O r m O , l l S  0.4rn*,P 1.1 
.I a v c  

a . s % c o i h a n i w s  318 11.8 at IOVC a.0 10 

as ~oi(uo,I" ".A IO *.A. 9 1  

I\ CoIAIIOzlll *.. 1.6 N.A. 10 

21% c O l O . S C  lhllThlllA1~O~"l 150.121 (10-200 *.A. N.L 

l l l c . ~  B . ~ ~ O ~ O ~ ~ . - V I O S I  1'1 u s  ~ . t . n t  u i a m .  t ~ p d i i ~ i i i i i i ) .  

interaction. Canparison shows our data are consistent with those of Bartholamew. 
Furtherrrore, a 22% Co/O.5% RW?h/Al 
shmd high H2 chemisorption, pr&; because reduction m s  mre readily as mtal 
loading is increased. 

Finally, we ccmpared the activity of our supported cobalt catalysts with other 
supported cobalt catalysts (see Table 5). All of the data, except one, are fran 
fixed-bed reactors. (hr bulk activities fall near that of the Gulf catalyst, but are 
sawwhat 1- than that of the Shell catalyst. 
obtained at the opthnn H2/m feed ratio of 2.0, at which the other catalysts were 
tested. "urnover frequencies, based on H2 chemisorption data, are quite gccd for cur 

catalyst described in a U.S. Patent to Gulf 

Note though that ox data were not 

catalysts. 

Table 5 .  Catalyst activity canparisons, fixed-bed reactors. 
Tumor., 
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FIGURE 5 
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FIGURE 7 
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T H E  H Y D R O G E N A T I O N  OF C A R B O N  M O N O X I D E  O V E R  R A N E Y  
IRON-MANGANESE CATALYSTS 

K .  R .  C h e n ,  F. V .  H a n s o n ,  N .  K .  Nag a n d  A .  G .  O b l a d  

D e p a r t m e n t  o f  F u e l s  E n g i n e e r i n g  
U n i v e r s i t y  o f  U t a h  

S a l t  L a k e  C i t y ,  UT 84112-1183  

INTRODUCTION 

The  h y d r o g e n a t i o n  of c a r b o n  monox ide  f o r  t h e  s y n t h e s i s  of  
h y d r o c a r b o n  was e x t e n s i v e l y  i n v e s t i g a t e d  i n  Germany b e  i n i n g  i n  
t h e  1 9 2 0 ~ ( ' ~  a n d  i n  t h e  U n i t e d  S t a t e s  d u r i n g  t h e  1 9 5 0 ~ . ' ~ ~  T h e s e  
e a r l y  s t u d i e s  f o c u s e d  on t h e  p r o d u c t i o n  o f  l i q u i d  h y d r o c a r b o n s  a n d  
m e t h a n e  a n d  v e r y  l i t t l e - t t e n t i o n  was p a i d  t o  t h e  s y n t h e s i s  o f  low- 
m o l e c u l a r  w e i g h t  h y d r o c a r b o n s  s u c h  a s  e t h a n e ,  e t h y l e n e ,  p r o p a n e ,  
b u t a n e  a n d  b u t y l e n e s .  

C o p r e c i p i t a t e d  i r o n - m a n g a n e s e   catalyst^'^) g a v e  f a v o r a b l e  
s e l e c t i v i t y  f o r  l o w  m o l e c u l a r  w e i g h t  o l e f i n s .  T h i s  p r e l i m i n a r y  
i n ~ e s t i g a t i o n ( ~ )  was e x t e n d e d  t o  i n c l u d e  p r o c e s s  v a r i a b l  
r e a c t o r  s t u d i e s  u s i n g  c o p r e c i p i t a t e d  i r o n - m a n g a n e s e  c a t a l y s t s .  ' i 4 - % P d  

Raney  a l l o y  c a t a l y s t s ,  f i r s t  d e v e l o p e d  by R a n e ~ ( ~ ) ,  h a v e  b e e n  
u s e d  i n  a p p l i c a t i o n s  w h e r e  h i g h  a c t i  i y a n d  s e l e c t i v i t y  were 
r e q u i r e d  i n  h y d r o g e n a t i o n  r e a c t i o n s .  Raney  i r o n - m a n g a n e s e  

' c a t a l y s t s  h a v e  r e c e n t l y  b e e n  s t u d i e d  t o  d e t  r m i n e  t h e i r  s e l e c t i v i t y  
t o w a r d s  low m o l e c u l a r  w e i g h t  C 2 - C 4  o l e f i n s .  (') 

The  o b j e c t i v e  of  t h i s  i n v e s t i g a t i o n  was t o  d e t e r m i n e  t h e  
op t imum o p e r a t i n g  c o n d i t i o n s  f o r  t h e  p r o d u c t i o n  of  l o w - m o l e c u l a r  
w e i g h t  o l e f i n s  o v e r  Raney i r o n - m a n g a n e s e  c a t a l y s t s .  

E X P E R I M E N T A L  A P P A R A T U S  A N D  P R O C E D U R E S  

Raney A l l o y  P r e p a r a t i o n  

The  i n d i v i d u a l  metal  c o m p o n e n t s ;  a luminum,  i r o n  a n d  m a n g a n e s e  
w e r e  we ighed  i n  t h e  a p p r o p r i a t e  p r o p o r t i o n s :  Al/Fe/Mn - 5 9 / 3 8 / 3  
p a r t s  by w e i g h t ,  w e r e  t h o r o u g h l y  mixed  a n d  t r a n s f e r r e d  t o  a c a r b o n  
c r u c i b l e ,  w h i c h  was p l a c e d  i n s i d e  a c e r a m i c  c r u c i b l e  a n d  h e a t e d  by 
a n  e l e c t r i c  f u r n a c e  a t  1 5 2 3  K f o r  24 h o u r s  i n  f l o w i n g  a r g o n .  The  
r e s u l t i n g  m e l t  was q u e n c h e d  t o  room t e m p e r a t u r e .  S p e c i f i c  d e t a i l s  
r e g a r d i n g  ( 8 ; B e  p r e p a r a t i o n  p r o c e d u r e s  h a v e  b e e n  r e p o r t e d  
e l s e w h e r e .  

Raney  C a t a l y s t  A c t i v a t i o n  

F i f t y  g r a m s  of t h e  a l l o y  ( 2 5 - 5 0  m e s h )  w e r e  a d d e d  i n  5 gram 
a l i q u o t s  t o  a w e l l - s t i r r e d  t a n k  r e a c t o r  wh ich  c o n t a i n e d  a 2 5 - w e i g h t  
p e r c e n t  s o l u t i o n  of s o d i u m  h y d r o x i d e  a t  3 - m i n u t e  i n t e r v a l s  t o  a v o i d  
a s i g n i f i c a n t  t e m p e r a t u r e  r i s e  i n  t h e  s o l u t i o n .  T h e  r e a c t i o n  
t e m p e r a t u r e  was c o n t r o l l e d  a t  3 6 3  ?: 5 K .  A f t e r  a l l  t h e  a l l o y  h a d  
b e e n  a d d e d  t o  t h e  r e a c t o r  i t  was m a i n t a i n e d  a t  t h e  l e a c h i n g  
t e m p e r a t u r e  f o r  a n  a d d i t i o n a l  9 0  m i n u t e s  i n  o rder  t o  c o m p l e t e  t h e  
l e a c h i n g  OP t h e  a luminum.  The  c a t a l y s t  was washed  w i t h  d i s t i l l e d  
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water u n t i l  t h e  pH o f  t h e  d e c a n t e d  s o l u t i o n  was 7 . 0  fr 0.3 .  I t  was 
t h e n  washed t h r e e  times w i t h  9 5 %  a l c o h o l ,  f o l l o w e d  b y  t h r e e  t i m e s  
w i t h  100% a l c o h o l .  The c a t a l y s t  was s t o r e d  u n d e r  1 0 0 %  e t h y l  a l c o h o l  
i n  a r e f r i g e r a t o r  f o r  s u b s e q u e n t  c h a r a c t e r i z a t i o n  a n d  e v a l u a t i o n .  

C a t a l y s t  E v a l u a t i o n  A p p a r a t u s  

A f i x e d - b e d  f l o w  r e a c t o r  was u s e d  t o  e v a l u a t e  t h e  c a t a l y s t s .  
The  f l o w  r a t e s  o f  H 2  a n d  CO g a s e s  w e r e  c o n t r o l l e d  by mass f l o w  
m e t e r s  ( U n i o n  C a r b i d e  Model F M  4 5 5 0 )  w h i c h  w e r e  c a l i b r a t e d  a t  
d i f f e r e n t  o p e r a t i n g  p r e s s u r e s  f o r  a v a r i e t y  of  f l o w  r a t e s .  A Grove  
l o a d e r  was u s e d  a s  a back  p r e s s u r e  c o n t r o l  v a l v e  t o  m a i n t a i n  t h e  
r e a c t o r  s y s t e m  p r e s s u r e  c o n s t a n t .  Downst ream f r o m  t h e  G r o v e  l o a d e r ,  
t h e  p r e s s u r e  d r o p p e d  t o  t h e  a m b i e n t  p r e s s u r e .  A c o n d e n s e r  a t  t h e  
a m b i e n t  t e m p e r a t u r e  a n d  p r e s s u r e  was u s e d  t o  c o l l e c t  t h e  l i q u i d  
p r o d u c t s .  The c o n d e n s a b l e  v a p o r - f r e e  p r o d u c t  g a s  f l o w  was m e a s u r e d  
w i t h  a wet t e s t  meter. 

C a t a l y s t  E v a l u a t i o n  U n i t  and  O p e r a t i n g  P r o c e d u r e  

A p p r o x i m a t e l y ,  2 g r a m s  o f  d r i e d  c a t a l y s t  was mixed  w i t h  a n  
a p p r o p r i a t e  amount  of  i n e r t  D e n s t o n e ,  we t t ed  w i t h  w a t e r  a n d  l o a d e d  
i n t o  t h e  r e a c t o r .  A h y d r o g e n  f l o w  ( 6 0 0  c m 3 / m i n )  was e s t a b l i s h e d  
t h r o u g h  t h e  c a t a l y s t  b e d  a t  t h e  a m b i e n t  t e m p e r a t u r e  a n d  p r e s s u r e  and 
was m a i n t a i n e d  f o r  1 h o u r  t o  e v a p o r a t e  a n y  w a t e r  f r o m  t h e  c a t a l y s t  
s u r f a c e .  The  t e m p e r a t u r e  o f  t h e  s y s t e m  was t h e n  r a i s e d  t o  6 4 8  K i n  
f l o w i n g  h y d r o g e n  a n d  t h e  c a t a l y s t  was r e d u c e d  f o r  6 h o u r s .  A t  t h e  
d e s i r e d  t e m p e r a t u r e ,  t h e  r e a c t a n t  g a s  ( a  m i x t u r e  o f  H 2 / C O )  was 
p a s s e d  t h r o u g h  t h e  s y s t e m  a n d  t h e  p r e s s u r e  was s l o w l y  i n c r e a s e d  t o  
t h e  d e s i r e d  v a l u e .  The s t a b i l i z a t i o n  p e r i o d  f o r  a t y p i c a l  
e x p e r i m e n t  w i t h  t h e  Raney i r o n - m a n g a n e s e  c a t a l y s t  was 6 t o  15 
h o u r s .  When n e c e s s a r y .  t h e  s y s t e m  o p e r a t i n g  v a r i a b l e s  were c h a n g e d  
a n d  a f t e r  t h e  s y s t e m  s t a b i l i z e d  a t  t h e  new c o n d i t i o n s  (30  t o  45 
m i n u t e s )  t h e  p r o d u c t  s t r e a m  was s a m p l e d  a f t e r  a n  a d d i t i o n a l  10 
m i n u t e s .  The  g a s  p r o d u c t s  were a n a l y z e d  by a g a s  c h r o m a t o g r a p h  ( H P  
5 8 3 0 A ) .  A t he rma l  c o n d u c t i v i t y  d e t e c t o r  ( T C D )  was u s e d  f o r  c a r b o n  
d i o x i d e ,  c a r b o n  m o n o x i d e  a n d  w a t e r  a n d  a f l a m e  i o n i z a t i o n  d e t e c t o r  
(FID) was u s e d  for t h e  h y d r o c a r b o n  p r o d u c t s  up to h e p t a n e s .  A 
Chromosorb  102  ( 8 0 - 1 0 0  mesh 6 . 1  meters)  co lumn w h i c h  was  c a p a b l e  of  
r e s o l v i n g  m e t h a n e  t h r o u g h  t h e  h e p t a n e s  ( s a t u r a t e s  and  u n s a t u r a t e s ) ,  
was u s e d .  

C a t a l y s t  S t a b i l i t y  T e s t  

The s t a b i l i t y  o f  Raney i r o n - m a n g a n e s e  c a t a l y s t  was d e t e r m i n e d  
i n  a n  e x p e r i m e n t  w h i c h  l a s t e d  36-40 h o u r s .  T h e  g l o b a l  h e a t  t r a n s p e r  
p r o b l e m  a s s o c i a t e d  w i t h  e x o t h e r m i c  r e a c t i o n s  i n  f i x e d - b e d  r e a c t o r s  
was a l l e v i a t e d  by l o a d i n g  i n e r t  D e n s t o n e  w i t h  t h e  c a t a l y s t  T h e  
d e n s i t y  o f  Raney c a t a l y s t  i s  a p p r o x i m a t e l y  e q u a l  t o  2 g/cmS, and 
2 g r a m s  o f  i t  were u s e d  i n  e a c h  e x p e r i m e n t .  The a m o u n t s  o f  D e n s t o n e  
d i l u e n t  l o a d e d  w i t h  t h e  c a t a l y s t  i n  t h e  t h r e e  e x p e r i m e n t s  were 1 ,  2 ,  
a n d  4 C m 3 ,  r e s p e c t i v e l y .  T h u s ,  t h e  volume r a t i o s  u s e d  i n  t h e  
s t a b i l i t y  t es t s  were 1 .  2 a n d  4 .  
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PPOCeSs V a r i a b l e  I n v e s t i g a t i o n  

A s t a t i s t i c a l  d e s i g n ( ' )  method was u s e d  i n  t h e  p r o c e s s  v a r i a b l e  
i n v e s t i g a t i o n  w i t h  t h e  Raney i r o n - m a n g a n e s e  c a t a l y s t  s y s t e m .  F o u r  
v a r i a b l e s ,  n a m e l y ,  t e m p e r a t u r e ,  p r e s s u r e ,  H2/C0 r a t i o  a n d  s p a c e  
v e l o c i t y  were s e l e c t e d  f o r  s t u d y .  Each  p r o c e s s  o p e r a t i n g  v a r i a b l e  
was a s s i g n e d  f i v e  d i f f e r e n t  l e v e l s :  -2, -l,O, 1 a n d  2. The 
s e l e c t i o n  of  t h e  r a n g e  o f  o p e r a t i n g  v a r i a b l e s  was b a s e d  o n  
p r e l i m i n a r y  e x p e r i m e n t a l  d a t a  a n d  on  e x p e r i m e n t a l  d e s i g n  t h e o r y .  
The  p r o c e s s  o p e r a t i n g  c o n d i t i o n s  a r e  l i s t e d  i n  T a b l e  1 .  

RESULTS A N D  DISCUSSION 

C a t a l y s t  L o a d i n g  a n d  S t a b i l i t y  T e s t s  

The l o a d i n g  a n d  s t a b i l i t y  t e s t s  were c o n d u c t e d  t o  d e t e r m i n e  t h e  
r a n g e  o f  o p e r a t i n g  c o n d i t i o n s  f o r  t h e  p r o c e s s  v a r i a b l e  i n v e s t i g a t i o n  
a n d  t o  d e t e r m i n e  t h e  e f f e c t  o f  o n - s t r e a m  t i m e  o n  t h e  a c t i v i t y ,  
s e l e c t i v i t y  a n d  s t a b i l i t y  o f  Raney i r o n - m a n g a n e s e  c a t a l y s t s .  The  
c a r b o n  monoxide  c o n v e r s i o n  as  a f u n c t i o n  o f  r u n  t i m e  a t  d i f f e r e n t  
j n e q t  d i l u  n t  t o  c a t a l y s t  r a t i o s  a t  1 4 7 0  K P a ,  .443 K s v  o f  11. ?t?mi!ji 
d g t e r m i n e d  & h a t  t h e  i n d u c t i o n  D e r l o d  f o r  t h e  ca&alvs ts '  a t  t h r e e  

a n d  ?I / C O  r a t i o  of  two i s  p . r e s e n t e d  i n  F i ' u r e  1 

d i f f e r e n t  d i l u e n t / c a t a l y s t  r a t i o s  was a b o u t  1 5  h o u r s .  The  two 
d i l u t e d  bed  e x p e r i m e n t s  g a v e  t h e  same c a r b o n  m o n o x i d e  c o n v e r s i o n s  
2.85, a f t e r  15  h o u r s  on  s t r e a m .  T h e  e f f e c t  o f  r e a c t i o n  t e m p e r a t u r e  
o n  t h e  p r o d u c t  s e l e c t i v i t y  f o r  two d i f f e r e n t  d i l u e n t / c a t a l y s t  r a t i o s  
a t  1 4 7 0  KPa, s v  o f  4 . 2  c m 3 g - l s - '  a n d  H 2 / C 0  r a t i o  of two a r e  
p r e s e n t e d  i n F i g u r e S  2 a n d  3 .  The t e m p e r a t u r e  had  a l m o s t  no  e f f e c t  
o n  t h e  y i e l d s  o f  a l l  p r o d u c t s  e x c e p t  c a r b o n  d i o x i d e  i n  b o t h  c a s e s .  
The  c a r b o n  d i o x i d e  s e l e c t i v i t y  i n c r e a s e d  a s  t h e  t e m p e r a t u r e  
i n c r e a s e d  a n d  t h e  r a t e  of  i n c r e a s e  was a l m o s t  t h e  same f o r  b o t h  t h e  
d e n s e  a n d  t h e  d i l u t e d  b e d  modes o f  o p e r a t i o n ;  h o w e v e r ,  a t  a g i v e n  
t e m p e r a t u r e ,  t h e  c a r b o n  d i o x i d e  y i e l d  f o r  t h e  d i l u t e d  b e d  mode was 
l o w e r  t h a n  t h a t  f o r  t h e  d e n s e  bed mode. I t  was c o n c l u d e d  f r o m  t h e  
h i g h e r  o p e r a t i n g  t e m p e r a t u r e  and  l o w e r  c a r b o n  d i o x i d e  y i e l d s  i n  t h e  
d i l u t e d  bed  mode t h a t  t h e  s u r f a c e  t e m p e r a t u r e  o f  t h e  c a t a l y s t  i n  
d e n s e  bed mode was h i g h e r  t h a n  t h e  c a t a l y s t  s u r f a c e  t e m p e r a t u r e  i n  
t h e  d i l u t e d  b e d .  P o o r  h e a t  t r a n s f e r  i n  t h e  d e n s e  b e d  c a u s e d  a 
h i g h e r  t e m p e r a t u r e  g r a d i e n t .  The  r e s u l t s  o f  t h e  l o a d i n g  a n d  t h e  
s t a b i l i t y  t e s t  i n d i c a t e d  t h a t  t h e  p r e f e r r e d  d i l u e n t  t o  c a t a l y s t  
r a t i o  was f o u r  t o  o n e .  

P r o c e s s  V a r i a b l e  I n v e s t i g a t i o n :  C, -CI ,  O l e f i n  Y i e l d  R e s p o n s e  
E q u a t i o n  

A s t a t i s t i c a l  d e s i g n  model  was u s e d  t o  o p t i m i z e  t h e  C - C 4  
o l e f i n  p r o d u c t i o n .  The s e c o n d  o r d e r  r e s p o n s e  e q u a t i o n  f o r  a f o u r  
v a r i a b l e  system i s  w r i t t e n  a s  f o l l o w s :  

Y 1  - B + B 2 $ 2 2  + E 2 3 X 3 2 +  

where  y1 i s  t h e  C 2 - C 4  o l e f i n  t o  p a r a f f i n  r a t i o  r e s p o n s e  f a c t o r ,  X, 
i s  t h e  p r e s s u r e ,  X 2  is  t h e  t e m p e r a t u r e ,  X 3  i s  t h e  r e a c t a n t  g a s  s p a c e  
v e l o c i t y , a n d  X 4  is t h e  H2/C0 molar r a t i o .  

+ B 2 X $  + B3X3 + 84x4 + B l g X l  
2 + B 1 3  1'3 ' B14X1X4 ' '23'2 3 ' '24'2 4 ' '34 3'4 
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T h e  o p e r a t i n g  v a r i a b l e s ,  c a r b o n  m o n o x i d e  c o n v e r s i o n s  a n d  t h e  
p r o d u c t  d i s t r i b u t i o n s  f o r  2 5  d e s i g n  e x p e r i m e n t s  a r e  l i s t e d  i n  
T a b l e  2 .  The c a r b o n  d i o x i d e  y i e l d ,  t h e  c a r b o n  monoxide  c o n v e r s i o n ,  
t h e  c2-cq h y d r o c a r b o n  y i e l d ,  t h e  o l e + f i n  t o  p a r a f f i n  r a t i o  i n  t h e  C 2 -  
C 4  h y d r o c a r b o n  f r a c t i o n  a n d  t h e  C h y d r o c a r b o n  y i e l d  were u s e d  a s  
i n d e p e n d e n t  v a r i a b l e s  i n  t h e  S t a t ? S t i C a l  d e s i g n  c o m p u t a t i o n s .  The 
s e l e c t i v i t i e s ,  a s  r e f l e c t e d  by t h e  o l e f i n  t o  p a r a f f i n  r a t i o s  f o r  t h e  
C , C , C 4  a n d  C 2 - C q  h y d r o c a r b o n  f r a c t i o n s ,  a r e  l i s t e d  i n  T a b l e  3 .  
T i e  c2mputed  r e s p o n s e  s u r f a c e  c o r r e l a t i o n  c o e f f i c i e n t s  a r e  l i s t e d  i n  
i n  T a b l e  4.  T h e  F - t e s t  t e c h n i q u e  was u s e d  t o  d e t e r m i n e  t h e  
s i g n i f l c a n c e  o f  e a c h  c o e f f i c i e n t .  T h o s e  c o e f f i c i e n t s  which  w e r e  
d e t e r m i n e d  n o t  t o  b e  s i g n i f i c a n t  w e r e  e l i m i n a t e d .  The r e d u c e d  s e t  
o f  r e s p o n s e  s u r f a c e  c o r r e l a t i o n  c o e f f i c i e n t s  f rom t h e  p r o c e s s  
v a r i a b l e  s t u d y  a r e  l i s t e d  i n  T a b l e  5 .  The C2-C4 o l e f i n  t o  p a r a f f i n  
r a t i o ,  , c a n  b e  e x p r e s s e d  a s  a r e s p o n s e  s u r f a c e  e q u a t i o n  f r o m  t h e  
d a t a  a s Y d o l l o w s :  

Y 1  - 3.406-0 .243  X 1  i 0 . 3 1 9  X2-0.884 X 4  + 0 . 0 2 6  X 1 2  - 0 . 0 0 3  X2'+ 

0 . 1 1 1  X 4 2  + 0.164X1X4-0 .233  X2X4 

w h e r e  Y 1 ,  X 1 ,  

T h i s  e q u a t i o n  c a n  be  u s e d  t o  q u a n t i t a t i v e l y  p r e d i c t  t h e  C 2 - C 4  
o l e f i n  t o  p a r a f f i n  r a t i o  f o r  t h e  r a n g e  o f  o p e r a t i n g  v a r i a b l e s  
i n v e s t i g a t e d .  The  r e s p o n s e  s u r f a c e  e q u a t i o n s  f o r  o t h e r  i n d e p e n d e n t  
v a r i a b l e s  c a n  a l s o  be  c o n s t r u c t e d  u s i n g  t h e  same t e c h n i q u e  a n d  t h e  
c o e f f i c i e n t s  a r e  p r e s e n t e d  i n  T a b l e  5. I n  t h i s  s t u d y ,  t h e  H2/C0 
r a t i o  a p p e a r e d  t o  b e  t h e  m o s t  s i g n i f i c a n t  o p e r a t i n g  v a r i a b l e .  The 
r e s p o n s e  f a c t o r  f o r  t h e  C 2 - C 4  o l e f i n  t o  p a r a f f i n  r a t i o  c h a n g e d  b y  a 
f a c t o r  o f  u n i t y  when t h e  H2/C0 r a t i o  was c h a n g e d  by a f a c t o r  o f  
-0 .884 a n d  t h u s  t h e  H2/C0 r a t i o  was j u d g e d  t o  b e  t h e  most  
s i g n i f i c a n t  o p e r a t i n g  v a r i a b l e  w h i l e  t h e  s p a c e  v e l o c i t y  was t h e  
l e a s t  s i g n i f i c a n t  o p e r a t i n g  v a r i a b l e  i n f l u e n c i n g  t h e  o l e f i n  t o  
p a r a f f i n  r a t i o .  T h u s ,  t h e  s p a c e  v e l o c i t y  (X3) was e l i m i n a t e d  f rom 
t h e  r e s p o n s e  s u r f a c e  e q u a t i o n .  The  f i r s t - o r d e r  c o e f f i c i e n t s  f o r  t h e  
p r e s s u r e  a n d  t e m p e r a t u r e  terms ( X ,  a n d  X 2 ,  r e s p e c t i v e l y )  were B1=- 
0 . 2 4 3  a n d  B2 = 0 . 3 1 9 ,  r e s p e c t i v e l y .  S i n c e  t h e  m a g n i t u d e  o f  e a c h  is  
l e s s  t h a n  t h e  m a g n i t u d e  o f  t h e  f i r s t  o r d e r  c o e f f i c i e n t  f o r  t h e  H / C O  
r a t i o  ( X , , ) .  B q  - - 0 . 8 8 4 ,  t h e  t e m p e r a t u r e  a n d  p r e s s u r e  a r e  less  
s i g n i f i c a n t  w i t h  r e g a r d  t o  t h e  C 2 - C 4  o l e f i n - t o - p a r a f f i n  r a t i o  t h a n  
t h e  H2/C0 r a + t i o .  T h e  f i r s t  a n d  s e c o n d  o r d e r  c o e f f i c i e n t s  f o r  t h e  
C 2 - C 4  a n d  C 5  h y d r o c a r b o n  y i e l d s  a r e  c o n s i d e r a b l y  s m a l l e r  t h a n  t h e i r  
r e s p e c t i v e  z e r o  or+der  c o e f f i c i e n t s ,  w h i c h  i n d i c a t e s  t h a t  t h e  y i e l d  
O f  C 2 - C 4  a n d  C 5  h y d r o c a r b o n s  i s  somewhat  i n s e n s i t i v e  t o  t h e  
O p e r a t i n g  c o n d i t i o n s  i n  t h e  r a n g e  o f  p r o c e s s  v a r i a b l e s  i n v e s t i g a t e d .  

E f f e c t  o f  P r e s s u r e  on P r o d u c t  D i s t r i b u t i o n  a n d  O l e f i n  S e l e c t i v i t y  

X 2 ,  X 3  a n d  X 4  h a v e  b e e n  d e f i n e d  p r e v i o u s l y .  

The c a r b o n  m o n o x i d e  c o n v e r s i o n  d e c r e a s e d  as t h e  p r e s s u r e  
d e c r e a s e d  A t  a t e m p e r a t u r e  o f  4 6 3  K ,  a s p a c e  v e l o c i t y  o f  
9 Cm3g-ls" a n d  a H2/C0 r a t i o  o f  o n e ,  t h e  c a r b o n  monoxide  c o n v e r s i o n  
d e c r e a s e d  f r o m  4 %  a t  4230 KPa t o  2 .8% a t  1 4 7 0  K P a .  A t  a t e m p e r a t u r e  
o f  4 7 3  K ,  a s p a c e  v e l o c i t y  of  1 2  cm3g- ' s - l  a n d  H / C O  r a t i o  o f  two.  
t h e  c a r b o n  m o n o x i d e  c o n v e r s i o n  d e c r e a s e d  f r o m  6 . 5 2  a t  3540 KPa t o  
5.7% a t  2160 K P a .  T h i s  d e c r e a s e  may be d u e  t o  a c h a n g e  i n  t h e  
c a r b o n  monoxide  s u r f a c e  c o v e r a g e  b r o u g h t  a b o u t  by t h e  p r e s s u r e  
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d e c r e a s e .  The  C 2 - C 4  o l e f i n  t o  p a r a f f i n  r a t i o  d e c r e a s e d  f r o m  3 . 8  a t  
1470 KPa t o  2.7 a t  4230 KPa. The c a r b o n  d i o x i d e ,  C 2 - C 4  
h y d r o c a r b o n s ,  and C 5 +  h y d r o c a r b o n  y i e l d s  r e m a i n e d  a l m o s t  c o n s t a n t  i n  
t h e  p r e s s u r e  r a n g e  f r o m  1 4 7 0  t o  4230 KPa. The  o l e f i n  t o  p a r a f f i n  
r a t i o s  f o r  t h e  C 2 ,  C 3 ,  C 4  a n d  C 2 - C  h y d r o c a r b o n  f r a c t i o n s  a l s o  
d e c r e a s e d  a s  t h e  p r e s s u r e  i n c r e a s e d .  t h e  o l e f i n  t o  p a r a f f i n  r a t i o s  
f o r  t h e  C 2  a n d  C 3  h y d r o c a r b o n  f r a c t i o n s  w e r e  c o n s i s t e n t l y  h i g h e r  
t h a n  t h a t  of  t h e  C 4  h y d r o c a r b o n  f r a c t i o n  i n  t h e  p r e s s u r e  r a n g e  
i n v e s t i g a t e d :  1470 KPa t o  4230 KPa A t  a r e a c t i o n  t e m p e r a t u r e  o f  
4 5 3  K ,  a s p a c e  v e l o c i t y  o f  9 cm3g-'s-l a n d  a H2/C0 r a t i o  of  1 ,  t h e  
o l e f i n  t o  p a r a f f i n  r a t i o s  f o r  t h e  C 2 ,  C 4  f r a c t i o n  i n c r e a s e d  f r o m  
3 . 7 ,  2 .8  and 2.1 a t  4230 KKPa t o  4.'2,* 3.7  and 3.8 a t  1 4 7 0  KPa, 
r e s p e c t i v e l y .  I t  i s  o b v i o u s  f r o m  t h e  s t o i c h i o m e t r i c  e q u a t i o n  f o r  
t h e  o l e f i n  h y d r o g e n a t i o n  r e a c t i o n :  

CnH2n + "2 =, CnH2n+2 

t h a t  t h e  o l e f i n i c  p r o d u c t s  a r e  f a v o r e d  a t  l o w e r  p r e s s u r e .  

E f f e c t  of T e m p e r a t u r e  on P r o d u c t  D i s t r i b u t i o n  and  O l e f i n  S e l e c t i v i t y  

The  c a r b o n  monoxide  c o n v e r s i o n  i n c r e a s e d  a s  t h e  t e m p e r a t u r e  
i n c r e  s e d  a t  a r e a c t i o n  p r e s s u r e . o f  3540 KPa, a s p a c e  v e l o c i t y  of  1 2  
cm3g-'s-l and  a H2/C0 of  t w o ;  t h a t .  i s ,  t h e  c a r b o n  monoxide  
c o n v e r s i o n  i n c r e a s e d  f rom 5 . 4 %  a t  453  K t o  6 . 3 %  a t  473  K .  The C 2 - C 4  
o l e f i n  t o  p a r a f f i n  r a t i o  i n c r e a s e d  f r o m  2.8 t o  3 . 7  a s  t h e  
t e m p e r a t u r e s  i n c r e a s e d  f r o m  443 t o  483  K .  The o l e f i n  t o  p a r a f f i n  
r a t i o s  of t h e  C 3  and  C 4  f r a c t i o n  i n c r e a s e d  a s  t h e  t e m p e r a t u r e  
i n c r e a s e d ,  w h e r e a s  t h e  o l e f i n  t o  p a r a f f i n  r a t i o  o f  t h e  C 2  t o  C 3  
h y d r o c a r b o n  f r a c t i o n s  was c o n s i s t e n t l y  h i g h e r  t h a n  t h a t  o f  t h e  C 4  
h y d r o c a r b o n  f r a c t i o n  i n  t h e  t e m p e r a t u r e  r a n g e  i n v e s t i g a t e d ,  4 4  
4 8 3  K .  A t  a p r e s s u r e  o f  2850 KPa,  a s p a c e  v e l o c i t y  of  9 cm3g-'s'' 
and  a H2/C0 r a t i o  of 1 ,  t h e  o l e f i n  t o  p a r a f f i n  r a t i o s  o f  C 2 ,  C 3  a n d  
C i n c r e a s e d  from 4 . 1 ,  2 . 5  and 1 . 9  a t  4 4 3  K t o  4 . 3 , 3 . 8  a n d  3 . 3  a t  
4 3 3  K ,  r e s p e c t i v e l y .  The c a r b o n  d i o x i d e  s e l e c t i v i t y  i n c r e a s e d  a s  
t h e  t e m p e r a t u r e  i n c r e a s e d .  T h i s  i s  c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n s  
made i n  c o n n e c t i o n  w i t h  t h e  c a t a l y s t  l o a d i n g  a n d  s t a b i l i t y  t e s t s .  

E f f e c t  o f  R e a c t a n t  Cas  S p a c e  V e l o c i t y  on P r o d u c t  D i s t r i b u t i o n  and 
O l e f i n  S e l e c t i v i t y  - 

The c a r b o n  monoxide  c o n v e r s i o n  d e c r e a s e d  a s  t h e  s p a c e  v e l o c i t y  
i n c r e a s e d  ( T a b l e  2 ) .  A t  h i g h e r  s p a c e  v e l o c i t i e s ,  t h e  c o n t a c t  t i m e  
b e t w e e n  r e a c t a n t  s p e c i e s  and  t h e  c a t a l y s t  s u r f a c e  was r e d u c e d .  The 
s h o r t e r  c o n t a c t  t i m e  r e s u l t e d  i n  l o w e r  c a r b o n  monoxide  c o n v e r s i o n .  
A t  a p r e s s u r e  o f  3540 KPa, a t e m p e r a t u r e  o f  453  K a n d  a H / C O  r a t i o  
of t w o ,  t h e  c a r b o n  monoxide  c o n v e r s i o n  i n c r e a s e d  f r o m  3 . &  t o  5 4 %  
as t h e  s p a c e  v e l o c i t y  d e c r e a s e d  f r o m  1 2  c m 3 g - l s - '  t o  6 ~ m 3 g - ~ s ' ~ .  
The o l e f i n  t o  p a r a f f i n  r a t i o s  of C 2 ,  C 3 .  C 4 ,  a n d  C 2 - C 4  h y d r o c a r b o n  
f r a c t i o n s  r e m a i n e d  c o n s t a n t  i n  t h e  r a n g e  of  s p a c e  v e l o c i t i e s  f r o m  3 
t o  1 5  c m 3 g - ' s - l .  The o l e f i n  t o  p a r a f f i n  r a t i o s  o f  t h e  C and  C 3  
h y d r o c a r b o n  f r a c t i o n s  were  c o n s i s t e n t l y  h i g h e r  t h a n  t h a t  oT t h e  c 4  
h y d r o c a r b o n  f r a c t i o n  i n  t h e  r a n g e  o f  s p a c e  v e l o c i t i e s  f r o m  3 t o  1 5  
c m 3 g - ' 3 - l .  A t  o t h e r  o p e r a t i n g  c o n d i t i o n s ,  t h e  o l e f i n  t o  p a r a f f i n  
r a t i o s  were  t h e  same a t  s a q e  v e l o c i t ' e s  of. 6 and 12  cm3 - l s - l  and  e5 h y d r o c a r i o n  y i e l d s  w e r e  i n 8 e p e n d d n t  o? 
~~~~~s ~ : f o i P t y ! ~ - $ f e  c a r b o n  d i o x i d e  y i e l d  d e c r e a s e d  f r o m  5 0 %  a t  a 

Th 
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s p a c e  v e l o c i t y  o f  3 c r ~ ~ g - ~ s - ~  t o  27% a t  a s p a c e  v e l o c i t y  o f  15  cm3g- 
1,-1.  A s  m e n t i o n e d  i n  t h e  s t a b i l i t y  t e s t  s e c t i o n .  t h e  h i g h  s p a c e  
v e l o c i t y  s u p p r e s s e s  ' t h e  Boudouard  and  water g a s  s h i f t  r e a c t i o n s ,  
t h u s  l e a d i n g - t o  a d e c r e a s e  i n  c a r b o n  d i o x i d e  p r o d u c t i o n .  

E f f e c t  o f  H y d r o g e n  t o  C a r b o n  Monoxide R a t i o  on P r o d u c t  D i s t r i b u t i o n  
a n d  O l e f i n  S e l e c t i v i t y  

The c a r b o n  m o n o x i d e  c o n v e r s i o n  d e c r e a s e d  as  t h e  H2/C0 r a t i o  
d e c r e a s e d  ( T a b l e  2 ) .  A t  a p r e s s u r e  o f  2850 KPa. a t e m p e r a t u r e  o f  
463  K a n d  a s p a c e  v e l o c i t y  o f  9 c m 3 g - l s - l  t h e  c a r b o n  monoxide  
c o n v e r s i o n  d e c r e a s e d  s h a r p l y  f r o m  14.5 % a t  a H2/C0 r a t i o  of  5 t o  
0 . 9  a t  a H / C O  r a t i o  o f  0 . 2 .  The o l e f i n  t o  p a r a f f i n  r a t i o s  o f  t h e  
c 2 ,  c 3 ,  c 4 ,  2and c2-c4  h y d r o c a r b o n  f r a c t i o n s  were  v e r y  s e n s i t i v e  t o  
t h e  H2/C0 r a t i o  ( T a b l e  3 ) .  A t  a c o n s t a n t  t o t a l  p r e s s u r e  a r e d u c t i o n  
i n  t h e  h y d r o g e n  t o  c a r b o n  monoxide  r a t i o  r e d u c e s  t h e  h y d r o g e n  
p a r t i a l  p r e s s u r e  i n  t h e  r e a c t o r  t h u s  f a v o r i n g  t h e  f o r m a t i o n  o f  
o l e f i n s .  The c a r b o n  d i o x i d e  y i e l d  a l s o  i n c r e a s e d  t o  some e x t e n t  a t  
t h e  h y d r o g e n  t o  c a r b o n  monoxide  r a t i o  d e c r e a s e d  i n d i c a t i n g  t h e  r a t e  
of t h e  B o u d o u a r d  r e a c t i o n  i n c r e a s e d  w i t h  l o w e r  h y d r o g e n  t o  c a r b o n  
monoxide  r a t i o .  

I n t e r a c t i o n  of P r o c e s s  V a r i a b l e  

The C 2 - C 4  o l e f i n  t o  p a r a f f i n  r a t i o s  w e r e  i n f l u e n c e d  by t h e  
p r o c e s s  v a r i a b l e s :  t e m p e r a t u r e ,  p r e s s u r e  and  H Z / C O  r a t i o .  The 
c o e f f i c i e n t  B 1 4  r e p r e s e n t s  t h e  i n t e r a c t i o n  b e t w e e n  t h e  p r e s s u r e  and  
t h e  H2/C0 r a t i o  a n d  was e q u a l  t o  0 . 1 6 4 .  T h u s ,  w h e n e v e r  t h e  t o t a l  
p r e s s u r e  or t h e  H2/C0 r a t i o  was c h a n g e d  by o n e  l e v e l ,  t h e  o l e f i n  t o  
p a r a f f i n  r a t i o  i n  t h e  C 2 - C 4  h y d r o c a r b o n  f r a c t i o n  c h a n g e d  by  a n  
amount  c o r r e s p o n d i n g  t o  a v a l u e  o f  0 . 1 6 4 .  The  c o e f f i c i e n t  B Z 4  
r e p r e s e n t s  t h e  i n t e r a c t i o n  b e t w e e n  t e m p e r a t u r e  a n d  t h e  H2/C0 r a t i o  
and  was e q u a l  t o  - 0 . 2 2 3 .  T h u s ,  w h e n e v e r  t h e  r e a c t o r  t e m p e r a t u r e  or 
t h e  H2/C0 r a t i o  i s  c h a n g e d  o n e  l e v e l ,  t h e  o l e f i n  t o  p a r a f f i n  r a t i o  
i n  t h e  C2-C4 h y d r o c a r b o n  f r a c t i o n  c h a n g e s  b y  a n  amount  c o r r e s p o n d i n g  
t o  a v a l u e  of 0 . 2 2 3 .  The ' r e t e n t i o n  o f  i n t e r a c t i v e  t e r m s  B 1 4  and 
B2,, ,  a f t e r  t h e  a n a l y s i s  o f  t h e  c o e f f i c i e n t s  is p r o b a b l y  r e l a t e d  t o  
t h e  i n f l u e n c e  of  p r e s s u r e ,  t e m p e r a t u r e  a n d  H2/C0 r a t i o  o n  t h e  
f r a c t i o n  o f  t h e  s u r f a c e  c o v e r e d  by t h e  r e a c t i n g  s p e c i e s ,  h y d r o g e n  
and  c a r b o n  m o n o x i d e  a n d  on t h e  r a t i o  o f  t h e  f r a c t i o n  o f  t h e  s u r f a c e  
c o v e r e d  by e a c h .  

S t a t i s t i c a l  Model 

The C 2 - C 4  o l e f i n  t o  p a r a f f i n  r a t i o ,  d i s p l a y e d  a s  a f u n c t i o n  o f  
p r o c e s s  v a r i a b l e s ,  t a k e n  two a t  a t i m e ,  p r e d i c t e d  f r o m  t h e  
s t a t i s t i c a l  d e s i g n  a r e  p r e s e n t e d  i n  F i g u r e s  4 a n d  5 .  T h e s e  f i g u r e s  
were  p e a r e d  u s i n g  a c o m m e r c i a l  ( G o l d e n  G r a p h i c s )  s o f t w a r e  
Packager1') on a n  I B M  P C  AT. The  i n v e r s e  d i  t c e  s q u a r e d  a l g o r i t h m  
was s e l e c t e d  f o r  t h e  g r i d  c a l c u l a t i o n .  "" t h e  c a l c u l a t i o n  
c o n d i t i o n s :  g r i d  s i z e  2 1 ,  s m o o t h  f a c t o r  0 . 9 5 ,  v i e w  a n g l e  60 d e g r e e s ,  
r o t a t i o n  a n g l e  2 2 5  d e g r e e s ,  a n d  h e i g h t / w i d t h  r a t i o  of  o n e  were 
s e l e c t e d  t o  b e t t e r  d i s p l a y  t h e  r e s p o n s e  s u r f a c e s .  The v a r i a b l e  
d e p e n d e n c e  c a n  be  u n d e r s t o o d  by c o m p a r i n g  t h e  s l o p e s  o f  t h e  two 
l i n e s  AB a n d  AC i n  F i g u r e  4. The r a t e  o f  c h a n g e  o f  A C  a s  a f u n c t i o n  
Of  t h e  H2/C0 r a t i o  is  g r e a t e r  t h a n  t h a t  o f  AB a s  a f u n c t i o n  of  
P r e s s u r e .  The s m o o t h  r e s p o n s e  s u r f a c e  o b t a i n e d  f r o m  t h e  c o r r e l a t i o n  
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a t  l e a s t  i n d i c a t e s  t h a t  t h e  r e a c t i o n  c o n d i t i o n s  u s e d  i n  t h i s  
i n v e s t i g a t i o n  a r e  r e a s o n a b l e  and  t h e  p r e d i c t e d  model  c a n  b e  e x t e n d e d  
t o  o t h e r  p r o c e s s  v a r i a b l e s .  

Optimum P r o c e s s  O p e r a t i n g  C o n d i t i o n s  

The  p r o c e s s  o p e r a t i n g  c o n d i t i o n s  r e q u i r e d  t o  p r o d u c e  t h e  
o p t i m a l  C 2 - C 4  h y d r o c a r b o n  f r a c t i o n ,  o l e f i n  t o  p a r a f f i n  r a t i o ,  were  
computed  u s i n g  t h e  c a l c u l a t e d  c o e f f i c i e n t s  f o r  t h e  r e s p o n s e  s u r f a c e  
a s  t h e  i n p u t  d a t a .  A s  d i s c u s s e d ,  a l o w e r  H2/C0 r a t i o ,  a h i g h e r  
t e m p e r a t u r e  and  a l o w e r  p r e s s u r e  would  b e  e x p e c t e d  t o  p r o d u c e  a 
h i g h e r  o l e f i n  t o  p a r a f f i n  r a t i o  i n  t h e  C z - C 4  h y d r o c a r b o n  f r a c t i o n .  
The  H2/C0 r a t i o  is l i m i t e d  t o  a minimum v a l u e  o f  0 . 5  i n  t h e  
e x p e r i m e n t  t o  a v o i d  e x c e s s i v e  c a r b o n  d e p o s i t i o n  on t h e  c a t a l y s t .  
The o p t i m a l  o p e r a t i n g  c o n d i t i o n s  a n d  t h e  C 2 - C q  o l e f i n  t o  p a r a f f i n  
r a t i o s  p r e d i c t e d  f r o m  t h e  r e s p o n s e  s u r f a c e  e q u a t i o n  w e r e :  a p r e s s u r e  
of  1 4 7 0  KPa, a t e m p e r a t u r e  of  473  K ,  a s p a c e  v e l o c i t y  of 
12  c m 3 g - ' s - ' ,  a H2/C0 r a t i o  o f  0 .5  a n d  a n  o l e f i n  t o  p a r a f f i n  r a t i o  
of  5 . 4 .  A t  t h e  p r e d i c t e d  o p t i m a l  o p e r a t i n g  c o n d i t i o n s ,  a n  o l e f i n  t o  
p a r a f f i n  r a t i o  o f  6.0 was o b t a i n e d ,  w h i c h  was h i g h e r  t h a n  
e x p e c t e d .  A t  t h e  o p t i m a l  o p e r a t i n g  c o n d i t i o n s ,  t h e  o l e f i n  t o  
p a r a f f i n  r a t i o s  f o r  t h e  C2,  C a n d  C 4  h y d r o c a r b o n  f r a c t i o n s  w e r e  a s  
f o l l o w s :  t h e  e t h y l e n e  t o  e l h a n e  r a t i o  was 5 .  t h e  p r o p y l e n e  t o  
p r o p a n e  r a t i o  o f  9 . 3  a n d  t h e  b u t y l e n e s  t o  b u t a n e s  was 5 . 2  

CONCLUSIONS 

The  a c t i v i t y  a s  r e f l e c t e d  b y  c a r b o n  monoxide  c o n v e r s i o n  and  t h e  
s e l e c t i v i t y  a s  r e f l e c t e d  b y  t h e  C - C 4  o l e f i n  t o  p a r a f f i n  r a t i o  
of  t h e  Raney i r o n - m a n g a n e s e  c a t a f y s t  w e r e  c o n s t a n t  up t o  40 
h o u r s  on s t r e a m .  

The most  i n f l u e n t i a l  o p e r a t i n g  v a r i a b l e  i n  d e t e r m i n i n g  t h e  
o l e f i n  s e l e c t i v i t y  is  t h e  H2/C0 r a t i o .  

The  o p t i m a l  o p e r a t i n g  c o n d i t i o n s  f o r  t h e  m a x i m i z a t i o n  of low 
m o l e c u l a r  w e i g h t  o l e f i n s  w e r e :  a t e m p e r a t u r e  o f  4 7 3  K ,  a s v  of 
1 2  c m 3 g - l s - ' ,  a H2/C0 r a t i o  of  0 .5  a n d  a p r e s s u r e  o f  1470 KPa. 
T h e  o l e f i n  t o  p a r a f f i n  r a t i o  a t  t h e s e  c o n d i t i o n s  i s  6 . 4 .  

A C K N O W L E D G E M E N T  

The f i n a n c i a l  a s s i s t a n c e  p r o v i d e d  b y  t h e  M o b i l  R e s e a r c h  and 
Deveopment  C o r p o r a t i o n  t h r o u g h  t h e  I n d u s t r i a l  A f f i l i a t e s  P r o g r a m  of 
t h e  L a b o r a t o r y  o f  C o a l  S c i e n c e ,  S y n t h e t i c  F u e l s  a n d  C a t a l y s i s  i s  
g r a t e f u l l y  a c k n o w l e d g e d .  
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Table 1 

Range of Process Operat ing Condit ions for  
Process V a r i a b l e  Study 

- 
2 Range(') - 1  0 1 -2 V a r i a b l e  l e v e l  

Temperature, K 443 453 463 473 483 10  

Pressure,  KPa 1470 2160 2850 3540 4230 690 

Hydrogen to Carbon 5 / 1  2 / 1  1 / 1  l /2  1/5 1 / 2  

Monoxide R a t i o  

3 3 6 9  12 15 
Space V e l o c i t y ,  

cm3 g-1 s-1 
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Title 2 

carbon ironoridc Conversion ard Prdwt n i s t r l b u t i o n  

Process Variable Inves t iga t ion  

taney IronIMangsnese (1611) Catalyst 

P r c s s ~ r e  ?en,ncratbre Space HrdroqenlCarbon Carbon Monoxide Product O i s t r i b u t i m  

Run Ve loc i ty  Unox ide  Conversion (mol  I) 
NO. (XPa) (U) (cn3q-'s-') R a t i o  (mol I) CI CZ4, c5+ co2 

I 3540 473 211 6.3 0.19 
2 
3 

4 
5 
6 

7 

8 
9 

10 
11 

I2 
13 

14 
15 
16 

17 

18 
19 

m 
21 
22 
I3  
24 
25 

3540 
3540 

3540 

3540 
3540 
3540 

3540 

2160 
21 60 
2160 

2160 

2160 

2160 
21 60 

21 60 

4230 

2850 

2850 

1470 

2040 

1 5 0  
2ll50 

2850 

2850 

473 12 
4 7 3  6 

473 6 
453 1 2  

153 I2 
453 6 

453 6 
473 I2 
473 12 
473 6 

473 6 

453 1 2  

453 12 
453 6 

453 6 
463 9 

463 9 
403 9 
44 3 9 
463 15 
153 3 
163 9 

463 9 
463 9 

112 
211 
112 
211 
I12  
211 
112 

211 
112 

211 
112 

211 

112 

I l l  
I12 
111 
111 
I11 
111 
111 
111 
511 

I 1 5  

111 

2.2 0.15 
13.3 0.18 
5.7 0.14 
3.6 0.19 

5.4 n.n 

5.0 0.22 

I .2 0.17 

1.8 0.15 

1.8 0.17 

11.2 0.21 
2.5 0.16 

2.7 0.23 

1.1 0.19 

1.6 0.22 
1.5 0.17 

4.0 0.16 
2.n 0.20 

11.9 0.17 

0.9 0.20 
2.5 0.18 

13.6 0.16 
14.5 0.21 

0.9 0.19 

3.0 0.18 

0.53 
0.54 
0.53 

0.55 
0.55 

0.53 
0.49 

0.50 

0.52 

0.51 
0.52 

0.53 
0.53 

0.45 

0.52 
0.49 

0.s 
0.50 

0.49 

0.49 

0.50 

0.53 

0.55 

0.56 

0.53 

0.27 
n.31 
0.m 

0.26 
0.30 

0.29 
0.26 

0.31 

0.26 
0.32 
0.26 
0.31 

0.24 

0.31 

0.26 

0.29 
0.27 

0 . a  

0.- 

0.29 

0.25 

0.27 
0.22 
0.28 
0.3 

0.18 
0.27 
n.zz 
0.51 
0.15 
0.18 
0.1 1 
0.30 

0.24 
0;32 

0.29 
0.23 

0.12 

0.44 

0.15 

0.29 

0.31 
0.32 

0.52 
0.09 
0.21 
0.51 
0.15 

0.61 

0.33 
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\ 

Tahle 3 

c2. c3. c, a n i  c2-c4 o l e f i n  selectivity 

Process Var iab le Invest lqat lon 

Raney Ironlnanpsnese (1611) Catalyst 

Pressure Tmoerature SDICL HydroqenlCarbon Carbon Monoxide O l c f l n  t o  P a r a f f i n  
Run Veloc l ty  mnoxide Conversion R a t l o  
NO. (XPa) ( K )  (cn19'ls-l) Rat io  (mol I) c2 C) c4 cz-c4 

1 3540 4II 12 211 6.3 1.9 2.8 2.1 2.3 
2 
3 
4 
5 

6 
7 
8 
9 

IO 
11 
12 

13 

I4  
I5 
16 

I 7  

I8 
1 9  

20 

21 
22 
23 
24 
25 

3540 

3540 
3540 
3540 
3540 
3540 
3540 
2160 
2160 
2160 

2160 
2160 

21 60 
2160 
21 60 

42x7 
1470 
2R5O 
2840 

z8sn 
2850 
2850 
2850 
2850 

473 
473 

473 
453 
453 
453 
453 
473 
473 

473 
a73 

453 

453 

453 
453 
463 
463 
an3 
443 
463 
451 
463 
463 
463 

12 

6 
12 6 

I2 
6 
6 

12 12 

6 

12 6 

12 

6 
6 
9 
9 
9 

15 9 

3 
9 
9 

9 

2.2 5.0 4.3 3.5 
13.3 1.9 2.9 2.7 

5.7 5.0 4.3 3.2 
3.6 2.4 2.3 1.8 
1.2 4.8 3.2 2.3 
5.4 2.1 2.3 1.7 
1 .8 4.6 3.1 2.3 
5.n 1.5 3.4 2.5 
1.8 5.4 5.6 4.3 

11.2 1.5 3.5 2.6 
2.5 5.2 5.6 4.1 

2.7 2.2 2.8 2.1 

1 . I  5.6 3.8 2.8 
4.7 2.0 2.7 7.0 
1.5 5.4 3.8 2.n 
4.0 3.7 2.n 2.1 

1.1 4.2 3.7 2.8 
11.9 4.3 3.8 3.3 

0.9 4.1 2.5 1.9 

2.5 3.9 3.1 2.4 
13.6 3.3 3.4 2.3 
14.5 0.9 2.3 1.7 
0.9 7.1 5.9 4.4 

3.3 3.5 3.6 2.8 

4.0 

2.5 
4.0 
2.1 
3.1 
2.0 
3.1 
2.4 
5.1 
2.5 
4.9 

2.4 

3.1 
2.4 
3.7 
2.7 
3.8 
3.8 
2.6 

3.0 
1.0 
1.6 

5.6 
3.3 
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Table 1 

Corrclrllm Cocfffcltnts frm the Process Vwltble Invcstiprlon 

3.3lO 

0.319 

-0.001 

-0.884 
-0.034 

-0.057 

-0.093 

-2.43 

n.051 
- o m 9  
-0.033 
0.164 

-0.223 
-0.031 

0.180 
-0.3:2 
-0.W7 
0.006 
0.021 

-0.001 
0.000 

-0.534 

o m 1  
0.000 
0.000 

-0.003 
0.001 

-0.W1 

0.530 

0.0!1 
0.012 

-0.010 
0.w4 

-0.001 
-0.003 
-0.002 
-0.004 
0.001 

0.001 

-0.002 
-0.014 

0.005 

0.m 
n m, 

0.006 

0.031 
-0.019 
-0.002 

-0.006 

-0.wz 
-0.010 

0.030 

d.MI 

0.W4 
0.000 

0.004 

0.380 

0.M: 

0.049 
-0.023 

-0.092 
-0.030 
-0.033 

-0.M)z 

4 . 0 1 4  

0.010 
-0.025 

-0.020 
0.030 

-0.015 

( I )  e l :  pressure. e2 :  temperature. E]: space velocity 
04:  hydrogen t o  carbon mnoxlde rat io 

Table 5 

Reduced Correlrtlm Coefficients firm the 
QrKess Var:aDle Investigation 

60 
6 1  

6 2  

'4 

%I 
'22 
'I3 
644 

612 

'14 

'74 

'34 

'3 

I 13  

'23 

3.047 

-0.243 
0.319 

..... 
-0.884 

0.026 
0.W3 

0.111 
..... 
..... 
..... 

0.164 ..... 
-0.223 

..... 

n.iw 
-0.012 

0.07 

0.W6 

0.021 

..... ..... ..... 
n.011 ..... ..... 
..... ..... 

-0.014 

..... 

0.520 

0.0II 
0.012 

-0.010 ..... ..... 
..... 
..... 
..... 
..... 
..... 
..... 
..... 
..... 
..... 

2.910 n.108 

0.006 0m8 
..... 
..... -0.023 

-0.019 -0.092 

..... ..... 
-0.004 -0.016 

..... ..... 
- o m 8  0.002 

..... ..... 

..... ..... 

..... ..... 

..... ..... ..... ..... 

..... ..... 

(1) sl: Dresswe.  e2 : temperature. el: space velocity 
6,: hydrogen t o  cdrbon mnoiibc ratio 
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SELECTIVE PRODUCTION OF ALPHA OLEFINS FROM SYNTHESIS 
GAS OVER ZnO SUPPORTED Pd-Fe BIMETALLICS 

Bruce L. Gustafson and Paul S. Wehner 

Research Laboratories, Fastman Chemicals Division, 
Eastman Kodak Company, Kingsport, Tennessee 37662 

INTRODUCTION 

Olefins are basic raw materials for a wide variety of commercial processes within 
the chemical industry. 
a-olefins would provide the chemical industry with an alternative route to raw 
materials in the advent of future petroleum shortages or price increases. 

The catalytic production of a-olefins from synthesis gas has been the subject of 
many investigations over the past 50 yeara.Cl.2) 
some systems, olefin selectivity can be enhanced through the addition of various 
promoters such as K, Mu, Ti, or Zn.(1,3-7) 
dependent on process parameters such as temperature, pressure, conversion levels, 
or feed compositions. 

Recent reports in the literature indicate that supported Fe-containing bimetallics 
may also be selective for the production of olefins from synthesis gas.(8) 
study reports the use of Pd-FE bimetallics supported on ZnO for the selective 
production of olefins from synthesis gas. 

A synthesis-gas-based route to low molecular weight 

It has been established that, in 

Olefin selectivity can also be 

This 

EXPERIMENTAL 

I 

t 

Catalyst Preparation 

The majority of catalysts used in this study were prepared by using aqueous 
co-impregnation with excess solvent. 
(Pd(N0312, Alpha Products or Fe(N03)3, Mallinckrodt) were dissolved in 
excess H20 at room temperature. 
for the metal source or if acetate impurites were present on the support material, 
the samples which resulted were totally inactive under the 
this study. For Mb'ssbauer studies, isotopically enriched 5SFe was obtained from 
Oak Ridge National Laboratory as FgO3. 
solution, the solution was evaporated to near dryness twice, and then the residue 
was dissolved in Hfl. A sufficient amount of this solution was added to the 
impregnation solution to achieve approximately 50% enrichment in 57Fe. 

The solution containing the metals for impregnation was added to the ZnO support 
(Alpha Products, BET S.A. 7 m2g-l) at ambient temperature, and then the excess 
H20 was removed by gentle heating in air. The samples were frequently stirred 
to ensure uniform impregnation. Following impregnation, the samples were calcined 
at 20O-30O0C for 3 hours to decompose residual nitrates. Metal loading levels 
were determined by using atomic absorption spectroscopy. 

XPS measurements were made by using a PHI Model 550 ESCA/SAM spectrometer with a 
base pressure of 2 X lo-'' torr. 
utilizing unmonochromatized Mg Karadiation (hv = 1253.6 eV) and an analyzer 
resolution of 0.3 eV. 
the determination of binding energies. 
to have a binding energy of 1021.8 eV.(9) 

M'dssbauer spectra were obtained by using a Ranger Scientific HS-900 spectrometer 
equipped with a 57co-Rh source. 
this source. The spectrometer was operated in the constant acceleration-flyback 
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The nitrate salts of the desired metals 

It was noted that if acetate salts were used 

onditions employed in 

This material was added to a HNO3 

All data were obtained at room temperature by 

The Zn 2~312 peak was used as an internal standard for 
In previous studies, this peak was found 

All isomer shifts were measured relative to 



mode so that only a s ing le  spectrum was recorded per scan. 
cal ibrated by using an NBS-calibrated Fe  f o i l  absorber. 

The veloci ty  scale was 

Catalyst  Evaluation 

A l l  c a t a lys t  evaluat ions were conducted i n  a high-pressure-plug-flow reactor  
system. 
reactor  tube t h a t  w a s  constructed from standard 1/4" s t a in l e s s  s t e e l ,  
high-pressure tubing. 
100 psig and a t  300°C f o r  1 hour i n  a flow of H2 o r  H2/CO (Matheson Gas Ultra 
High Puri ty  H2, Matheson Puri ty  CO). 
act ivated carbon bed a t  130°C t o  remove netal-carbonyl impurit ies.  
compositions were,controlled by using Brooks mass flow control lers  capable of  
operation up t o  1500 psig. 
gas chromatograph f i t t e d  with a Chromosorb 102 (TM) column. 
were analyzed o f f - l i ne  by GC-MS t o  ve r i fy  product assignments. 
r a t e  measurements, space ve loc i t i e s  were adjusted t o  keep CO conversion levels  
below 5X. 

For a t yp ica l  run, 1 mL of sample (14x40 standard mesh) was loaded i n t o  a 

P r io r  t o  ca t a ly t i c  evaluation, t h e  samples were reduced a t  

The feed gas was passed through a n  
Feed 

Reaction products were analyzed by using an  on-line 
Periodical ly ,  samples 

To ensure accurate 

RESULTS AND DISCUSSION 

Following an i n i t i a l  prereduction, t h e  Fe/ZnO and Pd, Fe/ZnO samples were a c t i v e  
ca t a lys t s  a t  300°C and a t  100 psig f o r  t h e  conversion of synthesis gas t o  
hydrocarbons in the C1-C5 range. 
o f  50 w t X  of t h e  observed products f o r  t h e  unpromoted ca t a lys t s .  I n  t h e  C2-C5 
range, propene was t h e  major component, with typ ica l  propene/propane r a t i o s  of 
8-10. The influence of pretreatment conditions. metal loading l eve l s ,  
temperature, and H2/CO r a t i o  on c a t a l y t i c  a c t i v i t y  and s e l e c t i v i t y  t o  o l e f in s  
was investigated.  The r e s u l t s  of these studied a r e  summarized below. 

The o l e f i n  f r ac t ion  waa typical ly  i n  excess 

Catalyst  Pretreatment 

The ca t a ly t i c  a c t i v i t y  of a 1% Pd, 0.3% Fe/ZnO sample waa dependent on the nature 
of the pretreatment procedure. 
and a t  22OoC f o r  1 hour were inac t ive  f o r  the conversion of synthesis  gas .  
However, reduction in H2/CO a t  100 psig and a t  26OoC f o r  1 hour was suff ic ient  
f o r  ca t a lys t  ac t iva t ion .  Furthermore, a f t e r  reduction a t  260°C, the  catalysts  
were a c t i v e  f o r  the conversion of synthesis  gas at 220'C. 

Reduction a t  220OC and a t  100 psig in H2 waa comparable t o  reduction i n  H2/CO 
a t  260°C. 

XPS spectra  were obtained following reduction a t  various pretreatment 
temperatures. 
reduction, the Pd 3d5/2 peak sh i f t ed  t o  336.0 eV, a value approximately 1 eV 
higher i n  binding energy than that of Pd metal.(lO) 
energy has  been observed i n  the absence of Fe and can be a t t r i bu ted  t o  a strong 
in t e rac t ion  between Pd and reduced ZnO. (10). 
( r e f .  lo), a shoulder w a s  observed on the  Zn Auger peak which indicated that some 
reduction of t h e  ZnO surface occurred with the possible formation of a Pd-Zn 
bimetal l ic  pa r t i c l e .  
following reduction under the  various conditions. 

I n  contrast  t o  t h e  Pd spectra ,  s h i f t s  in the  Fe  2 ~ 3 1 2  peak were sens i t i ve  t o  t h e  
pretreatment conditions.  A t  reduction temporatures above 25OoC, a s ign i f i can t  
l e v e l  of zero-valent F e  (Fe') w a s  observed by XPS. 

Preliminary Mb'ssbauer s tud ie s  were conducted w i t h  t h e  Pd, Fe/ZnO system t o  
determine i f  t h e  oxidation s t a t e  of Fe could be correlated with c a t a l y t i c  

Samples reduced i n  a 1:l Hz/CO feed a t  100 psig 

Pretreatment above 300°C re su l t ed  i n  i r r eve r s ib l e  ca t a lys t  deactivation. 

The r e s u l t s  of th i s  study a r e  summarized i n  Table 1. Following 

This s h i f t  i n  Pd binding 

A s  i n  a previous study on Pd,/ZnO 

Similar s h i f t s  i n  the  Pd and Zn peaks were observed 
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activity. 
reduction at 350°C is given in Figure 1. 
indicated the presence of two form of iron Feo and FeR). At lower 
reduction temperatures (200°C), Fe'+ and Fe3' were the only MBssbauer 
observable forma of Pe present. 
transmission levels encountered with ZnO in the Mbssbauer experiment, the presence 
of Feo at lower temperatures is not precluded. 
may be a qualitative indication as to the relative amount of Feo formed at 350°C 
compared to the amount formed at a lower reduction temperature. 
other Pd-Fe systems, no significant amount of Pd-Fe bimetallic was observed by 
Mdssbauer spectroscopy under any of the reduction conditions employed in this 
study. 

STEM studies on these samples indicate that the average particle size increased 
from approximately 40 Ato more than 120 Awhen pretreatment temperature was 
raised from 260 to 350'C. 
decrease in activity observed following reduction above 3OO0C may be due to a 
decrease in the amount of Fez+ present in these samples and a sintering of the 
metallic components. 

The spectrum obtained for the 1% Pd, 0.3% Fe/ZnO catalyst following 
The best fit btained for this data 

Given the low loading levels of Fe and low 

The absence of observable Feo 

In contrast to 

Coupled with the observations discussed previously,the 

Pd, Fe Ratio 

Whereas a variety of metal loadings levels were employed for this study, the 
results reported here were all obtained by using a constant 1 wt% Pd loading 
level. 
corresponding increase in catalytic activity. 
ratio was greater than unity. It is also apparent from Table I1 that the addition 
of 1 wt% Pd to the supported Fe catalysts did not significantly alter the product 
distribution, but did result in increased catalytic activity. This behavior is in 
contrast to Pd, Fe/SiOp samples evaluated in our laboratory where Pd addition 
resulted in a tremendous decrease in olefin to paraffin ratio. 

Although Pd/ZnO is a good methanol synthesis catalyst (Table II), it should be 
noted that very little methanol was observed over the Pd, Fe/ZnO samples. The 
only apparent effect of Pd addition is to increase the overall catalytic activity 
of the Fe-based catalyst. 

The promotional effect of Pd exhibited in this system may involve increasing the 
Fe dispersion. High Fe dispersions are difficult to obtain on most supports.(ll) 
In some supported Fe-containing bimetallic systems, the metal particle surface is 
thought to be enriched in Fe.(12,13) It is conceivable that, in the Pd. Fe/ZnO 
samples, the bimetallic particles consist of a Pd-rich center covered by an 
Fe-rich coating. 
production by the Pd component. 

Because the product distribution was essentially identical for the Fe/ZnO and Pd, 
Fe/ZnO catalysts, significant changes in oxidation state of the Fe component were 
probably not responsible for the increased activity following Pd addition. 
fact, the XPS and MBssbauer studies mentioned previously indicate that an increase 
in the Fe reduction was accompanied by catalyst deactivation. 

Chemisorption and microscopy experiments were undertaken in an attempt to further 
characterize the Pd, Fe/ZnO catalyst. Unfortunately, because of the strong Pd-Zn 
interaction discussed above, chemisorption results were ambiguous and are not 
reported here. STEM experiments were also inconclusive, primarily due to 
difficulties in observing Fe on 2x10. 

As shown in Table 11, increasing the Fe loading resulted in a 
In all cases, the olefidparaffin 

Such a model would explain the apparent lack of methanol 

In 

Temperature and H?/CO ratio 

The apparent activation energies which were measured for the 1% Pd, 0.3% Fe/ZnO 
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sample  between 250-300°C a r e  shown i n  Table 111. 
energies f o r  the 0.3% Fe/ZnO a r e  a l s o  given. 
decreased s l i g h t l y  with increasing temperature, the  o l e f in i c  f r ac t ion  remained 
above 50 mol% of a l l  products over t h i s  temperature range. 

The f ac t  that the apparent ac t iva t ion  energies fo r  the  C 1 ,  4, C3, and C4 
f rac t ions  a r e  equivalent implies that formation of a common intermediate, such a s  
CH2, i s  the  rate-determining s t ep  f o r  both CH,j formation and chain growth t o  
higher molecular weight products. 

It is  a l s o  evident from Table I11 t h a t  the apparent ac t iva t ion  energies f o r  the 
0.3% Fe/ZnO ca ta lys t  were 5-6 Kcal/Mol higher than those measured f o r  the  
Pd-containing ca t a lys t .  
s t ep ,  t h i s  r e su l t  i nd ica t e s  that Pd may a s s i s t  i n  t h e  ac t iva t ion  of H 2  i n  t h i s  
ca ta lys t  system. 
pressure dependency (Table IV) f o r  the  two  separate sys tems.  
t h e  Fe ca t a lys t  resu l ted  i n  a decrease i n  reac t ion  order with respect t o  Hp. 

For comparison, t h e  ac t iva t ion  
While the  o le f in /paraf f in  r a t i o  

I f  hydrogenation is involved i n  the  rate-determining 

This  conclusion is supported by t h e  observed H2 p a r t i a l  
Addition of Pd t o  

CONCLUSIONS 

The addition of Pd t o  Fe  supported on ZnO r e s u l t s  i n  a s ign i f icant  increase in  
ca t a ly t i c  a c t i v i t y  for the  conversion of synthesis gas. A t  the  same time, 
se l ec t iv i ty  t o  o l e f i n s  remains high over these ca t a lys t s .  
addition is t o  increase the  dispersion of t h e  Fe component. 
ind ica te  t h a t  Pd may a l so  assist i n  the  ac t iva t ion  of H2. 

One possible ro l e  of Pd 
Kinetic s tud ies  

1. 

3. 
4. 

5. 

6. 

7. 
8. 
9. 

10. 
11. 
12. 

13. 
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Table I 

XPS Results For 1% Pd, 0.3% Fe/ZnO 

Binding Energy, eV* 
Reduction Conditions a 1 2  F e l 2  

Fresh 336.9S.1 

H2, 250°C 335.9 

H2, 350°C 336.0 

HZ/CO, 26OoC 336.0 

CO. 26OoC 336 .O 

710.7 io. 3 

710.1 

710.31 707.0 

710.31 707.0 

710.5 

*-Referenced to the Zn 2 ~ 3 1 2  peak assigned to be 1021.8 eV 

Table I1 

Effect Of Fe Loading Level On Catalytic Performance 
For ZnO Supported Samples 

T' 3OO0C, P= 100 psig. HdCO = 1 

Metal Loading Rate (Umoles 6-1 s-1) x 102 

X Pd X Fe E 4  Q2p 9- $3= g3- $4= $4- 9- 3- 
0.0 0.3 2.5 .65 .42 .78 .10 .37 .11 .23 .15 .31 
1.0 0.3 11. 2.9 1.5 3.3 .43 1.7 .48 .93 .45 .86 

0.0 1.0 13. 3.3 1.8 4.8 .48 2.5 .66 1.7 .87 
1.0 1.0 46. 7.4 12. 15. 3.4 6.6 4.0 3.8 4.8 

0.0 2.5 16. 4.9 2.4 6.9 .67 3.9 .83 2.5 1.1 1.2 
1.0 2.5 48. 9.0 11. 16. 3.0 7.1 3.3 4.3 4.1 

1.0 0.0 --- 01 --- --- --- --- __- __- --- 7.18 

Cn= denotes olefin fraction, Cn- denotes paraffin fraction 
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Table I11 

Apparent Activation Energies For ZnO Supported Catalysts 

Rate= Ae-Ea/RT 

(Pc0~PH;50 psig , P250-300°C 1 

Ea, Kcal/Mol 

Carbon No. 1% Pd, 0.3% Fe 0.3% Fe 

1 25 30 

2 25 31 

3 25 31 

4 25 30 

Table IV 

Reaction Orders For ZnO Supported Catalysts 

Rate= L pCoN P 

(T=300°c) 

"2 

1 % Pd, 0.3 % Fe 0.3% Fe 

N M N M - -  - Carbon No. 

1 0.1 0.7 0.8 1.5 

2 0.1 0.5 0.9 1.1 

3 0.1 0.0 

4 -0.6 -1.5 

--- --- 
-- --- 
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Figure 1. (a) 1% Pd, 0.3% FelZnO Treated in Ha at 200°C 
(b) ,l% Pd, 0.3% FelZnO Treated in H2 at 35OOC 
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INTRODUCTION 

A pro jec t  has been under inves t iga t ion  f o r  several  years  a t  Arizona S t a t e  
University (ASU) with t h e  ob jec t ive  of producing t r anspor t a t ion  grade l i q u i d  
hydrocarbon fuel from a wide va r i e ty  of biomass type feedstocks. The intended 
product is t h e  equivalent  of t h a t  derived from petroleum. Thus a renewable and/or 
waste feedstock is t o  be u t i l i z e d  t o  produce a high qua l i ty  product t h a t  is 
compatible with t h e  e x i s t i n g  d i s t r i b u t i o n  system and engine designs. 

Table 1. As indicated,  biomass contains  a higher hydrogen/carbon and oxygen/carbon 
r a t i o  but lower sulpUr and ash content. The heat ing value f o r  biomass is lower (due 
t o  the  oxygen content)  but t h e  v o l a t i l e  matter content is higher. Thus, except f o r  
t h e  oxygen content ,  biomass exh ib i t s  more a t t r a c t i v e  c h a r a c t e r i s t i c s  than coal f o r  
producing a l i q u i d  hydrocarbon fuel ( l e s s  hydrogen source addi t ion,  l e s s  sulfur and 
ash removal, milder operat ing condi t ions) .  To address  t h e  oxygen problem, an 
i n d i r e c t  l i que fac t ion  approach was chosen for study a t  ASU. The basic  s t e p s  a r e : ( l )  
g a s i f i c a t i o n  of t h e  biomass i n  a c i r c u l a t i n g  s o l i d  f lu id i zed  bed system to  a 
syn thes i s  gas containing pr imari ly  hydrogen, carbon monoxide, ethylene,  methane and 
carbon dioxide,  and (2) conversion of t h e  synthesis  gas  t o  a l i q u i d  hydrocarbon fuel 
i n  a c a t a l y t i c  reactor .  The oxygen i n  t h e  biomass is thus converted t o  carbon 
monoxide, carbon dioxide and some water i n  t h e  g a s i f i c a t i o n  s tep.  I n  t h e  
l i que fac t ion  s t e p ,  t h e  carbon monoxide is converted t o  pa ra f f in i c  hydrocarbons, 
water and normal propanol v i a  t h e  following possible  react ions:  

The fundamental c h a r a c t e r i s t i c s  of biomass (as compared with coal) are given i n  

C2H4'+ (n-2)CO + (2n-4)H2 $ CnH2n+2 + (n-2)%0 

1/2(n-1 )C2Hq + CO + 3H2 * CnH2n+2 + 50 
C H 

C2H5CH0 + H2 + C H OH 

+ CO + €I2+ C2H5CH0 2 4  

3 7  
Table 1. 4 

C 
H 
0 
N 
S 
ash 

w Biomass 

70-80 35-55 
4-6 4-6 
5-20 25-50 
0.5-2 <0.5 
1-5 <0.5 
5-30 0-1 0 

Heating values  (Btu/ lb)  9500-15000 6500-9500 
(d ry  bas i s )  

Vo la t i l e  matter, w t .  p 30-50 60-90 
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With proper manipulation of t h e  above r eac t ions ,  t h e  oxygen i n  the  biomass w i l l  end 
up i n  water, carbon dioxide and normal propanol. Carbon d ioxide  and water w i l l  be 
vented from t h e  g a s i f i c a t i o n  system regenera tor  and an  immiscible alcohol-water 
phase w i l l  be separated from an oxygen free pa ra f f in i c  hydrocarbon phase. Pas t  and 
present  e f f o r t s  on t h e  pro jec t  have been aimed a t  optimizing the implementation of 
t h i s  scheme v i a  feedstock assessment, f a c t o r  s t u d i e s  and opera t iona l  
r e l i ab i l i t y / con t ro l  improvements. The ind iv idua l  s t e p s  have been s tudied  a s  well as  
t h e  in tegra ted  system. This paper w i l l  address recent  s tud ie s  on  t h e  l i que fac t ion  
system. A range of synthes is  gas composition produced i n  the  labora tory  i n  t h e  
g a s i f i c a t i o n  s t ep  ( f o r  approximately 100 d i f f e r e n t  feedstocks and a range of 
opera t ing  conditions) is as follows (mole%): 

'~ 

hydrogen 10-45 

ethylene 5-40 
methane 10-45 
ethane 1-5 
carbon dioxide 0-1 5 

carbon monoxide 1 5-6 0 

To a c e r t a i n  ex ten t ,  t h e  synthes is  gas composition i s  feedstock dependent. However 
cont ro l  is poss ib le  with operating condi t ion  manipulation i n  t h e  g a s i f i c a t i o n  s t e p  
with t h e  major f a c t o r s  being temperature, s t eadb iomass  r a t i o  and choice of s o l i d  i n  
the  f lu id i zed  bed system. Details on t h e  g a s i f i c a t i o n  s t e p  can be found elsewhere 
(1,Z).  

LIQUEFACTION SYSTEM 

The ca t a lys t  candidates chosen f o r  study f a l l  i n t o  two ca tegor ies :  (1)  i ron ,  
and (2) cobalt .  I ron  is the  t r a d i t i o n a l  a c t i v e  ingredien t  when performing conversion 
s t u d i e s  with a synthes is  gas  dominated by carbon monoxide and hydrogen ( 3 ) .  However 
biomass o f f e r s  t he  opportunity t o  produce a s i g n i f i c a n t  amount of unsa tura ted  gases 
(pr imar i ly  ethylene).  For t h i s  case,  coba l t  based c a t a l y s t s  are a t t r a c t i v e  
candidates due t o  the  r e l a t i v e l y  high a c t i v i t y  f o r  o l e f i n  conversion ( a s  opposed t o  
the  r e l a t i v e l y  i n e r t  behavior of i ron ) .  I n i t i a l  l i que fac t ion  s tud ie s  at ASU were 
performed i n  a f lu id i zed  bed mode. However, p r imar i ly  motivated by t h e  cont ro l  
complexity of operating f lu id i zed  beds i n  series, a s lu r ry  phase system was se lec ted  
f o r  study as an  a l t e rna t ive .  In  addi t ion  t o  residence time (ve loc i ty  con t ro l )  
f l e x i b i l i t y ,  t h e  s l u r r y  reac tor  of fe red  t h e  following po ten t i a l  advantages: 

- super ior  temperature cont ro l  - longer ca t a lys t  1Ve - c a t a l y s t  conf igura t ion  f l e x i b i l i t y  - super ior  gas  d i s t r i b u t i o n  

The po ten t i a l  disadvantages were increased process complexity ( s l u r r y  l i q u i d  storage 
and d i s t r ibu t ion )  and poss ib le  slurry l i q u i d  composition s t a b i l i t y  problems. 

The ca t a lys t  and l i q u i d  candidates se lec ted  f o r  study are l i s t e d  i n  Tables 2 
and 3. Se lec t ion  was based on l i t e r a t u r e  guidance, physical  and chemical property 

reactor configuration. Reaction system d e t a i l s  and opera t ing  procedures are 
, cons idera t ions  and system compat ib i l i ty .  A l l  work was performed i n  a bubble column 

described elsewhere (4 ,5) .  The experimental s t r a t egy  is depicted i n  F igure  1. I 

RESULTS I 
i 

Base operating condi t ion  screening runs  r e su l t ed  i n  t h e  se l ec t ion  of following 
ca t a lys t / s lu r ry  l i qu id  combinations for addi t iona l  study: (1)  25 Co/175 Al 0 i n  
F isher  pa ra f f in  o i l ,  and (2) 48 F44 .8  Cu/47.2 k iese lguhr  i n  Chevron Refin8d3Yax 
143. 
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Resul ts  of f r a c t i o n a l  f a c t o r i a l  experiments t o  study t h e  effect of r eac to r  operating 
condi t ions on product y i e l d s  for the cobal t  study a r e  glven i n  Table 4. I ron 
c a t a l y s t  f a c t o r i a l  experiment r e s u l t s  are shown i n  Table 5 .  Note t h a t  t h e  feed 
composition d id  no t  include ethylene for t h e  i r o n  study s ince  o l e f i n s  a r e  
e s s e n t i a l l y  i n e r t  i n  t h e  presence of Iron. Factor choice and l e v e l s  were guided by 
t h e  l i t e r a t u r e  and ASU laboratory experience. Example product compositions for t h e  
two s t u d i e s  a r e  shown i n  Figures 2 & 3. Data was obtained over a s u f f i c i e n t  period 
of time ()8hrs) t o  i n s u r e  steady s t a t e  operation. Base point r e p l i c a t i o n  indicated 
a n  experimental error 
balance c losu res  (mass out/mass i n  x 100) were i n  t h e  95-1051 range for t h e  two 
studies .  

of 21 for the  coba l t  study and SZ f o r  the i r o n  study. hss 

Table 2 - 
Cabal t / A l u m i M  
Cobalt  Oxide Powder 
Cobalt  Oxide P rec ip i t a t e  
Cobalt-Potassium/AlumiM 
Iron-Copper-btassium Prec ip i t a t e  
G i rd l e r  C-'(3-1 ( I ron  Based Ammonia Synthesis  Catalyst)  
Iron-Copper/Kieselguhr 
Iron-Copper/Alumina 
Iron-Copper-Potassid Alumina 
Iron-Copper P rec ip i t a t e  

Table 3 - 
Product Liquid 
Commercial lo. 2 Diesel  
M n e r a l  Oil /Paraff in  O i l  
Chevron 143 Refined Wax 
Synthet ic  Motor O i l  (Mobil One) 
T e t r a l i n  
Tetrae thylene Glycol 
Dimethyl Napthalene 
Hexadeoane 
Triethylene Glycol 
1 -0ctadecene 
Diethyl  Phthalate  
Dow 210H 
Dow Syltherm 800 
Alpha Eicosane 
Revco Mnera l  Motor O i l  

Mathematical models were f i t t e d  t o  t h e  experimental d a t a  for each study, 
Optimized and experimentally ver i f ied.  Ver i f i ca t ion  of predicted optimums were 
mixed, dependent on t h e  p a r t i c u l a r  problem posed. Thus close agreement was achieved 
i n  some cases while  o the r  problems r e su l t ed  i n  deviat ions i n  both high and l o w  
d i r ec t ions .  Additional product analyses were performed (eg, heat ing value,  cetane 
index, API g rav i ty ,  average molecular weight, most abundant carbon number, grouped 
composition, Shulz-Flory analysis) .  Also equi l ibr ium ca lcu la t ions  were performed. 
Compcsition ana lys i s  on t h e  slurry l i qu ids  did not  i n d i c a t e  any appreciable  
degradation i n  t h e  presence of t he  c a t a l y s t s  although t o t a l  operat ing time length 
was not extensive.  Ca ta lys t  a c t i v i t y  was a l s o  s t a b l e  for t he  prescribed run lengths. 

loo lexp. error= 
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Table 4 
-1 

Factors Reswnses -- 
-2 a- H C H  CO hg&?&Ad 

m2 
co fi k L r U % ~ ~  - 

310 95 20 5 20 55.8 87.2 36.1 9.7 
210 
210 
310 
21 0 
310 
310 
210 
B a i i L E L  
26 0 
260 
260 

95 
95 
95 
295 
295 
295 
2 95 

195 
195 
195 

40 5 
20 25 
40 25 
40 25 
20 25 
40 5 
20 5 

30 15 
30 15 
30 15 

40 
40 
20 
20 
40 
40 
20 

30 
30 
30 

28.6 46.6 7.6 
22.7 13.6 3.4 
61.7 89.0 37.6 
28.2 39.6 12.8 
75.9 80.6 6.4 
68.8 87.9 39.3 
13.0 38.6 5.2 

42.0 62.6 13.7 
50.1 68.0 15.8 
51.3 69.5 18.3 

2.9 
3.7 

27.0 
82.0 

166.0 
85.0 
11.0 

53.0 
50.0 
53.0 

'experiment: 25-* ( 2  l e v e l ,  5 factor)  

'balance of gas = carbon dioxide + methane 

fractional factorial  with base point replication. 
Superficial gas velocity = 1.0 cndsec st T , P  

Table 5 
-1 

Factors Reswnses 
/CO Catalyst Amount 

o/hr 

220 120 0.5 0.05 5.2 0.10 0.9 
3 00 120 0.5 0.05 66.4 44.4 31.7 
220 200 0.5 0.05 1.1 1.1 2.2 
300 200 0.5 0.05 71.0 46.9 118.0 
220 120 2.5 0.05 1.2 3.6 1.4 
300 120 2.5 0.05 32.2 76.7 8.5 
220 200 2.5 0.05 1.5 5.1 0.7 
300 200 2.5 0.05 43.3 88.5 5.0 
220 120 0.5 0.20 2.4 10.0 6.6 
300 120 0.5 0.20 68.4 24.2 8.9 
220 200 0.5 0.20 5.4 1.0 2.8 
300 200 0.5 0.20 54.1 54.9 28.8 
220 120 2.5 0.20 11.3 18.7 5.2 
300 120 2.5 0.20 26.6 50.5 11.5 
220 200 2.5 0.20 9.0 19.7 3.8 
300 200 2.5 0.20 45.7 49.8 5.7 

26 0 160 1.5 0.125 41.0 77.0 30.3 
26 0 160 1.5 0.125 56.0 81.0 31.6 
26 0 160 1.5 0.125 38.1 87.9 26.2 

'experiment: 24 ( 2  l e v e l ,  4 factor) 

'balance of gas E COP + methane (€I2 + CO = 50 mole 5)  

full factorial  with base point repl icat ion.  
Superficial gas velocity I - 1.0 d s e c  a t  T ,P  
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SUMMARY AND CONCLUSIONS 

The following assessment of t he  r e s u l t s  presented i n  t h e  preceeding sec t ion  is 

(1) For t h e  cobalt study, t h e  order  of importance of the  f a c t o r s  s tudied with 
offered : 

regard to  e f f e c t  on product y i e l d  is a s  fol lows (v i a  ana lys i s  of variance): 
temperature, pressure,  ethylene,  hydrogen, carbon monoxide. For the i ron 
s tudy,  t h e  o rde r  of importance of t he  f a c t o r s  is a s  follows: temperature, 
H /CO, c a t a l y s t  amount, pressure. 

competit ive with commercial fuels such as No. 2 d i e s e l  and av ia t ion  fuels .  
Product composition is r e l a t i v e l y  i n s e n s i t i v e  t o  operat ing condi t ion 
changes with a f ixed ca t a lys t .  

(3) Cobalt based c a t a l y s t s  a r e  preferred i f  a s i g n i f i c a n t  amount of o l e f in s  are 
present  i n  t h e  syn thes i s  gas. Without s i g n i f i c a n t  o l e f i n s ,  i r o n  c a t a l y s t s  
should be considered. 

(4 )  Product y i e l d  improvement po ten t i a l  is considerable  v i a  adjustment of 
c a t a l y s t ,  s l u r r y  l i q u i d  and r eac to r  operat ing va r i ab le  f a c t o r s  v i a  
optimization s tud ie s .  

(5)  The s l u r r y  r eac to r  is an advantageous system with regard t o  temperature 
con t ro l ,  res idence time f l e x i b i l i t y  and possibly c a t a l y s t  l i f e .  A major 
disadvantage is t h e  complexity of an add i t iona l  ingredient  i n  t h e  system 
( i f  t h e  product l i q u i d  is not u t i l i z e d ) .  

( 6 )  Catalyst  and l i q u i d  l i f e  endurance t e s t i n g  need t o  be performed on t h e  
c a t a l y s t / l i q u i d  systems reported i n  t h i s  paper. 

(2)  Pfbduct compositions and p rope r t i e s  a r e  a t t r a c t i v e  and p o t e n t i a l l y  
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THE CATALYTIC DECOMPOSITION OF METHANOL INTO SYNGAS FOR USE AS 
AN AUTOMOTIVE FUEL 

D a v i d  T .  Wickham,  B o y c e  W .  L o g s d o n ,  a n d  S c o t t  W .  C o w l e y  

D e p a r t m e n t  o f  C h e m i s t r y  a n d  G e o c h e m i s t r y  
C o l o r a d o  S c h o o l  o f  M i n e s ,  G o l d e n ,  CO 80401. 

ABSTRACT 

A l t h o u g h  m e t h a n o l  i s  t h o u g h t  t o  b e  a n  e x c e l l e n t  a u t o m o t i v e  
f u e l ,  i t  h a s  a smaller  v o l u m e t r i c  f u e l  v a l u e  t h a n  g a s o l i n e .  
T h e  c a t a l y t i c  d e c o m p o s i t i o n  o f  m e t h a n o l  i n t o  s y n g a s ,  p r i o r  t o  
i t s  c o m b u s t i o n  i n  t h e  e n g i n e ,  i m p r o v e s  i t s  f u e l  v a l u e  by  
a p p r o x i m a t e l y  1 4 % .  P a l l a d i u m  a n d  p l a t i n u m  o n  m o d i f i e d  a l u m i n a  
s u p p o r t s  d e m o n s t r a t e  t h e  n e c e s s a r y  q u a l i t i e s  f o r  t h i s  p r o c e s s .  
T h e  c a t a l y t i c  a c t i v i t y  a n d  t h e r m a l  s t a b i l i t y  o f  p a l l a d i u m  is  
s t r o n g l y  a f f e c t e d  by t h e  n a t u r e  o f  t h e  c a t a l y s t  s u p p o r t  u s e d .  
A gamma-a lumina  s u p p o r t  was m o d i f i e d  w i t h  t h e  o x i d e s  o f  L i ,  Mg, 
C s ,  a n d  La .  T h e  e f f e c t  o f  t h e  m o d i f i e d  s u p p o r t  on t h e  
a c t i v i t y ,  s e l e c t i v i t y ,  a n d  t h e r m a l  s t a b i l i t y  o f  t h e  p a l l a d i u m  
m e t a l  was s t u d i e d  d u r i n g  e x p o s u r e  t o  a t h e r m a l  c y c l e  o f  300, 
500, a n d  30OoC. T h e  p r o f o u n d  d i f f e r e n c e  i n  c a t a l y s t  b e h a v i o r  
may b e  d u e  t o  s t r o n g  m e t a l - s u p p o r t  i n t e r a c t i o n s ,  t o  v a r i a t i o n s  
i n  metal d i s p e r s i o n ,  or t o  c h e m i c a l  a l t e r a t i o n  o f  t h e  
p a l l a d i u m .  I n  o r d e r  t o  d e t e r m i n e  t h e  c h e m i c a l  s t a t e  o f  t h e  
p a l l a d i u m  metal a n d  t h e  m o d i f i e d  s u p p o r t  b e f o r e  a n d  a f t e r  
t e s t i n g ,  t h e  c a t a l y s t s  were c h a r a c t e r i z e d  b y  TPD, X R D ,  XPS, a n d  
v o l u m e t r i c  c h e m i s o r p t i o n  t e c h n i q u e s .  

INTRODUCTION 

M e t h a n o l  i s  a v a i l a b l e  f r o m  r e n e w a b l e  s o u r c e s ,  s u c h  a s  
b i o m a s s ,  or f r o m  n o n - p e t r o l e u m  s o u r c e s ,  s u c h  a s  c o a l .  For t h i s  
r e a s o n  i t  i s  c o n s i d e r e d  a n  a t t r a c t i v e  a l t e r n a t i v e  t o  g a s o l i n e  
a s  a n  a u t o m o t i v e  f u e l .  H o w e v e r ,  i t  s u f f e r s  t h e  d i s a d v a n t a g e  o f  
h a v i n g  a l o w e r  e n t h a l p y  c o n t e n t  t h a n  g a s o l i n e ,  w h i c h  t r a n s l a t e s  
i n t o  l e s s  m i l e a g e  p e r  g a l l o n  o f  f u e l ( 1 ) .  T h e  p o t e n t i a l  f u e l  
v a l u e  o f  m e t h a n o l  c a n  b e  i m p r o v e d  by c a t a l y t i c a l l y  d e c o m p o s i n g  
i t  i n t o  s y n g a s  p r i o r  t o  i t ' s  c o m b u s t i o n  i n  a n  i n t e r n a l  
c o m b u s t i o n  e n g i n e .  S y n g a s ,  w h i c h  i s  a l s o  r e f e r r e d  t o  a s  
d i s s o c i a t e d  m e t h a n o l ,  h a s  a p p r o x i m a t e l y  a 14X h i g h e r  e n t h a l p y  
c o n t e n t  t h a n  m e t h a n o l .  T h e  c o m b u s t i o n  e n t h a l p i e s  f o r  m e t h a n o l ,  
s y n g a s  (2CO + 4 H 2 ) ,  a n d  d i m e t h y l  e t h e r  ( a  s i d e  p r o d u c t  o f  
m e t h a n o l  d e c o m p o s i t i o n )  i s  g i v e n  i n  T a b l e  I .  A C h e v r o l e t  
C i t a t i o n  a n d  a F o r d  E s c o r t  h a v e  b e e n  r e t r o f i t t e d  w i t h  c a t a l y t i c  
c o n v e r t e r s  i n  o r d e r  t o  d e m o n s t r a t e  t h e  f e a s i b i l i t y  o f  t h i s  
p r o c e s s .  A s c h e m a t i c  o f  t h e  a u t o m o t i v e  s y s t e m  i s  s h o w n  i n  
F i g u r e  1. T h e  d e s i g n  a n d  t e s t i n g  o f  t h i s  s y s t e m  was c a r r i e d  
o u t  a t  t h e  S o l a r  E n e r g y  R e s e a r c h  I n s t i t u t e  ( S E R I ) .  A m o r e  
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detailed description of .the automotive system employed in these 
studies is available in the literature(2). 

At the time this study was initiated, no catalyst had been 
designed specifically for the decomposition of methanol into 
syngas in an automotive converter. I n  order to find an 
effective catalyst for this process, the following catalyst 
requirements were defined. First, the catalyst must demostrate 
good selectivity for syngas over a large temperature range. 
Second, the catalyst should be able to withstand high 
temperatures without deactivating. Third, the catalyst should 
show significant activity at low temperatures. Forth, the 
catalyst should be mechanically strong. Fifth, the catalyst 
cost should be reasonable. Several catalysts were prepared by 
placing active metals ( C u ,  Ni, Pd, and Pd) o n  a variety,of 
supports (magnesia, silica, alumina) were tested and the 
results were compared with those obtained from several 
commercial formulations(3). All of the commercial formulations 
failed either the first, second o r  fourth requirements or a 
combination of those requirements. Palladium and platinum were 
found to be the best metals for the decomposition of methanol 
and alumina was found to be the best support, however, the 
alumina support is also active for the dehydration of methanol 
into dimethyl ether, which is an undesirable side reaction. 
Therefore, several catalysts were prepared in our  laboratory in 
which active metals were impregnated onto a variety of modified 
gamma-alumina supports. The modified supports have a marked 
effect on  the activity, selectivity, and thermal stability of 
some metals and little effect o n  others. 

The objective of this study is to establish the function 
of these modified supports in controlling the behavior of the 
active metal. Many of the initial test and characterization 
results have been reported in the literature(3.4). However, 
some of the more interesting catalysts have been studied and 
characterized in more detail and are discussed below. 

EXPERIMENTAL 

The catalysts were tested under the same temperature and 
flow conditions that would be experienced in the automotive 
system. The tests were conducted in a microcatalytic plug-flow 
reactor. Methanol was pumped into a heated inlet and 
vaporized. The catalyst was mounted o n  a fritted disk in a 
quartz tube. The methanol vapor was passed over the catalyst 
bed and the decomposition products were introduced by a gas 
sampling valve into a gas chromatograph. The gas chromatograph 
was equipped with a thermal conductivity detector and'a 9 ft. x 
1/8 inch stainless steel column packed with Poropack Q. 
Hydrogen analysis was accomplished by using a 5% hydrogen in 
helium carrier gas and a subambient program. 

gamma-alumina support with a solution containing the nitrate 
salt of the desired modifying agent. Subsequently, the 
modified supports were dried at 1 5 O o C ,  calcined at 5 5 O o C ,  and 

The modified supports were prepared by impregnating a 
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i m p r e g n a t e d  w i t h  a s o l u t i o n  c o n t a i n i n g  e i t h e r  t h e  n i t r a t e  o r  
c h l o r i d e  s a l t s  o f  p a l l a d i u m  o r  p l a t i n u m .  T h e  d r y i n g  a n d  
c a l c i n i n g  s t e p s  were r e p e a t e d  f o r  t h e  f i n i s h e d  c a t a l y s t .  T h e  
c a t a l y s t s  were a c t i v a t e d  i n  t h e  r e a c t o r  u n d e r  a f l o w  of  
h y d r o g e n  a t  3OO0C f o r  1 h o u r  a n d  a t  4OO0C f o r  1 h o u r  p r i o r  t o  
t e s t i n g .  

A p p r o x i m a t e l y  0.4 g r a m s  o f  14-20 m e s h  c a t a l y s t  p a r t i c a l s  
w e r e  t e s t e d  i n  e a c h  r u n ,  u s i n g  a m e t h a n o l  f l o w  r a t e  o f  0.19 g 
MeOH/g c a t . - h r .  T h e  m e t h a n o l  w a s  d i s t i l l e d  o v e r  m a g n e s i u m  
t u r n i n g s  a n d  s t o r e d  o v e r  5 A  m o l e c u l a r  s i e v e  b e f o r e  u s e .  Ul t ra  
h i g h  p u r i t y  h y d r o g e n  was p a s s e d  o v e r  a M a t h e s o n  M o d e l  450 
p u r i f  e r .  

T h e  t o t a l  c a t a l y s t  s u r f a c e  a r e a s  were o b t a i n e d  u s i n g  
c o n v e n t i o n a l  BET m e t h o d s ,  T h e  a c t i v e  me ta l  s u r f a c e  a r e a s  w e r e  
o b t a i n e d  w i t h  a v o l u m e t r i c  a p p a r a t u s  u s i n g  h y d r o g e n  
c h e m i s o r p t i o n ,  c a r b o n  m o n o x i d e  c h e m i s o r p t i o n ,  a n d  
h y d r o g e n - o x y g e n  t i t r a t i o n  t e c h n i q u e s .  

g r a m s  of  t h e  c a t a l y s t  w e r e  r e d u c e d  i n  h y d r o s e n  a t  400 o r  500 OC 

f o r  2 h o u r s .  T h e  h y d r o g e n  was s t r i p p e d  f r o m  t h e  c a t a l y s t  
s u r f a c e  i n  a h e l i u m  f o r  1 5  m i n .  a n d  t h e n  c o o l e d  i n  h e l i u m  t o  
O°C. S u b s e q u e n t l y ,  s e v e r a l  p u l s e s  o f  c a r b o n  m o n o x i d e  were 
i n t r o d u c e d  u n t i l  t h e  s u r f a c e  w a s  s a t u r a t e d .  The  t e m p e r a t u r e  
d e s o r p t i o n  p r o f i l e  was o b t a i n e d  by i n c r e a s i n g  t h e  t e m p e r a t u r e  
a t  a r a t e  of 25 'C/min.  a n d  a n a l y z i n g  t h e  d e s o r p t i o n  p r o d u c t s  i n  
a q u a d r a p o l e  mass s p e c t r o m e t e r .  T h e  t e m p e r a t u r e  p r o g r a m m e d  
d e s o r p t i o n  a p p a r a t u s  i s  v e r y  s i m i l a r  t o  t h a t  u s e d  by o t h e r  
r e s e a r c h e r s ( 5 ) .  All t h e  g a s e s  u s e d  d u r i n g  t h e  c h a r a c t e r i z a t i o n  
s t u d i e s  w e r e  o f  U l t r a  H i g h  P u r i t y  g r a d e  a n d  t h e y  were f u r t h e r  
p u r i f i e d  t o  r e m o v e  t r a c e s  o f  o x y g e n ,  water a n d  o t h e r  
i m p u r i t i e s .  

T h e  c a t a l y s t s  were a l s o  c h a r a c t e r i z e d  b e f o r e  a n d  a f t e r  
t e s t i n g  u s i n g  a R i g a k u  x - r a y  d i f f r a c t o m e t e r ,  a P e r k i n  E l m e r  
5000 a t o m i c  a b s o r p t i o n  s p e c t r o m e t e r ,  a n d  a S u r f a c e  S c i e n c e  
SSX-100 x - r a y  p h o t o e l e c t r o n  s p e c t r o m e t e r .  

F o r  t h e  t e m p e r a t u r e  p r o g r a m m e d  d e s o r p t i o n  s t u d i e s ,  0.4 

RESULTS AND D I S C U S S I O N  

C a t a l y s t  T e s t i n  
A l l  c a t a l y s g t s  were t e s t e d  a t  3OO0C, t h e  a v e r a g e  o p e r a t i n g  

t e m p e r a t u r e  of  t h e  c o n v e r t e r ,  a n d  a t  500 o r  550°C t o  s i m u l a t e  a 
h i g h  t e m p e r a t u r e  e x c u r s i o n .  S u b s e q u e n t l y ,  t h e  t e m p e r a t u r e  was 
l o w e r e d  t o  3OO0C t o  c h e c k  f o r  p o s s i b l e  c a t a l y s t  d e a c t i v a t i o n .  
T h e  r e s u l t s  of t h e s e  t e s t s  a r e  g i v e n  i n  T a b l e  11. E a c h  
c a t a l y s t  c o n t a i n s  a p p r o x i m a t e l y  5 w t . %  o f  t h e  metal o x i d e  
m o d i f y i n g  a g e n t  a n d  a 0 .5  w t %  Pd o r  P t .  T h e  m o d i f y i n g  a g e n t s  
L i  0 ,  MgO, Cs 0 ,  a n d  La O3 a r e  r e p r e s e n t e d  i n  T a b l e  I1 a s  L i ,  
Mg? a n d  L a .  ? h e  gamma-21 0 s u p p o r t  i s  r e p r e s e n t e d  a s  A l .  T h e  
p r o d u c t s  o b s e r v e d  i n  these2 zests were h y d r o g e n ,  c a r b o n  
m o n o x i d e ,  m e t h a n e ,  c a r b o n  d i o x i d e ,  w a t e r ,  d i m e t h y l  e t h e r ,  a n d  
u n c o n v e r t e d  m e t h a n o l .  T h e  m o l e  % p r o d u c t s  i n  T a b l e  I1 a re  
r e p o r t e d  on a h y d r o g e n  f r e e  b a s i s .  

To b e g i n  w i t h  w e  w i l l  o n l y  c o n s i d e r  t h e  i n i t i a l  a c t i v i t y  
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of the catalysts at 3OO0C prior to a high temperature excursion 
at 55OoC. The alumina support (Al) shows almost no activity 
for the formation of the desired CO decomposition product, but 
is very active for the formation of dimethyl ether. The 
formation of dimethyl ether is an exothermic reaction and 
should be avoided. In the case of the Pd-A1 and Pt-A1 
catalysts, it is obvious that the metal plays the primary role 
in the production of CO, however, the dehydration activity of 
the support is still apparent. For those catalysts using the 
modified supports, Pd-Li-Al, Pd-Mg-Al, Pd-La-Al, Pt-Li-Al, 
Pt-Mg-Al, and Pt-La-A1 the dehydration activity of the 
catalysts has been eliminated or reduced to an acceptable 
level. It is interesting to note that the modified supports 
have a pronounced effect on the initial activity o f  the Pd 
metal as indicated by the production of CO, with the Pd-Li-A1 
showing the lowest activity and the Pd-La-A1 showing the 
highest activity. On the other hand, the initial activity of 
the Pt metal does not appear to be influenced by the nature of 
the modifier used. 

At 550°C, the modified supports have a pronounced effect 
on the catalyst selectivity. All the Pt catalysts and the 
Pd-La-A1 catalyst produce substantial amounts of methane, 
carbon dioxide, and water, while the Pd-A1, Pd-Li-Al, and 
Pd-Mg-A1 catalysts are quite selective for the desired CO 
product. These results suggest that the latter catalysts have 
thermally deactivated and the resultant activity and 
selectivity is really due to the support and not the metal. 

The final activity at 3OO0C, after testing at 5 5 0 ° C ,  shows 
all of the Pd catalysts (with exception of the 3 %  Pd catalyst) 
have thermally deactivated, while the Pt catalysts show no 
deactivation or an increase in activity. 

containing approximately 3 wtX Pd, and the results are shown in 
Table 111. In these tests the hydrogen analysis was included. 
The effects of the modified supports on the initial and final 
activities of the catalysts is obvious, with the Pd-La-A1 
catalyst representing the best case and the Pd-Li-A1 catalyst 
the worst case. The Pd-La-A1 catalyst appears to experience a 
slight loss in activity after a thermal cycle. However, 
exposing the Pd-La-A1 catalyst to repeated thermal cycling over 
a three day period resulted in no further deactivation. This 
catalyst was selected for use in the "dissociated methanol car" 
and has fullfilled all the catalyst requirements with exception 
of the cost of the material. In any case, it has allowed the 
feasiblity of the process to be demonstrated in an automobile. 

Catalvst Characterization 
The modified supports have a marked influence on the 

catalyst activity, selectivity and thermal stability. Modified 
alumina supports may have an important impact on the behavior 
of metals other than Pd and Pt. The effects of these modified 
supports may extend to other important chemical reactions which 
involve hydrogenolysis, dissociation, or hydrogenation steps, 

The catalyst testing was extended to modified catalysts 
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s u c h  a s ,  F i s c h e r  T r o p s c h ,  a n d  m e t h a n o l  s y n t h e s i s .  I n  o r d e r  t o  
u n d e r s t a n d  t h e  r o l e  o f  t h e  m o d i f i e d  s u p p o r t  i n  c o n t r o l l i n g  t h e  
b e h a v i o r  o f  t h e  a c t i v e  me ta l  c o m p o n e n t ,  s e l e c t e d  c a t a l y s t s  w e r e  
c h a r a c t e r i z e d  u s i n g  b o t h  b u l k  a n d  s u r f a c e  t e c h n i q u e s .  S i n c e  
t h e  Pd-Li-A1 a n d  t h e  Pd-La-A1 c a t a l y s t s  r e p r e s e n t  t h e  most 
e x t r e m e  cases i n  a c t i v i t y ,  s e l e c t i v i t y  a n d  t h e r m a l  s t a b i l i t y ,  
t h e y  were s e l e c t e d  f o r  f u t h e r  d e t a i l e d  s t u d i e s .  

c o u l d  r e s u l t  f r o m  o n e  o f  t h e  f o l l o w i n g  p r o c e s s e s :  
T h e  c o m p l e t e  t h e r m a l  d e a c t i v a t i o n  o f  t h e  Pd-Li-A1 c a t a l y s t  

1 )  L o s s  o f  t o t a l  s u r f a c e  a r e a  d u e  t o  s u p p o r t  s i n t e r i n g .  
2 )  Loss o f  t o t a l  s u r f a c e  a r e a  d u e  t o  p o r e  b l o c k a g e .  
3) L o s s  of  t h e  a c t i v e  Pd  metal  f r o m  t h e  c a t a l y s t .  
4 )  S i n t e r i n g  o f  t h e  metal c r y s t a l l i t e s .  
5) M i g r a t i o n  o f  t h e  metal i n t o  t h e  s u p p o r t .  
6 )  C o v e r i n g  t h e  a c t i v e  metal  w i t h  a n  i n a c t i v e  m a t e r i a l .  
7 )  F o r m a t i o n  o f  a new i n a c t i v e  Pd compound .  

T h e  f i r s t  two  p o s s i b l i t i e s  were e l i m i n a t e d  by m e a s u r i n g  t h e  
t o t a l  s u r f a c e  a r ea  o f  t h e  f r e s h  a n d  r e d u c e d  Pd-Li-A1 c a t a l y s t  
u s i n g  t h e  BET m e t h o d .  T h e r e  was no s i g n i f i c a n t  c h a n g e  i n  t h e  
t o t a l  s u r f a c e  a r e a  a n d  t h e  r e s u l t s  a r e  g i v e n  i n  T a b l e  I V .  

T h e  m e t a l  c o n t e n t  o f  t h e  f r e s h ,  r e d u c e d  a n d  t e s t e d  
c a t a l y s t s  were d e t e r m i n e d  u s i n g  a t o m i c  a d s o r p t i o n  a n d  t h e  
r e s u l t s  a r e  a l s o  g i v e n  i n  T a b l e  I V .  I t  i s  a p p a r e n t  t h a t  t h e  
a c t i v e  m e t a l  d o e s  i n d e e d  r e m a i n  w i t h  t h e  c a t a l y s t .  

B r o a d e n i n g  o f  t h e  Pd l i n e s  i n  x - r a y  d i f f r a c t i o n  w o u l d  
s u g g e s t  s i n t e r i n g  o f  t h e  metal  c r y s t a l l i t e s  was i n v o l v e d .  T h e  
X R D  s p e c t r a  f o r  b o t h  t h e  r e d u c e d  a n d  t e s t e d  Pd-Li-A1 c a t a l y s t  
i s  shown i n  F i g u r e  2 .  T h e r e  i s  no e v i d e n c e  of l i n e  b r o a d e n i n g ,  
h o w e v e r ,  a l l  t h e  p a l l a d i u m  l i n e s  o f  t h e  t e s t e d  c a t a l y s t  h a v e  
s h i f t e d  t o  l o w e r  28 v a l u e s .  T h i s  s u g g e s t s  t h a t  e i t h e r  a new 
compound h a s  b e e n  f o r m e d  o r  t h a t  t h e  Pd l a t t i c e  h a s  e x p a n d e d ,  
p o s s i b l y  d u e  t o  t h e  p a l l a d i u m  f o r m i n g  a s o l u t i o n  w i t h  a n o t h e r  
e l e m e n t .  T h e s e  r e s u l t s  w o u l d  a l s o  a r q u e  a g a i n s t  t h e  m i g r a t i o n  
o f  t h e  Pd metal i n t o  t h e  s u p p o r t  a s  a c a u s e  f o r  t h e  t h e m a l  
d e a c t i v a t i o n .  

T h e  c a t a l y s t  d e a c t i v a t i o n  was a l s o  f o u n d  t o  b e  r e v e r s i b l e ,  
a s  shown  i n  F i g u r e  3. A l t h o u g h  t h e  c a t a l y s t  was d e a c t i v a t e d  a t  
h i g h  t e m p e r a t u r e s ,  i t s  a c t i v i t y  c o u l d  b e  r e s t o r e d  by 
r e c a l c i n i n g  t h e  c a t l y s t  i n  a i r  a n d  r e d u c i n g  i n  h y d r o g e n .  T h e  
c a t a l y s t  d e m o n s t r a t e d  a n  a c t i v i t y  a l m o s t  i d e n t i c a l  t o  i t s  
i n i t i a l  a c t i v i t y .  H o w e v e r ,  t h e  c a t a l y s t  was a g a i n  d e a c t i v a t e d  
a f t e r  a t h e r m a l  c y c l e .  T h i s  r e s u l t  s t r o n g l y  a r q u e s  a g a i n s t  
m i g r a t i o n  o f  t h e  Pd me ta l  i n t o  t h e  s u p p o r t ,  w h i c h  s h o u l d  be a n  
i r r e v e r s i b l e  p r o c e s s .  I t  a l s o  s u g g e s t s  t h a t  t h e  e l e m e n t  w h i c h  
i s  c a u s i n g  t h e  d e a c t i v a t i o n  i s  e a s i l y  r e m o v e d  by t r e a t m e n t  w i t h  
o x y g e n ,  a n  e x a m p l e  o f  s u c h  a n  e l e m e n t  w o u l d  b e  c a r b o n .  

a n d  Pd-La-A1 c a t a l y s t s  i s  shown  i n  F i g u r e  4 .  T h e s e  s u r v e y  
s c a n s  p r o v i d e d  i n f o r m a t i o n  a b o u t  t h e  e l e m e n t a l  c o m p o s i t i o n  o f  
t h e  c a t a l y s t  s u r f a c e s  b e f o r e  a n d  a f t e r  t e s t i n g ' .  T h e  p e a k s  o f  
most i n t e r e s t  a r e  t h e  Pd 3d  p e a k s .  For t h e  Pd-La-A1 c a t a l y s t  
t h e  Pd is  p r e s e n t  a t  t h e  s u r f a c e  o f  t h e  f r e s h ,  r e d u c e d ,  a n d  
t e s t e d  c a t a l y s t .  I n  f a c t ,  t h e  Pd s i g n a l  i s  i n h a n c e d  a f t e r  

XPS a n a l y s i s  o f  t h e  f r e s h ,  r e d u c e d ,  a n d  t e s t e d  Pd-Li-A1 
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t e s t i n g .  On t h e  o t h e r  h a n d ,  t h e  Pd-L i -A1  c a t a l y s t  s h o w s  t h a t  
t h e  Pd s i g n a l  h a s  a lmos t  d i s a p e a r e d  o n  t h e  t e s t e d  c a t a l y s t .  
T h i s  w o u l d  s u g g e s t  t h a t  t h e  c a t a l y s t  i s  b e i n g  c o v e r e d  by some  
o t h e r  e l e m e n t .  T h e  c a r b o n  s i g n a l ,  j u s t  t o  t h e  r i g h t  o f  t h e  Pd 
p e a k ,  a p p e a r s  t o  i n c r e a s e  o n  t h e  Pd-Li-A1 c a t a l y s t  b u t  n o t  f o r  
t h e  Pd-La-A1 c a t a l y s t .  A d e p t h  p r o f i l e  o f  t h e  s u r f a c e  was 
o b t a i n e d  by s p u t t e r i n g  t h e  s u r f a c e  w i t h  a r g o n  i o n s .  T h e  
r e s u l t s  a r e  shown  i n  F i g u r e s  6 a n d  7 .  T h e  Pd s i g n a l  f o r  t h e  
Pd-Li-A1 c a t a l y s t  i n c r e a s e d  a s  t h e  s u r f a c e  was s p u t t e r e d  a w a y ,  
w h i l e  t h e  c a r b o n  s i g n a l  d i s a p p e a r e d  a t  t h e  same t ime.  T h e  
Pd-La-A1 c a t a l y s t  s h o w e d  l i t t l e  e f f e c t  w i t h  s p u t t e r i n g  o f  t h e  
s u r f a c e .  

F i n a l l y ,  t e m p e r a t u r e  p r o g r a m m e d  d e s o r p t i o n / r e a c t i o n  o f  
c a r b o n  m o n o x i d e  f r o m  t h e  s u r f a c e  was c o n d u c t e d  t o  s t u d y  t h e  
a b i l i t y  o f  t h e  t w o  c a t a l y s t s  t o  d i s p r o p o r t i o n a t e  c a r b o n  
m o n o x i d e  i n t o  c a r b o n  d i o x i d e  a n d  c a r b o n .  T h e  
d i s p r o p o r t i o n a t i o n  r e a c t i o n  may b e  t h e  p r i m a r y  s o u r c e  o f  t h e  
c a r b o n  f o r  t h e  d e a c t i v a t i o n  of  t h e  Pd-Li-A1 c a t a l y s t ,  see  
F i g u r e  5 .  I t  is a p p a r e n t  t h a t  much m o r e  c a r b o n  d i o x i d e  i s  
p r o d u c e d  o v e r  t h e  Pd-Li-A1 c a t a l y s t  a n d  t h e  r e a c t i o n  t a k e s  
p l a c e  a t  a much l o w e r  t e m p e r a t u r e .  T h i s  s u g g e s t s  t h a t  t h e  
m o d i f i e d  s u p p o r t s  h a v e  a p r o n o u n c e d  e f f e c t  o n  t h e  s u r f a c e  
a c t i v i t y  o f  t h e  Pd m e t a l .  

SUMMARY 

T h e  a c t i v i t y ,  s e l e c t i v i t y ,  a n d  t h e r m a l  s t a b i l i t y  o f  Pd 
metal  i s  s t r o n g l y  i n f l u e n c e d  by t h e  u s e ' o f  t h e  m o d i f i e d  
s u p p o r t s .  T h i s  s u g g e s t s  t h a t  e i t h e r  t h e  m o d i f i e d  s u p p o r t  i s  
i n f l u e n c i n g  t h e  b e h a v i o r  o f  t h e  m e t a l  by e i t h e r  c o n t r o l l i n g  t h e  
d i s p e r s i o n  o f  t h e  m e t a l  c r y s t a l l i t e s  or by  e x h i b i t i n g  a s t r o n g  
m e t a l - s u p p o r t  i n t e r a c t i o n .  

REFERENCES 

1)  J. F i n e g o l d ,  J .T .  McKinnon ,  a n d  M .  K a r p u k ,  " R e f o r m e d  
M e t h a n o l " ,  N o n - p e t r o l e u m  F u e l s  Sympos ium 111, O c t o b e r  1 9 8 0 .  

2 )  J .  F i n e g o l d ,  G.P. G l i n s k y ,  a n d  G.E. V o e c k s ,  " D i s s o c i a t e d  
M e t h a n o l  C i t a t i o n :  F i n a l  R e p o r t " ,  SERI /TR-235-2083 ,  A u g u s t  
1 9 8 4 .  

3 )  S.W. C o w l e y  a n d  S.C. G e b h a r d ,  "The C a t a l y t i c  D e c o m p o s i t i o n  
o f  M e t h a n o l  i n t o  S y n t h e s i s  Gas f o r  U s e  a s  a n  A u t o m o t i v e  F u e l " ,  
CSM Q u a r t e r l y ,  1 ( 3 ) ,  41 (1983) .  

4 )  S.C. G e b h a r d ,  B.W. L o g s d o n ,  a n d  S.W. C o w l e y ,  "The 
D e c o m p o s i t i o n  o f  M e t h a n o l  O v e r  S u p p o r t e d  P a l l a d i u m  a n d  P l a t i n u m  
C a t a l y s t s " ,  m a n u s c r i p t  i n  p r e p a r a t i o n .  

5)  J . M .  Z o w t i a k  a n d  C . H .  B a r t h o l o m e w ,  J .  C a t a l . ,  83, 107 
(1983) .  

129 



2. CE30CH3 + 302 ---- > 2C02 + 3 H 2 0  - 3 1 7 . 1  -316.8 

3. 2CR4 + 402 ---- > 2C02 + 4A20 -365.0 -341.4 

F U E L  T A N K  C A T A L Y T I C  

T O  E X H A U S T  

F i g u r e  1. A u t o m o t i v e  s y s t e m  f o r  m e t h a n o l  d e c o m p o s i t i o n .  
The  u n h a t c h e d  p a t h w a y  d e l i n e a t e s  t he  t r a n s p o r t  o f  f u e l  
t o w a r d  a n d  i n t o  t h e  e n g i n e ;  t h e  h a t c h e d  p a t h w a y  i l l u s t r a t e s  
t h e  d i s c h a r g e  of e x h a u s t  g a s e s  f r o m  t h e  e n g i n e .  
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I 

A1 

PI-A1 

Pd-Li-A1 

Pd-Mg-A1 

Pd-La-A1 

Pd-La- A1 

Pt-A1 

Pt-Li-A1 

Pt-Mg-Al 

Pt-La-A1 

300 
550 
300 

300 
550 
300** 

300 
550 
300** 

300 
550 
300** 

300 
500 
300** 

300 
550 
300** 

300 
550 
300** 

300 
550 
300** 

300 
550 
300** 

300 
550 
300** 

0 

0.5 

0.5 

0.5 

0.5 

3.0 

0.5 

0.5 

0.5 

0.5 

0.9 
78.9 

0.9 

60.8 
72.5 

0.4 

36.5 
94.3 
1 .o 

36.6 
92.9 

0.7 

85.6 
61.7 - 
85.4 
18.0 
83.5 

25.2 
40.9 
35.8 

46.8 
65.2 
45.0 

45.8 
52.7 
50.1 

48.3 
26.6 
69.6 

0 
7.5 
0 

0.9 
10.3 

0 

0 
0 
0 

0 
1.2 
0 

0.8 
2.0 - 
2.4 

41.8 
2.0 

2.7 
28.4 

1.5 

0.8 
16.0 

0.9 

0.6 
22.0 

1 .o 

0 
35.5 

0 

0 
6.7 

0 

0.8 
6.7 

0 

0 
1.3 
0 

0 
1.3 
0 

0.7 
2.6 - 
1.0 

17.7 
0.7 

1.8 
13.0 

0.7 

0.8 
8.1 
0.6 

0.5 
11.4 
0.4 

2.0 
16.8 

1.2 

25.1 
5.8 

25.5 

13.5 
8.1 
2.5 

1.5 
2.7 
0.8 

1.5 
3.5 
2.5 

3.2 
13.6 - 

5.8 
22.1 

7.6 

25.4 
16.4 
22.0 

1.0 
9.7 
1.2 

1.6 
12.3 

2.5 

4.6 
19.8 

2.9 

47.5 
0 

46.7 

12.2 
0.8 

95.0 

62.0 
1 .o 

98.0 

61.9 
0.7 

95.0 

9.2 
7.1 - 
2.7 

0 
2.5 

23.3 
0.6 

19.3 

49.5 
0 

51.2 

51.8 
0 

44.5 

42.1 
0.6 

23.0 

26.6 
0 

27.0 

21.3 
0 
0 

0 
0.8 

0 

0 
0.5 
1.8 

1.5 
12.9 - 

2.4 
0 

2.6 

21.1 
0 

20.0 

0 
0 
0 

0 
0 
0 

0 
0 
0 ................................................................... 

* Catalyst Ut. = 0.400 g, approx. 5% metal oxide modifier present 
Space Velocity = 1.9 g MeOH/g cat.-hr. 
Pressure = 608.0 mm Hg ** After testing at 5OO0C 
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PI-A1 

Pd-Li-A1 

Pd-Cs-A1 

Pd-La-A1 

300 
550 
300** 

300 
550 
300** 

300 
550 
300** 

300 
500 
300** 

57.8 
25.6 
59.2 

53.4 
60.8 

1.4 

34.8 
56.7 
34.2 

56.7 
33.9 
51.6 

31 .O 
5.4 

32.2 

29.2 
30.2 

0.5 

19.9 
27.9 
18 .2  

30.4 
10.5 
28.0 

0.7 
31.0 
0.8 

0 
0.8 
0 

0.5 
6.4 
0.3 

0 
25.0 

0 

0.3 6.5 1.1 2.5 
15.8 22.3 0 0 
0.3 5.0 0 0 

0 1.1 16.3 0 
2.3 3.0 0.2 2.7 

0 2.3 96.8 0 

0 4.1 40.6 0 
4.2 4.9 0 0 

0 2.5 44.8 0 

0 0 13.0 0 
14.2 16.1 0 0 

0 1.7 18.6 0 

Pd-A1 

Pd-Li -A1 

Pd-Cs-A1 

Pd-La-A1 

f r e s h  
r e d u c e d  
t e s t e d  

f r e s h  
r e d u c e d  
t e s t e d  

f r e s h  
r e d u c e d  
t e s t e d  

f r e s h  
r e d u c e d  
t e s t e d  

2.6 0 
2.6 - 
2.6 - 

2.9 5 . 0  
2.9 - 
2.9 - 
2.8 5.0 
2.8 - 
2.9 - 
3.4 5.0 
3.3 - 
3.4 - 

- 
115.1 - 

- 
45.7 - 

- 
67.7 - 

- 
66.0 - 

- 
102.8 - 

- 
37.0 - 

- 
64.5 - 

- 
53.8 - -___---------__---______________________------------------------- 

* Ut. % m e t a l  v a s  d e t e r m i n e d  by a t o m i c  a b s o r p t i o n  ** E s t i m a t e d  f r o m  p r e p a r a t i o n  
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I 

F i g u r e  2 .  The X R D  s p e c t a  o f  a r e d u c e d  ( t o p )  a n d  a tested 
( b o t t o m )  P d / a l u m i n a  c a t a l y s t  m o d i f i e d  r i t h  l i t h i a .  

z 
("2 

I I I I 

INIT FINAL REDUC CALCIN FINAL 

F i g u r e  3 .  The  l i t h i a  m o d i f i e d  P d / a l u m i n a  c a t a l y s t  a l v a y s  
s h o v s  s e v e r e  d e a c t i v a t i o n  ( f i n a l )  a f t e r  e x p o s u r e  t o  h i g h  
t e m p e r a t u r e ,  b u t  i t s  a c t i v i t y  c a n  b e  r e s t o r e d  a f t e r  c a l c i n i n g  
i n  a i r  and  r e d u c i n g  t h e  c a t a l y s t  ( c a l c i n ) .  
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F i g u r e  4. XPS s u r v e y  s c a n  o f  a l i t h i a  ( t o p )  en0 a l a n t h a n a  
(bottom) m r d i f i e d  P d / a l u m i n a  c a t a l y s t  w h i c h  h a s  been 
e i t h e r  f r e s h l y  c a l c i n e d ,  r e d u c e d ,  or t e s t e d .  
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Figure 5. TPD profile of CO from a lithia (top) and a 
lanthana (bottom) modified Pd/alumina catalyst. 
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F i g u r e  6 .  
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p r o f i l e s  o f  t h e  XPS P d 3 d s i g n a l  for 
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F i g u r e  7 .  The  d e p t h  p r o f i l e s  of  t h e  XPS C l s s i g n a l  f o r  
Pd/alurnina c a t a l y s t s  m o d i f i e d  w i t h  l a n t h a n a  or l i t h i a .  
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ABSTRACT 

A new sulfur tolerant catalyst for methane formation from carbon monoxide and 
hydrogen has been tested at Haldor Topsoe's laboratory and at Mountain Fuel 
Resources' entrained coal gasification Process Development Unit. The catalyst also 
effectively catalyzes the shift reaction, which permits direct methanation of raw 
coal gas. In contrast to nickel-based methanation catalyst, it is not necessary to 
add steam for prevention of carbon formation. Physical and chemical properties of 
the catalyst have been characterized and reliable reaction rate expressions have 
been derived for optimization of the reactor design. Results of 1080 hours of 
testing time with raw gases produced from five different type coals showed no 
poisoning of the catalyst by impurities contained in the raw gas and no carbon 
formation on the catalyst surface. Near 100 percent conversion was achieved with 
respect to CO or H . Besides methane, the product gas also contained ethane and a 
small amount of pro2pane. 

INTRODUCTION 

Conventional methanation is normally carried out by reacting one molecule 
carbon monoxide with three molecules hydrogen to produce methane and steam: 

CO + 3H2 = CH4 + H20 -AIi0298 = 49 kcal/mol 1) 

or one molecule carbon dioxide with four molecules of hydrogen to produce one 
molecule of methane and two molecules of steam: 

C02 + 4H2 = M4 + 2H20 -h0298 = 39 kcal/mol 2 )  

The reactions are catalyzed by various metals of which supported nickel is comonly 
employed (1). 

The raw product gas from coal gasification typically contains higher concen- 
trations of carbon monoxide than hydrogen, and the CO/H ratio ranges from 1 to 2 
depending on the process. Therefore, in order to produc?e methane via reaction (1) 
above, the gas compositions have to be adjusted by the shift reaction: 

CO + H20 = C02 + H2 -AH0298 = 10 kcal/mol 31 

and the excess C02 has to be removed. Steam addition before methanation is required 
to prevent carbon formation on nickel catalysts and catalyst deactivation (2). 
Furthermore, since conventional catalysts are susceptible to sulfur poisoning, the 
hydrogen sulfide contained in the raw gas must be removed prior to methanation. 
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An alternate reaction for methane synthesis, which is known as direct methana- 
tion, is represented by the following reaction: 

2CO + 2H = CH4 + COP -AH0298 = 59 kcal/mol 4) 2 

Haldor Topsoe, Inc., has recently developed a sulfur resistant catalyst for 
direct methanation as well as for the general reaction: 

ZnCO + (n+l)H2 = CnH2n+2 + nC02 + Heat 5 )  

The main product of this reaction is methane. The hydrocarbons formed in addition 
to methane are saturated. Since the catalyst is activated by sulfur, the hydrogen 
sulfide contained in the raw feed gas has a positive effect on the reaction rate. 
The catalyst was first tested at Haldor Topsoe's laboratory in Denmark with syn- 
thetic gas simulating raw coal gas composition. 

Besides being tolerant to sulfur, it is an effective catalyst for the shift 
reaction. Thus it offers the potential of greatly simplifying the coal to SNG 
process by eliminating the need for a shift reactor and sulfur removal upstream of 
the methanation reactor. Figure 1 presents a simplified block flow diagram to 
produce SNG from coal using sulfur tolerant direct methanation catalyst. 

DESCRIPTION OF THE TEST UNIT 

The methanation test unit was fabricated and partially assembled at the Haldor 
Topsoe Research Laboratory in Denmark and shipped to Mountain Fuel Resources (MFR) 
entrained coal gasification process development unit (PDU) in Utah. The unit was 
assembled and connected to the plant facility. 

Figure 2 presents a simplified piping and instrument diagram of the unit. The 
unit consists of rotameters for hydrogen, hydrogen sulfide, nitrogen, and air, the 
methanation reactor, a fluidized sand bed for temperature control, heating elements, 
product gas condenser, product gas meter, temperature controller, temperature 
recorder, and other ancillary instruments. 

The raw product gas slip stream from the gasifier was piped from the recycle 
gas surge tank to the reactor. The pressure was controlled by a pressure regulator 
upstream of the reactor and the flow rate was controlled by a needle valve down- 
stream of the reactor. The temperature in the catalyst bed was measured with 
thermocouples placed inside themowells centrally located along the length of the 
bed. The sand bath temperature was monitored with thermocouples embedded in the 
bath at several locations. 

The catalyst has been tested previously in the Haldor Topsoe laboratory with 
synthetic raw gas in several experiments including a long-duration test of 1100 
hours. This particular batch of catalyst installed at the PDU site, designated 
SMC 324, had been tested 440 hours at Haldor Topsoe's laboratory before it was 
shipped to the PDU. 

EXPERIMENTAL 

During the test, raw feed gas samples and product gas samples were taken 
periodically, approximately three to six times daily, and sent to Mountain Fuel 
Supply Company's gas laboratory for  analysis. The samples were analyzed with a gas 
chromatograph for H , co, co , H s, CH , c H c H and N . The water vapor 
content of the proiiuct gas Zas Jeasured by2 &kio&%ly weidhing the condensate 
collected in the condenser. 

The needle valve at the reactor exit was adjusted to obtain a desired gas flow 
rate. The space velocity was calculated based on the inlet gas flow. The conver- 
sion of carbon monoxide and hydrogen was calculated by: 

' I  
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exit ('O + H2)exit Flow 
= I -  

'CO+H 2 Flowin * (CO + H2)in 6 )  

Direct sulfur resistant methanation testing was conducted at the MFR PDU for a 
cumulative total of 1080 hours between October 4 and November 21, 1984. Raw feed 
gases were produced from five different coals, Pittsburgh No. 8 eastern bituminous, 
North Dakota lignite, petroleum coke, Price River Utah bituminous and SUFCO Utah 
bituminous. 

I 
! 

During the tests conversion was kept at 90 percent in order to evaluate the 
Catalyst activity. Occasionally, the CO/H ratio was adjusted with the addition of 
pure hydrogen into the feed. Hydrogen sul%i.de, in addition to that present in the 
feed gas from the coal, was added from time to time to study the effect of sulfur on 
tke activity of the catalyst. Most of the tests were conducted at 300 psia 
pressure. When the pressure was varied to study the effect of pressure on the 
activity the feed flow to the reactor was reduced to attain the desired conversion. 

I 

RESULTS 

Table 2 presents the range of test conditions and test results and Figure 3 
presents a plot of catalyst activity versus time. The activity was calculated as 
the space velocity for 90 percent conversion based on the rate limiting component; 
i.e., the minor component which is H for CO/H2 ratio of greater than 1.1 and CO for 
CO/H ratio of less than 1.1. Since the tests were conducted at different pressures 
and teed gas compositions, the space velocity to attain 90 percent conversion in 
pure H + CO at 300 psia total pressure was calculated to obtain a standard value of 
the cagalyst activity. 

2 

Figure 3 also includes the activity of the catalyst during the tests at Haldor 
Topsoe with synthetic raw gas. The figure shows that the activity remained constant 
for the first 500 hours tested at the PDU. At this time a plant air compressor 
failure occurred which resulted in a temperature runaway of the methanator for more 
than 10 hours. After that the activity stabilized at 
a level of 0.87 times the initial value. The activity remained at this value 
throughout the rest of the test period despite two more temperature runaways at 
about 720 hours of operation. 

Temperatures exceeded 60OoC. 

The type of coal appeared to have no effect on the activity of the catalyst. 
The effect of variations in hydrogen sulfide concentration were also small. There 
appeared to be no effect of hydrogen sulfide on activity below 0.07 volume percent 
concentration. The catalyst activity remained constant during a 100 hour test with 
hydrogen sulfide partial pressure as low as 1 ppm. 

CONCLUSIONS 

The direct, sulfur resistant methanation catalyst developed was successfully 
tested for 1080 hours at the.- PDU with gases produced from five different type 
coals. 

The catalyst was tested in several experiments with synthetic raw gas at the 
Haldor Topsoe laboratory in Denmark, including an 1100-hour continuous test. The 
particular batch sent to the PDU site had been tested for 440 hours in the labora- 
tory. 

Tests were conducted at 90 percent conversion level to evaluate catalyst 
activity at various test conditions. Near 100 percent conversion was achieved with 
respect to CO or H2. The main hydrocarbon product was methane, which was produced 
in concentrations near 25 percent in the product gas. The product gas also con- 
tained ethane (about 2.5 percent) and propane (about 0.5 percent). 
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The activity was stable after more than 1500 hours of total operation. A 
sli ht drop in catalyst activity was observed after a temperature runaway above 
600 C. This caused the activity to drop to 87 percent of the initial value. TWO 
more temperature runaways thereafter had no effect on the activity. 

a 

The activity was not affected by the type of feedstocks to the gasifier. No 
poisoning of the catalyst by impurities contained in the raw feed gas was observed. 
The catalyst was examined after the tests and no carbon formation on the catalyst 
surface was observed. 

The catalyst appears to be preferable to conventional methanation catalysts, 
especially in processing gas from coal gasification which contains high carbon 
monoxide. 

The ethane and propane produced in addition to the methane provide a signifi- 
cant boost to the heating value of the product gas. 
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TABLE 1 

PHYSICAL CHARACTERISTICS OF THE CATALYST 

Name 
Size, L x D 
Density 
Bulk Density 
Surface Area 
Crushing Strength 

SMC 324 
4.5 mm x 4 5 mm (0.18" x 0.18") 1.75 gm/cm 3 (109 lb/cf) 
1.275 K g / l  (80  lb/cf) 
100 m2/gr 
600 Kg/cm2 (8700 lb/in2) 

TABLE 2 

SUMMARY OF DIRECT METHANATION TEST CONDITIONS AND RESULTS 

Pressure, psia 

Volumetric Flowrate, SCFH 

Inlet Conditions (Adjusted with €I2), 0 

C O D 2  Ratio 

co 

m2 

H2S 

CH4 

N2 

H2 

=O2 

H2S 

CH4 

C3H8 

N2 

outlet Conditions, 9 

co 

'2"6 

Fractional Conversions 

co 

H2 

Range of Test 
Conditions 

90 - 300 
1 - 8  

0.7 - 1.5 
30 - 45 
30 - 45 
10 - 40 

1 p p  - 3.5 
0 - 13 
2 - 11 
0 - 15 
2 - 15 
40 - 55 

2 p p  - 4.5 
16 - 39 
1 - 4  

0.2 - 0.7 
Balance 

70 - 100 
70 - 100 

Typical 
Test Data 

300 

3 

1.0 

35 

40 

15 

0.1 

1 

5 

8 

8 

50 

0.1 

25 

2.5 

0.5 

Balance 

90 

90 
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Catalyst Transformation During 
Alkali-Catalyzed Carbon Gasification 

F. Shadman, W.A. Punjak and D.A. Sams 

Department of Chemical Engineering, University of Arizona 
Tucson, Arizona 85721 

The kinetics and mechanism of carbon gasification reaction 
catalyzed by alkali metals have been the subject of numerous studies 
and comprehensive reviews are available (1-4). Although the 
mechanism of catalyst action is not completely understood, there is a 
general agreement that the reaction follows a redox mechanism (5-6). 
In this mechanism, the alkali catalyst cycles between an oxidized and 
a reduced form. During this cycle the catalyst transfers oxygen from 
the gaseous reactant to the carbon surface; the net effect is 
production of CO. 
the stoichiometry of the catalytic intermediate compounds. The 
purpose of this study is to characterize the mechanism and the 
kinetics of the processes in which sodium and potassium carbonates 
are reduced from their initial forms to the catalytic intermediate 
forms. 

EXPERIMENTAL METHOD 

Presently, the disagreement is on the nature and 

Carbopack B (by Supelco) was used as the high purity carbon 
substrate. 
carbonate was applied by the incipient wetting technique. 
catalyst/carbon ratio was controlled by varying the alkali 
concentration in the impregnation solution. 
spectroscopy was used to analyze the samples for alkali content. The 
catalyst type and concentration of the samples used in this study are 
given in Table 1. 

The 
first utilized a small differential reactor for quick response times 
while the second used an electronic microbalance for direct 
measurement of sample weight. Both systems included a movable 
furnace which allowed rapid heating and cooling or programmed 
temperature change in the reactor. The details of experimental 
set-up are given elsewhere (7.10). 

the reactor. 
nitrogen to remove the oxygen before heating the sample. 
experiments were conducted under Temperature and Concentration 
Programmed Reaction (TCPR) conditions. Three schedules of programmed 
conditions were used. In Schedule 1 (Fig. 1). the samples were 
rapidly heated to 800°C under nitrogen. 
H20, CO2 and CO, the samples were cooled rapidly and removed for 
analysis. Schedule 2 (Fig. 2 )  was similar except the samples were 

Catalyst in the initial form of sodium or potassium 
The 

Atomic emission 

Two reactor systems were used in the course of this study. 

For each run, 25-30 mg of the impregnated carbon was loaded into 
The reactor was then purged with Ultra high purity 

The 

After complete evolution of 
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quenched before complete ca ta lys t  reduction t o  determine the 
relationship between CO evolution and ca ta lys t  loss. In Schedule 3, 
(Fig. 3) the p a r t i a l  reduction under nitrogen w a s  followed by 
gas i f ica t ion  under a mixture of 15% C 0 2  i n  nitrogen. After a short  
gas i f ica t ion  stage t o  measure the gas i f ica t ion  r a t e ,  the samples were 
quenched and removed for  analysis.  

RESULTS AND DISCUSSION 

In  an e a r l i e r  study ( l l ) ,  a mechanism was suggested f o r  the 
in te rac t ion  between carbon and potassium carbonate under ine r t  
conditions above 7 0 0 ' C .  This mechanism, which i s  expected t o  hold 
f o r  both sodium and potassium carbonates, can be writ ten i n  the 
following general form: 

C 
M 2 3  CO .- (-COM) + ( -C02M) 

(C02M) + C + (-COM) + CO ( 2 )  

(-COM) + C - (-CM) + CO ( 3 )  

( 4 )  (-CM) ---zM(g) 

This mechanism allows for  the sequential reduction of the ca ta lys t  
followed by ca t a lys t  vaporization and loss. 

In the ear ly  stage of the sample heat up, a small COP peak is 
observed. This peak is due t o  the decomposition of bicarbonate t o  
carbonate ( 1 0 , l l ) .  During the r e s t  of the reduction stage,  carbon 
monoxide is the only s igni f icant  gaseous product. Therefore, the 
time p ro f i l e  of CO is a d i rec t  measure of the overa l l  reduction 
k ine t ics .  
i n i t i a l  ca t a lys t  loadings above saturation. 
exhibits a plateau with almost constant CO gasification r a t e .  As the 
i n i t i a l  loading is decreased, the width of the CO plateau decreases 
while the r a t e  of CO production does not change s igni f icant ly .  For 
very low concentrations the prof i le  does not exhibit  a plateau. 
These r e su l t s  ind ica te  tha t  a t  ca ta lys t  loadings greater than what is 
required f o r  surface saturation, ca ta lys t  i s  the excess reactant and 
carbon surface is the l imiting reactant.  Under these conditions, the 
reduction r a t e  i s  determined by the carbon substrate area which is 
independent of ca ta lys t  loading. The very small increase i n  CO 
across the plateau is due t o  the increase i n  carbon surface area 
caused by conversion. 
saturation ( i n i t i a l  metal t o  carbon atomic r a t i o  of about 0 .01  fo r  
potassium and 0.04 fo r  sodium) the ra te  of reduction varies with both 
loading and time and no plateau i s  observed. 

The r i s e  and f a l l  of the CO peak are primarily due to  the e f f ec t  
of reaction k ine t ics  and not simply an a r t i f a c t  of the reactor 
residence time response. 
would have been much sharper. 
reactor is r e l a t ive ly  negligible.  

The CO p ro f i l e  shown in  Figure 1 is a typical p ro f i l e  fo r  
The CO concentration 

A t  i n i t i a l  concentrations lower than 

Without these e f f ec t s  the r i s e  and f a l l  
This is because dispersion i n  the 

The r i s e  is due t o  the increase in  
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the concentrations of (-C02M) and (-COM) supplied by reaction 1. 
fall is due to the depletion of the carbonate. 

is shown in Figure 4 .  Total reduction time is a linear function Of 
the initial catalyst loading. This indicates that the average rate 
is independent of loading as long as the carbon substrate is 
saturated. The rate will vary with loading for unsaturated samples 
as indicated by the curvature of the lines at low catalyst loadings. 
As expected, the shape of the curve indicates that the turnover 
number (measure of rate per catalyst atom) for an unsaturated surface 
is higher than that for a saturated surface. 

prior to loss by vaporization. 
catalyst reduction and vaporization, a series of runs were conducted 
where the samples were removed after various levels of catalyst 
reduction and analyzed for catalyst content (Schedule 2 ) .  The 
results are shown in Figure 5 and indicate that the catalyst 
vaporizes rapidly upon complete reduction. This can occur only if 
reaction 4 is substantially faster than reaction 3 .  

An important observation is that the rate of catalyst loss is 
dramatically decreased after all the catalyst is reduced. In other 
words, the residual catalyst left on the surface at the end of the 
reduction process is relatively stable. This means that reaction 4 
is somehow enhanced by the presence of carbonate. 
explanation is that the strong attraction of carbonate to carbon 
sites causes the decomposition of (-CM) and the release of carbon 
sites which interact with carbonate. 

The 

The dependence of the average catalyst reduction rate on loading 

The reduction mechanism suggests that the catalyst is reduced 
To measure the relative rates of 

A possible 

CONCLUSION 

The reduction of potassium and sodium carbonates is a 
prerequisite for the formation of surface catalytic sites, and 
further reduction of these surface sites is an integral part of the 
mechanism suggested for catalytic gasification. In addition, the 
alkali catalyst is lost from a site only after it has been completely 
reduced. 

impregnated carbon sample subjected to heat under an inert atmosphere 
will generate a CO concentration/time profile with a distinct plateau 
region. 
surface area is the limiting reactant. 
catalyst is the limiting reactant and no plateau is observed. 
reduction rate is independent of loading for high loading samples 
while for low loading samples the rate is a function of both loading 
and time. 

substrates. 
potassium on molar basis. In general, the surface saturation limit 
is independent of the initial loading but depends on the total 
surface area of the substrate. 

For a sufficiently high loading, a sodium or potassium 

In this region, catalyst is the excess reactant and carbon 
For low loading samples, 

The 

There is a saturation limit for the alkali catalyst on carbon 
This limit appears to be the same for both sodium and 
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Table 1. Catalyst Soecifications in the Studied Samoles 

Samole Catalyst IM/C), atomic ratio 

A K 0.00089 
B K 0.0027 
C K 0.0054 
D K 0.013 
E K 0.021 
F K 0.025 
G K 0.027 
H Na 0.011 
I Na 0.029 
J Na 0.049 
K Na 0.067 
L Na 0.091 
M Na 0.131 

t I 

NO CO, gasification 

0' I 
Time 

Figure 1. Temperature-proprmed rex t ion;  Schedule 1 
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ROLE OF O X Y G E N  I N  ALKALI-CATALYZED HYDROGEN 
GASIFlCATlON OF 'CARBON BLACK 

M i c h a e l  H. T r e p t a u ,  Hosse in  Z o h e i d i ,  and Denn is  J. H i l l e r  

Depar tment  of Chemical  E n g i n e e r i n g  
U i c h i g a n  S t a t e  U n i v e r s i t y  

E a s t  L a n s i n g ,  U l  48824-1226 

INTRODUCTION 

The hyd rogen  g a s i f i c a t i o n  of ca rbon  i n  t h e  p resence  of a l k a l i  m e t a l  
s a l t s  has been r e p o r t e d  i n  o n l y  a few s t u d i e s  t1 -31 ,  and l i t t l e  i n f o r m a t i o n  
about  r e a c t i o n  k i n e t i c s  o r  c a t a l y t i c  enhancement i s  a v a i l a b l e .  The 
u n c a t a l y z e d  r e a c t i o n .  i n  c o n t r a s t ,  has r e c e i v e d  c o n s i d e r a b l e  a t t e n t i o n  14,51. 
Of p a r t i c u l a r  i n t e r e s t  a r e  t h e  r e s u l t s  o f  Can and Back t 6 1  and B lacknood  171, 
*ho r e p o r t e d  t h e  e f f e c t s  o f  oxygen on t h e  methane p r o d u c t i o n  r a t e .  

i t  i s  a d i r e c t  r o u t e  t o  methane p r o d u c t i o n  and because i t  o f f e r s  a u n i q u e  
env i ronmen t  i n  w h i c h  t o  s t u d y  g a s i f i c a t i o n  c a t a l y s t  b e h a v i o r .  Hydrogen 
g a s i f i c a t i o n  i n v o l v e s  an e l e m e n t a l  f e e d  gas (H.) and a s i n g l e  p r o d u c t  (CH.), 
t h u s  f a c i l i t a t i n g  a c c o u n t i n g  o f  c a r b o n  and oxygen f r o m  b o t h  r e a c t a n t  and 
c a t a l y s t  d u r i n g  g a s i f i c a t i o n .  The n o r k  p r e s e n t e d  i n  t h i s  paper  f o c u s e s  on 
t h e  i m p o r t a n c e  o f  oxygen i n  hyd rogen  g a s i f i c a t i o n ,  and d i s c u s s e s  r e s u l t s  o f  
exper imen ts  i n v o l v i n g  b o t h  a l k a l i - m e t a l  c a t a l y z e d  and u n c a t a l y z e d  r e a c t i o n s .  
T h i s  s t u d y  i s  a c o n t i n u a t i o n  o f  e a r l i e r  work t B 1 .  

Hydrogen g a s i f i c a t i o n  i s  under  i n v e s t i g a t i o n  i n  our l a b o r a t o r y  because 

EXPERIMENTS 

The ca rbon  u s e d  i n  t h i s  s t u d y  i s  a g r a p h i t i c  ca rbon  l a o p b l a c k  ( F i s h e r  
S c i e n t i f i c )  w i t h  a n  i n i t i a l  BET s u r f a c e  a r e a  o f  20 square  me te rs  p e r  gram and 
an i m p u r i t y  c o n t e n t  o f  l e s s  t h a n  0.1 p e r  c e n t .  The c a t a l y s t s  (KaCO=, NaaCO=, 
K C I )  were d e p o s i t e d  on t h e  ca rbon  by  wet i m p r e g n a t i o n  i n  m e t a l  t o  ca rbon  
molar  r a t i o s  o f  a p p r o x i m a t e l y  0.01 and 0.02. U n c a t a l y z e d  ca rbon  samples n e r e  
a l s o  p u t  t h r o u g h  t h e  same i m p r e g n a t i o n  p r o c e d u r e  b u t  w i t h o u t  a d d i t i o n  o f  
c a t a l y s t .  A c t u a l  U / C  r a t i o s ,  measured by n e u t r o n  a c t i v a t i o n  a n a l y s i s ,  a r e  
K/C = 0.0093 and 0.0192 f o r  KaCO., Na/C = 0.0111 and 0.0221 f o r  NaaC03, and 
K / C  = 0.019 f o r  K C I .  T y p i c a l  sample s i z e s  g a s i f i e d  were 60-70 m i l l i g r a m s .  

The g a s i f i c a t i o n  a p p a r a t u s  c o n s i s t s  o f  a f i x e d  bed d i f f e r e n t i a l  r e a c t o r  
equipped w i t h  a gas  c o l l e c t i o n  system and gas ch romatog raph  ' f o r  r a t e  
measurement and p r o d u c t  gas a n a l y s i s .  The p r e s s u r e  v e s s e l  i s  a Haynes A l l o y  
t u b e  (0 .875"  I D  and  2.0" OD) des igned  f o r  s i m u l t a n e o u s  o p e r a t i o n  a t  1000DC 
and 1000 p s i .  R a t e  i s  measured a s  r a t e  o f  methane e v o l u t i o n  v i a  t i m e d  
c o l l e c t i o n  o f  p r o d u c t  gas; e v o l u t i o n  r a t e s  as  l ow  as  0.005 n l l m i n  can be 
a c c u r a t e l y  measured. F u r t h e r  d e t a i l s  a r e  g i v e n  e l s e w h e r e  181. 

811 g a s i f i c a t i o n  e x p e r i m e n t s  n e r e  c a r r i e d  o u t  i n  p u r e  hyd rogen  ( A i r c o ,  
99.999%) a t  500 p s i  p r e s s u r e  and a f l o w  r a t e  o f  3 -5  l i t e r s ( S T P ) / m i n u t e l g r a r  
i n i t i a l  ca rbon .  In a l l  r e a c t i o n s  t h e  a p p a r a t u s  was evacua ted  t h r e e  t i n e s  and 
t h e n  purged i n  h e l i u m  d u r i n g  i n i t i a l  h e a t i n g .  Hydrogen nas t h e n  added t o  t h e  
r e a c t o r  a t  500'C in most  e x p e r i m e n t s .  I n  some e x p e r i m e n t s  u n c a t a l y z e d  
Samples mere degassed by h e a t i n g  t o  1000°C i n  vacuum f o r  t n e l v e  h o u r s  b e f o r e  
g a s i f i c a t i o n ,  and i n  o t h e r s  hyd rogen  was added a t  room t e m p e r a t u r e .  

I 

I 
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RESULTS 

A11 g a s i f i c a t i o n  exper iments  ne re  conducted i n  a l a r g e  e x c e s s  of 
hydrogen, s o  t h a t  t h e  methane format ion  r e a c t i o n  was f a r  f ron  equ i l ib r ium.  
I n  a d d i t i o n ,  r epea ted  exper iments  i n  which s a n p l e  s i z e  and f l o n  r a t e  mere 
changed and in which sample t empera tu re  was measured a l low u s  t o  conclude  
t h a t  the  r e s u l t s  r e p r e s e n t  i n t r i n s i c  and r e p r o d u c i b l e  k i n e t i c  r a t e  
measurements f o r  t h e  hydrogen g a s i f i c a t i o n .  

Cata lvzed  G a s i f i c a t i o n :  The exper imenta l  d a t a  a r e  r ep resen ted  as  r a t e  of 
methane evo lu t ion  ve r sus  t ime dur ing  g a s i f i c a t i o n .  The s t a r t  of r e a c t i o n  
(t .0) i s  taken as t he  t ime nhere  hydrogen i s  added t o  the r e a c t i o n  v e s s e l  
(500°C); s t eady  s t a t e  tempera ture  is  reached  a f t e r  about 55 minutes. I n  t he  
F igu res ,  t h e  symbols r e p r e s e n t  i nd iv idua l  c o l l e c t i o n  p o i n t s ;  t h e  cu rve  
r e p r e s e n t s  t h e  bes t  f i t  of t h e  r a t e  d a t a .  Methane e v o l u t i o n  r a t e  i s  
normalized t o  i n i t i a l  carbon weight;  i n t e g r a t i o n  of t h e  r a t e  cu rve  g i v e s  a 
carbon convers ion  c l o s e  t o  t h a t  ob ta ined  by ne ighing  t h e  sample r e s i d u e .  

Methane e v o l u t i o n  r a t e  f o r  g a s i f i c a t i o n  in  t h e  p re sence  o f  NanCO. and 
KaCO. c a t a l y s t s  a t  865OC a r e  given in  F igu re  I f o r  M/C = 0.02 and in F igu re  2 
f o r  H/C = 0.01. The r a t e  cu rve  f o r  sodium i s  s ca l ed  t o  t h e  same M l C  r a t i o  a s  
potassium. T h e  r e s u l t s  shon t h a t  both c a t a l y s t s  enhance t h e  r a t e  of hydrogen 
g a s i f i c a t i o n ,  bu t  shon d i f f e r e n t  c a t a l y t i c  e f f e c t s  as  carbon i s  consumed. 
For NaaCOJ, r a t e  i s  a maximum near  t h e  t ime where s t eady  s t a t e  t empera tu re  i s  
f i r s t  reached ,  whereas f o r  KaCOs t h e  r a t e  i n c r e a s e s  a s  g a s i f i c a t i o n  proceeds .  
The r e s u l t s  f o r  g a s i f i c a t i o n  i n  t h e  p re sence  o f  KCl a r e  a l s o  g iven  i n  F igu re  
1 ,  and shon t h a t  KC1 has  l i t t l e  c a t a l y t i c  e f f e c t  i n  hydrogen g a s i f i c a t i o n .  

over t h e  tempera ture  range  o f  7B0-9OO0C f o r  the  unca ta lyzed  r e a c t i o n  and i n  
t h e  presence  o f  t h e  ca rbona te  c a t a l y s t s .  The Arrhenius  p l o t s  a r e  given  i n  
F igu re  3 a t  20% carbon convers ion  f o r  a l l  t h r e e  samples;  a l s o  shonn ( b y  
do t t ed  l i n e )  i s  t h e  p l o t  a t  30% conver s ion  f o r  t h e  NaoCOl sample. The 
c a l c u l a t e d  a c t i v a t i o n  energy a t  20% conver s ion  i s  220 kJlmole f o r  KaCO., 251 
kJ/mole f o r  Na.CO., and 2.54 kd lno le  f o r  t h e  unca ta lyzed  r e a c t i o n .  The loner  
va lue  f o r  t he  potass ium c a b a l y s t  r e s u l t s  from s c a t t e r  i n  t h e  d a t a ,  as 
potass ium c a t a l y s t  gave t h e  h i g h e s t  r e a c t i o n  r a t e  and t h u s  the f e n e s t  nunber 
o f  c o l l e c t i o n  p o i n t s .  Therefore ,  t h e  a c t i v a t i o n  energy i s  t h e  same w i t h i n  
exper imenta l  u n c e r t a i n t y  f o r  both ca t a lyzed  and unca ta lyzed  r e a c t i o n s  and 
approximate ly  equal  t o  250 kdlmole. 

T h e  d i f f e r e n t  g a s i f i c a t i o n  r a t e  cu rves  f o r  sodium and potass ium 
ca ta lyzed  reac t i 'ons  l e d  t o  i n v e s t i g a t i o n  of t h e  i n t e r a c t i o n  be tneen  c a t a l y s t  
and carbon and e v o l u t i o n  o f  oxygen s p e c i e s  du r ing  hea tup .  In t h e s e  
exper iments ,  t h e  r e a c t o r  was purged as  u s u a l ,  b u t  the sample nas  hea ted  i n  
hydrogen and gas  e v o l u t i o n  was monitored du r ing  hea tup .  The r e s u l t s  of t h e s e  
exper iments  a r e  g iven  in  Table  1. T h e  pr imary  gas  evolved  from K.CO. i s  CO., 
which appea r s  i n  t h e  tempera ture  r ange  of 300-500°C, n h i l e  NaaCOI r e l e a s e s  
p r i m a r i l y  C O  a t  400-700OC. T h e  unca ta lyzed  r e a c t i o n  r e l e a s e s  very  sma l l  
q u a n t i t i e s  of each gas  a t  s i m i l a r  t empera tu res ,  p robably  from neakly bound 
oxygen s p e c i e s  on the carbon s u r f a c e .  

Ac t iva t ion  energy  of t h e  hydrogen g a s i f i c a t i o n  r e a c t i o n  nas measured 
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TABLE 1 
Gas E v o l u t i o n  d u r i n g  Sample Heatup 

cn/c = 0.02) 

C a t a l y s t  C O  COa T o t a l  F r a c t i o n  o f  Oxygen 
(mg) (mg) Oxygen i n  C a t a l y s t  E v o l v e d  

(mg) as CO a s  Con 

KaCOs 0.50 1.05 1.04 0.12 0.31 
NazCO. 1.05 0.29 0.81 0.22 0.05 
none 0.031 0.102 0 . 0 9 3  

U n c a t a l y r e d  G a s i f i c a t i o n :  The e f f e c t s  of i n d i g e n o u s  oxygen,  p r e s e n t  on t h e  
s u r f a c e  or  i n  t h e  b u l k  o f  t h e  un impregna ted  ca rbon ,  was i n v e s t i g a t e d  b y  
c o n d u c t i n g  s e v e r a l  e x p e r i m e n t s  i n  w h i c h  t h e  c a r b o n  nas  e i t h e r  degassed o r  
p a r t i a l l y  r e a c t e d  i n  oxygen. Carbon was degassed b y  h e a t i n g  t o  1000°C i n  
vacuum t o  remove a d s o r b e d  oxygen. Oxygen was r e p l e n i s h e d  on t h e  c a r b o n  
s u r f a c e  by p a r t i a l  combus t ion  i n  a i r  a t  400OC. The p a r t i a l  combus t ion  was 
c o n t r o l l e d  by a d m i t t i n g  a f i n i t e  amount o f  oxygen i n t o  t h e  p r e s s u r e  v e s s e l  
and t h e n  a l l o n i n q  t h e  r e a c t i o n  t o  go  t o  c o m p l e t i o n .  

R e s u l t s  o f  t h e  e x p e r i m e n t s  a r e  g i v e n  i n  F i g u r e  4 as methane f o r m a t i o n  
r a t e  v e r s u s  ca rbon  c o n v e r s i o n .  The s o l i d  c i r c l e s  r e p r e s e n t  r a t e  f o r  an 
u n t r e a t e d  sample.  The open squares  r e p r e s e n t  a sample i n i t i a l l y  degassed, 
g a s i f i e d  i n  h y d r o g e n  ( t o  20% c o n v e r s i o n ) ,  p a r t i a l l y  combusted i n  oxygen ( t o  
35% c o n v e r s i o n ) ,  and  t h e n  f u r t h e r  g a s i f i e d  i n  hyd rogen .  The open t r i a n g l e s  
r e p r e s e n t  a sample i n i t i a l l y  g a s i f i e d  i n  hyd rogen  ( t o  25% c o n v e r s i o n ) ,  
p a r t i a l l y  combusted i n  oxygen ( t o  35% c o n v e r s i o n ) ,  and then  f u r t h e r  g a s i f i e d  
i n  hydrogen.  The r e s u l t s  show t h a t  degass ing  r e d u c e s  g a s i f i c a t i o n  r a t e ,  and 
t h a t  p a r t i a l  c o m b u s t i o n  i n  oxygen r e c o v e r s  some r e a c t i v i t y  t oward  hyd rogen .  
I t  was necessa ry  t o  p a r t i a l l y  combust t h e  c a r b o n  t o  r e c o v e r  r e a c t i v i t y ;  an 
exper imen t  i n  wh ich  t h e  ca rbon  Was exposed t o  oxygen a t  room t e m p e r a t u r e  
showed no subsequen t  i n c r e a s e  i n  r e a c t i v i t y  t o w a r d  hydrogen,  t h u s  i n d i c a t i n g  
l i t t l e  r e a c t i o n  bet*een oxygen and ca rbon .  

D I S C U S S I O N  

F i g u r e s  1 and 2 i l l u s t r a t e  t h a t  b o t h  sod ium and  p o t a s s i u m  c a r b o n a t e  a r e  
e f f e c t i v e  hyd rogen  g a s i f i c a t i o n  c a t a l y s t s .  The c u r v e s  a l s o  show t h a t  t h e  
g a s i f i c a t i o n  r a t e  changes  s i g n i f i c a n t l y  as c a r b o n  i s  consueed, and i n  a 
d i f f e r e n t  manner f o r  each c a t a l y s t .  

Tno q u a n t i t i e s  p e r t a i n i n g  t o  g a s i f i c a t i o n  o f  t h i s  carbon, measured i n  an 
e a r l i e r  work [El, must b e  ment ioned.  F i r s t ,  s p e c i f i c  BET s u r f a c e  a r e a  of t h e  
ca rbon  b l a c k  i n c r e a s e s  d r a m a t i c a l l y  d u r i n g  g a s i f i c a t i o n  [ E l ,  i n c r e a s i n g  
a p p r o x i m a t e l y  l i n e a r l y  u i t h  c o n v e r s i o n  f r o m  20 ma/g i n i t i a l l y  t o  400 m'lg a t  
s i x t y  p e r  c e n t  c o n v e r s i o n  f o r  b o t h  c a t a l y z e d  and u n c a t a l y z e d  r e a c t i o n s .  
A b s o l u t e  ca rbon  s u r f a c e  a r e a  t h e r e f o r e  i n c r e a s e s  abou t  s i x - f o l d  up t o  60% 
c o n v e r s i o n .  S p e c i f i c  r e a c t i o n  r a t e  based on  t h i s  a r e a  i s  n e a r l y  c o n s t a n t  f o r  
t h e  KzCOs-cata lyzed samples o v e r  t h e  c o u r s e  o f  g a s i f i c a t i o n ,  b u t  dec reases  
s t r o n g l y  f o r  o t h e r  samples. T h i s  i n d i c a t e s  t h a t ,  a t  l e a s t  f o r  t h e  
u n c a t a l y z e d  case,  r a t e  i s  n o t  r e l a t e d  t o  t o t a l  s u r f a c e  area. Second ly ,  
s i g n i f i c a n t  c a t a l y s t  i 5  l o s t  f r o m  t h e  sample d u r i n g  g a s i f i c a t i o n  C87; t h e  
amount o f  c a t a l y s t  a f t e r  g a s i f i c a t i o n ,  d e t e r m i n e d  b y  n e u t r o n  a c t i v a t i o n  
a n a l y s i s ,  dec reases  l i n e a r l y  u i t h  c o n v e r s i o n  t o  a p p r o x i m a t e l y  o n e - t h i r d  o f  
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t h e  i n i t i a l  v a l u e  a t  801 f o r  b o t h  Na.COs and K.COs. T o t a l  s u r f a c e  a r e a  
development  and c a t a l y s t  l o s s  do n o t  e x p l a i n  t h e  i n c r e a s e  i n  r a t e  w i t h  
c o n v e r s i o n ,  however, and o t h e r  f a c t o r s  must t h e r e f o r e  accoun t  f o r  t h e  
observed b e h a v i o r .  

n e a r l y  t h e  same b o t h  f o r  c a t a l y z e d  and u n c a t a l y z e d  r e a c t i o n s  and a t  d i f f e r e n t  
c o n v e r s i o n s .  T h i s  i s  i n  acco rdance  w i t h  r e s u l t s  o f  o t h e r  i n v e s t i g a t o r s  [ 9 -  
101 f o r  steam and ca rbon  d i o x i d e  g a s i f i c a t i o n ,  and s u g g e s t s  t h a t  t h e  r o l e  o f  
t h e  c a t a l y s t  i s  t o  i n c r e a s e  t h e  number o f  a c t i v e  s i t e s  w i t h o u t  c h a n g i n g  t h e  
r e a c t i o n  mechanism. T h i s  i n d i c a t e s  t h a t  t h e  a c t i v e  s i t e s  i n  b o t h  c a t a l y z e d  
and u n c a t a l y z e d  g a s i f i c a t i o n  must p e r f o r m  a s i m i l a r  f u n c t i o n ,  and t h a t  
d i f f e r e n t  shapes o f  t h e  r a t e  c u r v e s  i n  F i g u r e s  I and 2 f o r  sodium and 
po tass ium c a t a l y s t s  must b e  a t t r i b u t e d  n o t  t o  d i f f e r e n t  r e a c t i o n  mechanisms 
b u t  t o  d i f f e r e n c e s  i n  a c t i v e  s i t e  p o p u l a t i o n  as g a s i f i c a t i o n  p r o g r e s s e s .  The 
v a l u e  o f  apparen t  a c t i v a t i o n  energy (250 k J / m o l e )  i s  somewhat h i g h e r  t h a n  
v a l u e s  r e p o r t e d  (150-210 k J I m o l e )  C4,5,111 f o r  u n c a t a l y z e d  methane f o r m a t i o n .  
The o n l y  s t u d y  f o r  which a h i g h e r  a c t i v a t i o n  energy  (300 k J / m o l e )  was found  
was f o r  t h e  r e a c t i o n  w i t h  g r a p h i t e  a t  1200-16OO0C C121. T h i s  i s  f u r t h e r  
ev idence  t h a t  t h e  r a t e  measurements r e p r e s e n t s  i n t r i n s i c  r e a c t i o n  k i n e t i c s ,  
and sugges ts  t h a t  v a l u e s  o f  a c t i v a t i o n  energy  measured f o r  po rous  c a r b o n s  and 
c h a r s  may i n c l u d e  e f f e c t s  of d i f f u s i o n  r e s i s t a n c e s  and m i n e r a l  m a t t e r .  

g i v e n  i n  F i g u r e  4, show t h a t  t h e  p r e s e n c e  o f  oxygen on t h e  ca rbon  s u r f a c e  
s t r o n g l y  enhances g a s i f i c a t i o n  r a t e .  T h i s  i s  i n  agreement  w i t h  t h e  r e s u l t s  
o f  Cao and Back [61 ,  who r e p o r t  an o r d e r  o f  magn i tude  i n c r e a s e  i n  methane 
f o r m a t i o n  r a t e  when 0.1% oxygen i s  added t o  t h e  hyd rogen  f e e d  s t ream,  and 
w i t h  t h e  r e s u l t s  o f  B lackwood [71 ,  who obse rved  t h a t  methane f o r m a t i o n  r a t e  
was p r o p o r t i o n a l  t o  oxygen c o n t e n t  o f  coconu t  cha r .  I f  oxygen i s  t h e  key 
e n t i t y  which enhances g a s i f i c a t i o n  r a t e ,  t h e n  t h e  obse rved  dec rease  i n  r a t e  
H i t h  t i m e  f o r  u n c a t a l y z e d  and u n t r e a t e d  c a r b o n  ( s o l i d  c i r c l e s  i n  F i g u r e  4 )  i s  
c o n s i s t e n t  w i t h  t h e  concep t  t h a t  s u r f a c e  oxygen i s  s l o w l y  s t r i p p e d  f r o m  t h e  
ca rbon  d u r i n g  r e a c t i o n  a t  SbS0C. T h i s  concep t  i s  s u p p o r t e d  by t h e  s l o w e r  o r  
n e a r l y  n o n e x i s t e n t  dec rease  i n  r a t e  w i t h  t i m e  f o r  t h e  u n c a t a l y z e d  r e a c t i o n  a t  
l o w e r  t e m p e r a t u r e s ,  i n  which oxygen i s  n o t  removed f r o m  t h e  s u r f a c e .  

l ow  l e v e l  ( 0 . 8  m l  CH./min/gram C) wh ich  i s  e s s e n t i a l l y  i n v a r i a n t  w i t h  t i m e .  
The f i n i t e  r a t e  a f t e r  degass ing  r e s u l t s  e i t h e r  f r o m  t h e  i n t r i n s i c  c a r b o n -  
hydrogen r e a c t i v i t y  o r  f r o m  t h e  p resence  of low l e v e l s  o f  oxygen i m p u r i t i e s  
i n  t h e  carbon o r  r e a c t a n t  gas. When t h e  degassed sample i s  combusted i n  
oxygen a t  4 O O 0 C ,  g a s i f i c a t i o n  r a t e  i n c r e a s e s  by a p p r o x i m a t e l y  2.0 m 1  
CH./min/gram C. S i m i l a r l y ,  when a sample n o t  i n i t i a l l y  degassed ( t r i a n g l e s  
i n  F i g u r e  4) i s  combusted i n  oxygen a t  4 O O 0 C  t h e  r a t e  a l s o  i n c r e a s e s  by  
a p p r o x i m a t e l y  2.0 m l  CH./min/gram C ,  s u g g e s t i n g  t h a t  p a r t i a l  co rnbus t i on  
r e s u l t s  i n  f o r m a t i o n  o f  a s i m i l a r  number o f  new a c t i v e  s i t e s  i n  b o t h  cases.  
F u r t h e r ,  t hese  r e s u l t s  i n d i c a t e  t h a t  nebd a c t i v e  s i t e s  a r e  formed i n  a d d i t i o n  
t o  those  a l r e a d y  e x i s t i n g  on t h e  s u r f a c e .  The t o t a l  methane e v o l u t i o n  r a t e  
i s  t h e r e f o r e  t h e  sum o f  t h e  r a t e s  f r o m  t h e  o r i g i n a l  oxygen-bear ing  s i t e s  
which a r e  s t i l l  a c t i v e  and f rom t h e  s i t e s  c r e a t e d  by  p a r t i a l  combust ion.  

The d i f f e r e n t  r a t e  c u r v e s  f o r  sodium and p o t a s s i u m  c a r b o n a t e  c a t a l y s t s  
and t h e  e v o l u t i o n  u f  d i f f e r e n t  gases d u r i n g  hea,tup shows t h a t  t h e  c a t a l y s t -  
ca rbon  i n t e r a c t i o n s  a r e  s u b s t a n t i a l l y  d i f f e r e n t  f o r  t h e  two  cases.  Fo r  K a C O x  
(R/C=0.02) ,  t h e  e v o l u t i o n  o f  o n e - t h i r d  of t h e  oxygen i n  t h e  c a t a l y s t  as  CO, 
i s  c o n s i s t e n t  w i t h  r e s u l t s  r e p o r t e d  b y  Rims and Pabs t  (131  and Uood and 
S a n c i e r  [ I 4 1  f o r  f o r m a t i o n  o f  a s u r f a c e  o x i d e .  I t  i s  n o t  known a t  t h i s  t i m e  

The A r r h e n i u s  p l o t  i n  F i g u r e  3 shows t h a t  a p p a r e n t  a c t i v a t i o n  e n e r g y  i s  

R e s u l t s  f r o m  degass ing  and p a r t i a l  combus t ion  o f  u n c a t a l y z e d  ca rbon ,  

Degassing t h e  ca rbon  (open squares  i n  F i g u r e  4 )  dec reases  t h e  r a t e  t o  a 
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if a K-0-C  t y p e  complex i s  formed i n  t h e  p r e s e n c e  o f  hydrogen;  honever ,  based 
on t h e  f a c t  t h a t  a b s o l u t e  r a t e  i n c r e a s e s  and s p e c i f i c  r a t e  i s  m a i n t a i n e d ,  i t  
can  be  c o n c l u d e d  t h a t  t h e  p o t a s s i u m  c a t a l y s t  d i s p e r s e s  i n  a S t a b l e  s t a t e  on 
t h e  ca rbon  s u r f a c e  and f o r m s  nen a c t i v e  s i t e s  a s  g a s i f i c a t i o n  p r o g r e s s e s .  
These o b s e r v a t i o n s  a r e  c o n s i s t e n t  w i t h  t h o s e  r e p o r t e d  f o r  a s u r f a c e  o x i d e  
complex; howe\,er no  c o n c l u s i o n s  can be made. 

p y r o p h o r i c  n a t u r e  o f  p o t a s s i u m - c o n t a i n i n g  sample r e s i d u e s  f r o m  1011 
t e m p e r a t u r e  g a s i f i c a t i o n  make i t  i m p o s s i b l e  t o  r u l e  o u t  i n t e r c a l a t i o n  o f  
po tass ium a s  an i n t e r m e d i a t e  s t e p  i n  g a s i f i c a t i o n .  T h i s  phenomena has been 
d i s m i s s e d  f o r  c a r b o n  o x i d a t i o n  r e a c t i o n s  b u t  h a s  n o t  been i n v e s t i g a t e d  f o r  
t h e  r e d u c i n g  h y d r o g e n  g a s i f i c a t i o n  env i ronmen t ,  and i t  i s  p o s s i b l e  t h a t  b o t h  
i n t e r c a l a t i o n  and s u r f a c e  o x i d e  f o r m a t i o n  t a k e  p l a c e .  I n t e r c a l a t i o n  i s  
r e p o r t e d  t o  be a s i n k  f o r  p o t a s s i u m  [151 ,  t h u s  e x p l a i n i n g  t h e  l o n  i n i t i a l  
a c t i v i t y  f o r  K/C=O.OI samples.  Sodium does n o t  i n t e r c a l a t e ;  t h i s  may p r o v i d e  
an e x p l a n a t i a n  o t  o b s e r v e d  g a s i f i c a t i o n  b e h a v i o r .  

temper?, tures d ~ ! r i n g  h e a t u p  sugges ts  t h a t  t h e  c a r b o t h e r m i c  r e a c t i o n  i s  t a k i n g  
p l a c e .  I t  has been r e p o r t e d  t h a t  sod ium m e t a l  i n t e r a c t s  w i t h  s u r f a c e  oxygen 
[ I 6 1  t o  f o r m  an o x i d e  complex s i m i l a r  t o  t h a t  f o r  po tass ium;  i t  i s  p o s s i b l e  
t h a t  such  a complex is r e s p o n s i b l e  f o r  t h e  c a t a l y t i c  a c t i v i t y .  

Two o b s e r v a t i o n s  suages t  t h a t  t h e  i n t e r a c t i o n  o f  t h e  sodium c a t a l y s t  
w i t h  c a r b o n  i s  n o t  a s  s t r o n g  a s  t h a t  o f  po tass ium.  F i r s t ,  a f t e r  g a s i f i c a t i o n  
i n  hydrogen t h e  c a r b o n  r e s i d u e s  c o n t a i n e d  v i s i b l e  p a r t i c l e s  of sodium 
c a r b o n a t e ,  i n d i c a t i n g  t h a t  s i g n i f i c a n t  a g g l o m e r a t i o n  o f  c a t a l y s t  occu red .  
A l so ,  t h e  t o t a l  amount o f  oxygen e v o l v e d  d u r i n g  hea tup  f o r  t h e  HlC-0.02 
samples ( T a b l e  1) was l e s s  f o r  sodium t h a n  f o r  po tass ium.  These o b s e r v a t i o n s  
i n d i c a t e  t h a t  t h e  o v e r a l l  i n t e r a c t i o n  o f  sodium c a r b o n a t e  n i t h  ca rbon  i s  n o t  
as s t r o n g  as  t h e  i n t e r a c t i o n  o f  p o t a s s i u m  c a r b o n a t e  w i t h  ca rbon ,  and i t  i s  
l i k e l y  t h a t  sodium f o r m s  few new a c t i v e  s i t e s  a s  g a s i f i c a t i o n  proceeds.  The 
obse rved  r a t e  i s  t h e r e f o r e  seen t o  dec rease  w i t h  c o n v e r s i o n .  

u n c d t a l y z e d  sample o r  an PI-0- complex f o r  t h e  c a t a l y z e d  r e a c t i o n s )  p romote  
hydrogen g a s i f i c a t i o n  h a s  n o t  been s t u d i e d .  Honever ,  t h e r e  i s  some ev idence  
which a l l o w s  t h e  r o l e  o f  t h e s e  s p e c i e s  t o  b e  p o s t u l a t e d .  Yang and Duan [171  
havs r e c e n t l y  r e p o r t e d  u s i n g  e t c h  p i t  a n a l y s i s  t h a t  t h e  a rm-cha i r  (11211  f a c e  
o f  g r a p h i t e  1 5  more r e a c t i v e  t h a n  t h e  z i g - z a g  (10111 f a c e ,  and t h a t  hyd rogen  
i n h i b i t s  g a s i f i c a t i o n  i n  C O a  and H a O  by p r e f e r e n t i a l l y  a d s o r b i n g  on and t h u s  
s t a b i l i z i n g  t h e  z i g - z a g  face .  The p resence  of  hyd rogen  r e s u l t s  i n  t h e  
f o r m a t i o n  o f  hexagona l  ( z i g - z a g )  e t c h  p i t s  o f  low r e a c t i v i t y .  (Llong w i t h  
t h i s ,  chemiso rbed  h y d r o g e n  i s  known t o  s t r o n g l y  b i n d  t o  carbon and r e d u c e  
oxygen a d s o r p t i o n  c a p a c i t y  [181 .  I n  c o n t r a s t ,  g a s i f i c a t i o n  i n  C O n  a l o n e  
r e s u l t s  i n  r o u n d  p i t s  w i t h  a rm-cha i r  edges. F o r  hyd rogen  g a s i f i c a t i o n ,  
Z i e l k e  and G o r i n  1111 p o s t u l a t e d  t h a t  r e a c t i o n  i s  s t e r i c a l l y  a o r e  s u i t e d  t o  
t h e  a rm-cha i r  f a c e .  Thus i t  i s  l i k e l y  t h a t  t h e  f u n c t i o n  o f  t h e  oxygen- 
b e a r i n g  s u r f a c e  s p e c i e s  i s  t o  m a i n t a i n  and p r o p a g a t e  a r m - c h a i r  r e a c t i o n  s i t e s  
on the  c a r b o n  d u r i n g  g a s i f i c a t i o n .  Removal o f  oxygen spec ies ,  e i t h e r  b y  
d e s o r p t i o n  o r  r e d u c t i o n ,  r e s u l t s  i n  consumpt ion  o f  a rm-cha i r  s i t e s ,  l e a v i n g  
o n l y  r e s i d u a l  and u n r e a c t i v e  z i g - z a g  f a c e s  t o  n h i c h  hyd rogen  s t r o n g l y  b i n d s .  
Combust ion i n  oxygen  r e s u l t s  i n  f o r m a t i o n  o f  nen  a rm-cha i r  f a c e s ,  r e s u l t i n g  
i n  enhancement o f  h y d r o g e n  g a s i f i c a t i o n  r a t e .  S i m i l a r l y ,  t h e  a d d i t i o n  o f  
c a t a l y s t  r e s u l t s  i n  t h e  p resence  o f  a l a r g e r  q u a n t i t y  and p o s s i b l y  more 
s t a b l e  O x y g e n - c o n t a i n i n g  s p e c i e s  n h i c h  p r o p o g a t e  t h e  a r m - c h a i r  f aces ,  t h u s  
c a t a l y z i n g  t h e  r e a c t i o n .  

The l o w  i n i t i a l  c a t a l y t i c  a c t i v i t y  f o r  KlC=O.Ol samples and t h e  obse rved  

F o r  t h e  NalC03 c a t a l y s t ,  e v o l u t i o n  o f  p r i m a r i l y  C O  a t  h i g h e r  

The mechanism b y  n h i i h  t h e  oxygen-bear ing  s p e c i e s  ( n h e t h e r  oxygen i n  t h e  
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T h i s  i d e a  i s  a l s o  c o n s i s t e n t  w i t h  r e s u l t s  r e p o r t e d  b y  Baker  e t  a l .  1191 
and Tomi ta and Tamai 1201 f o r  ba r ium and t r a n s i t i o n  m e t a l  c a t a l y z e d  hyd rogen  
g a s i f i c a t i o n ,  i n  n h i c h  r e a c t i o n  o c c u r s  v i a  c h a n n e l i n g  o f  c a t a l y s t  p a r t i c l e s  
i n  t h e  <1120) c r y s t a l l o g r a p h i c  d i r e c t i o n .  The r e s i d u a l  z i g - z a g  f a c e s  l e f t  b y  
t h e  channe l  show no r e a c t i v i t y .  These c a t a l y s t s  t h e r e f o r e  p r o p a g a t e  t h e  arm 
c h a i r  f a c e  a t  t h e  head o f  t h e  channe l ,  r e s u l t i n g  i n  c o n t i n u e d  g a s i f i c a t i o n .  

CONCLUSIONS 

The s i m i l a r  a p p a r e n t  a c t i v a t i o n  energy  and s u r f a c e  a r e a  development  f o r  
u n c a t a l y z e d  and c a t a l z y e d  hyd rogen  g a s i f i c a t i o n  r e a c t i o n s  s u g g e s t s  t h a t  
c a t a l y s t s  i n c r e a s e  t h e  number of a v a i l a b l e  r e a c t i o n  s i t e s  w i t h o u t  c h a n g i n g  
t h e  r e a c t i o n  mechanism. S u r f a c e  oxygen enhances t h e  r a t e  o f  g a s i f i c a t i o n ;  
t h i s  a l o n g  w i t h  e v o l u t i o n  o f  C O a  f r o m  p o t a s s i u m  c a r b o n a t e  d u r i n g  h e a t u p  makes 
possible t h e  i d e a  t h a t  a s u r f a c e  oxygen complex i s  t h e  c a t a l y t i c  agen t .  
Eased on e v i d e n c e  i n  t h e  l i t e r a t u r e ,  t h e  r o l e  o f  s u r f a c e  oxygen i s  p o s t u l a t e d  
t o  be  p r o p o g a t i a n  o f  t h e  a r m - c h a i r  c o n f i g u r a t i o n  o f  edge s i t e s  d u r i n g  
g a s i f i c a t i o n .  These a r m - c h a i r  s i t e s  a r e  b e l i e v e d  t o  be t h e  s i t e s  a t  which 
hydrogen g a s i f i c a t i o n  o c c u r s .  
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STEAM GASIFICATION OF CARBONACEOUS SOLIDS CATALYZED BY A 
MIXTURE OF POTASSIUM AND NICKEL OXIDES BELOW 1000 K 

J .  Carrazza, G.  A .  Somorjai and H. Heinemann 

M a t e r i a l s  and Molecu la r  Research D i v i s i o n  
Lawrence Berkeley Labora tory  

U n i v e r s i t y  o f  C a l i f o r n i a  
Berkeley,  C A  94720 

I n t r o d u c t i o n  ~ - -  
The g a s i f i c a t i o n  o f  carbon w i t h  water vapor i s  an i m p o r t a n t  r e a c t i o n  i n  

t h e  i n d u s t r i a l  p r o d u c t i o n  o f  H2. CHI, CO and C02. The use o f  c a t a l y s t s  i s  
necessary i f  t h e  process  i s  c a r r i e d  o u t  a t  temperatures below 1400 K .  Two 
recent  rev iews d i s c u s s  t h e  p r o p e r t i e s  o f  t h e  v a r i o u s  c a t a l y s t s  used f o r  t h i s  
purpose.( l  .2)  A l k a l i n e  and aka l ine-ear th  hydrox ides  and carbonates are  t h e  
c a t a l y s t s  most commonly s tud ied .  These compounds o n l y  show c a t a l y t i c  a c t i v i t y  
a t  temperatures above 1000 K.  Previous work i n  o u r  l a b o r a t o r y  shows t h a t  
below t h i s  tempera ture  KOH r e a c t s  s t o c h i o m e t r i c a l l y  w i t h  g r a p h i t e  and water  
vapor t o  p roduce H Z  and a s t a b l e  sur face  compound.(3) T r a n s i t i o n  metals,  i n  
p a r t i c u l a r  n i c k e l  and i r o n ,  a re  a b l e  t o  c a t a l y s e  t h i s  process a t  temperatures 
as low as 750 K,  b u t  t h e y  d e a c t i v a t e  much f a s t e r  t h a n  t h e  a l k a l i n e  and 
a l k a l i n e - e a r t h  s a l t s .  Several  au thors  have r e p o r t e d  t h a t  n i c k e l  and i r o n  are  
o n l y  a c t i v e  as c a t a l y s t s  f o r  t h i s  process i f  t h e  r e a c t i o n  c o n d i t i o n s  f a v o r s  
t h e i r  presence i n  t h e  m e t a l l i c  s ta te . (4 ,5 )  

We have r e c e n t l y  r e p o r t e d  t h a t  severa l  m i x t u r e s  o f  a t r a n s i t i o n  metal  
ox ide  w i t h  po tass ium hydrox ide  are  e x c e l l e n t  c a t a l y s t s  f o r  t h e  g a s i f i c a t i o n  of 
g r a p h i t e  w i t h  steam.(6) These c a t a l y s t s  a r e  a c t i v e  a t  temperatures much lower  
than t h e  a l k a l i n e  and a l k a l i n e - e a r t h  s a l t s  and t h e y  d e a c t i v a t e  more s l o w l y  
than n i c k e l  and i r o n .  I n  t h i s  p rev ious  p u b l i c a t i o n  i t  was shown t h a t  t h e r e  i s  
a s y n e r g i s t i c  e f f e c t  between t h e  t r a n s i t i o n  meta l  and potassium. 

This  communicat ion summarizes recent  r e s u l t s  i n  t h e  s t u d y  o f  t h i s  t y p e  of  
c a t a l y s t .  We have focused on t h e  use o f  m i x t u r e s  o f  potassium hydrox ide  and 
n i c k e l  o x i d e ,  s i n c e  t h e y  showed the  h i g h e s t  a c t i v i t y  o f  a l l  t h e  systems 
p r e v i o u s l y  s t u d i e d . ( 6 )  A k i n e t i c  study o f  t h e  g a s i f i c a t i o n  o f  s e v e r a l  chars 
and the  dependence o f  t h e  r a t i o  o f  potassium t o  n i c k e l  on t h e  r a t e  o f  g r a p h i t e  
g a s i f i c a t i o n  a r e  presented .  Also t h e  i n t e r a c t i o n  between n i c k e l  and potassium 
i s  studied u s i n g  X-ray Photoe lec t ron  Spectroscopy (XPS). 

Exper imenta l  

The g a s i f i c a t i o n  r a t e s  o f  g r a p h i t e  and f i v e  d i f f e r e n t  chars have been 
obtained. The chars  p re t rea tment ,  e lemental  composi t ion and ASTM rank a r e  
summarized i n  Tab le  1 .  N i c k e l  and potassium were loaded on t h e  carbon 
subs t ra te  b y  i n c i p i e n t  wetness us ing  s o l u t i o n s  o f  Ni(NO3)l  and KOH. A 
d e t a i l e d  e x p l a n a t i o n  o f  t h e  sample t rea tment  a f t e r  c a t a l y s t  l o a d i n g  i s  g i v e n  
i n  a p rev ious  p u b l i c a t i o n . ( 6 )  

A d e t a i l e d  e x p l a n a t i o n  o f  t h e  equipment used i n  these s t u d i e s  i s  g i v e n  
elsewhere.(6,7) The k i n e t i c  s t u d i e s  were done i n  a f i x e d  bed f l o w  r e a c t o r  
w i th  an o n l i n e  gas chromatograph used f o r  p roduc t  a n a l y s i s .  The t o t a l  gas 
produc t ion  as a f u n c t i o n  o f  t ime was determined u s i n g  a gas b u r e t t e  a f t e r  t h e  
Steam was condensed. The XPS s tudy  was done i n  an U l t r a  High Vacuum (UHV) 
chamber coup led  t o  a h i g h  pressure  c e l l .  Th is  apparatus a l l c w e d  us t o  t r e a t  
the  sample under r e a c t i o n  c o n d i t i o n s  and t o  f u r t h e r  t r a n s f e r  i t  t o  UHV f o r  
surface c h a r a c t e r i z a t i o n  w i t h o u t  exposure t o  a i r .  
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A l l  t h e  k i n e t i c  r e s u l t s  were ob ta ined i n  i so thermal  exper iments .  The 
steam f l o w  th rough t h e  sample was e q u i v a l e n t  t o  1 m l  o f  l i q u i d  w a t e r  p e r  
minute.  The r e a c t o r  d iameter  was 0.6 cm. The r e a c t i o n  tempera ture  was 
measured u s i n g  a chromel-alumel thermocouple i n  c o n t a c t  w i t h  t h e  e x t e r n a l  
w a l l  o f  t h e  r e a c t o r .  A t  t h e  beg inn ing  o f  each exper iment,  a s t a b i l i z a t i o n  
p e r i o d  o f  15 min  was a l lowed be fore  da ta  was c o l l e c t e d .  The p r i n c i p a l  
r e a c t i o n  produc ts  were H2 and C02.  The g a s i f i c a t i o n  r a t e s  were determined 
measuring t h e  H Z  p r o d u c t i o n  because i t s  s o l u b i l i t y  i n  w a t e r  i s  much s m a l l e r  
than t h a t  o f  C02. The carbon conversions were determined b y  d i v i d i n g  t h e  
number o f  H a  moles produced by two t imes t h e  i n i t i a l  number o f  carbon moles. 

The XPS exper iments were c a r r i e d  o u t  u s i n g  a Mg-anode source ( h v  = 1253.6 
eV). The da ta  was c o l l e c t e d  u s i n g  a d e t e c t o r  pass energy equa l  t o  40 eV. The 
p o s i t i o n  o f  t h e  peaks was c a l i b r a t e d  w i t h  respec t  t o  t h e  p o s i t i o n  o f  t h e  C ls  
peak o f  g r a p h i t e  ( b i n d i n g  energy = 284.6 eV). 

Resul ts 

The r a t e  o f  g r a p h i t e  g a s i f i c a t i o n  as a f u n c t i o n  o f  t i m e  has been s t u d i e d  
a t  893 K f o r  severa l  m i x t u r e s  o f  n i c k e l  and potassium ox ides  and f o r  t h e  
components depos i ted  a lone.  Some o f  t h e  r e s u l t s  a r e  shown i n  F i g u r e  1 .  The 
a c t i v i t y  cor respond ing  t o  n i c k e l  depos i ted  alone i s  g iven  by Curve A. A v e r y  
f a s t  i n i t i a l  a c t i v i t y  i s  observed, b u t  t h e  sample d e a c t i v a t e s  a lmost  
Completely a f t e r  two hours,  g i v i n g  a t o t a l  carbon convers ion  o f  20%. When 
potassium i s  depos i ted  a lone f rom a KOH s o l u t i o n ,  no steady s t a t e  g a s i f i c a t i o n  
r a t e  i s  observed a f t e r  15 min of  i n i t i a t i n g  t h e  exper iment.  Curve 8 shows t h e  
r a t e  when n i c k e l  and potassium ox ides  a r e  codeposi ted on g r a p h i t e  w i t h  a Ni/C 

molar r a t i o  equal  t o  1.0 x and a N I / K  mo lar  r a t i o  equal  t o  0.1. 
I n i t i a l l y ,  t h e  steady s t a t e  r a t e  i s  two orders  o f  magnitude l o w e r  t h a n  t h a t  of 
n i c k e l  depos i ted  a lone (Curve A ) ,  b u t  a f t e r  6.0 hours t h e  Ni-K m i x t u r e  has 
kept  i t s  i n i t i a l  a c t i v i t y  w h i l e  N i  a lone has d e a c t i v a t e d  comple te ly .  The 
carbon convers ion  f o r  t h i s  c a t a l y s t  a f t e r  6.0 hours i s  2.5%. t e n  t imes lower  
than t h a t  o f  n i c k e l  a lone. 8 u t  when t h e  exper iment represented  b y  Curve 8 was 
fo l lowed 400 hours,  a t o t a l  carbon convers ion  o f  20% was o b t a i n e d  and t h e  
c a t a l y s t  was s t i l l  a c t i v e .  When a m i x t u r e  o f  n i c k e l  and po tass ium ox ides  i s  
deposi ted on g r a p h i t e  w i t h  a Ni/K molar r a t i o  equal  t o  10.0 and a N i / C  mo lar  

r a t i o  equal t o  1.0 x an i n i t i a l  r a t e  s i m i l a r  t o  t h a t  o f  n i c k e l  depos i ted  
alone i s  ob ta ined (Curve C). b u t  ins tead o f  d e a c t i v a t i n g  c o m p l e t e l y  a f t e r  two 
hours, t h e  r a t e  l e v e l s  o u t  a t  the  same r a t e  ob ta ined w i t h  t h e  1 : l O  Ni:K 
m i x t u r e  (Curve 6 ) .  These r e s u l t s  i n d i c a t e  t h a t  f o r  t h e  1 O : l  Ni :K m i x t u r e  o n l y  
a f r a c t i o n  o f  t h e  t o t a l  n i c k e l  l o a d i n g  i n t e r a c t s  w i t h  potassium. The 
remaining f r a c t i o n  behaves l i k e  N i  metal  and i t  i s  comple te ly  i n a c t i v e  a f t e r  
one hour .  The r e a c t i o n  r a t e  decreases f a s t e r  than i n  Curve A because t h e r e  i s  
less  f r e e  n i c k e l  on t h e  sur face .  

The r a t e  o f  g a s i f i c a t i o n  o f  severa l  chars w i t h  steam was s t u d i e d  as a 
f u n c t i o n  o f  t i m e  i n  t h e  presence o f  a 1:l m i x t u r e  o f  n i c k e l  and potassium 
oxides. A d e s c r i p t i o n  o f  t h e  f i v e  chars s t u d i e d  i s  g i v e n  i n  T a b l e  1 .  F o r  a l l  
of them, t h e  steady s t a t e  r a t e  a f t e r  1.0 hour i s  a t  l e a s t  one o r d e r  o f  
magnitude h i g h e r  t h a n  t h a t  o f  g r a p h i t e  (see F i g u r e  2a) .  T h i s  i s  r e f l e c t e d  i n  
a much h i g h e r  carbon convers ion  a f t e r  6.0 hours (see F i g u r e  2b). even though 
by then t h e  char  steam g a s i f i c a t i o n  r a t e s  have decreased t o  v a l u e s  s i m i l a r  t o  
those o f  g r a p h i t e .  

A comparison o f  t h e  g a s i f i c a t i o n  r a t e s  f o r  a 1 : l  m i x t u r e  o f  po tass ium and 
n i c k e l  oxides w i t h  t h a t  o f  t h e  components depos i ted  a lone i s  g i v e n  i n  F igures  
3a and 3b f o r  two o f  t h e  chars s t u d i e d  ( I l l i n o i s  No. b High Temp. Trea t .  and 
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Montana). I n  t h e  case o f  I l l i n o i s  No. b char, i t  i s  c l e a r  t h a t  t he  m i x t u r e  i s  
more a c t i v e  t h a n  t h e  sum o f  t h e  r a t e s  o f  t h e  components depos i ted  alone. 
(Compare .Curves A and D i n  F igu re  3a.) I n  c o n t r a s t  t o  t h e  r e s u l t s  ob ta ined  
w i t h  g r a p h i t e ,  t h e  m i x t u r e  i n  t h i s  case i s  more than  two t imes  as a c t i v e  as 
n i c k e l  depos i ted  a lone .  F o r  Montana subi tuminous cha r  the  r a t e  of 
g a s i f i c a t i o n  o f  t h e  m i x t u r e  i s  s i m i l a r  t o  t h a t  o f  n i c k e l  a lone  and h i g h e r  
than  t h a t  o f  po tass ium (see F i g u r e  3b). 

A s u r f a c e  sc ience  s tudy o f  t h e  i n t e r a c t i o n  o f  potassium, n i c k e l  and carbon 
i n  the presence o f  w a t e r  i s  c u r r e n t l y  be ing  done and some p r e l i m i n a r y  r e s u l t s  
a r e  i nc luded  i n  t h i s  comnunication. XPS o f  t h e  N i t p d 2  s i g n a l  o f  two systems, 
a 1 : l  N i : K  m i x t u r e  codeposi ted on g r a p h i t e  and n i c k e l  depos i ted  a lone  have 
been ob ta ined  a f t e r  exposing them t o  24 t o r r s  o f  w a t e r  vapor a t  950 K.  The 
k i n e t i c  r e s u l t s  show t h a t  a t  t h i s  temperature bo th  systems a r e  c a t a l y t i c a l l y  
a c t i v e .  F i g u r e  4 Curve A shows the  spectrum corresponding t o  n i c k e l  deposi ted 
a lone.  There i s  a peak a t  854 .2  eV with a s m a l l  s a t e l l i t e  peak a t  862.7 eV. 
This  i s  c h a r a c t e r i s t i c  o f  n i c k e l  i n  t h e  m e t a l l i c  s t a t e  and agrees w i t h  r e s u l t s  
obta ined by us f o r  n i c k e l  f o i l .  The shoulder  a t  857.5 eV i s  due t o  smal l  
amounts o f  N i O  i n  t h e  sample. When n i c k e l  and potass ium a re  codeposi ted on 
g r a p h i t e  (Curve B i n  F i g u r e  4 )  t he  b i n d i n g  energy o f  t h e  Ni1p3/1 XPS peak i s  
a t  n56.4 aV. T h i s  i n d i c a t e s  t h a t  n i c k e l  i s  p resen t  i n  i t s  +2 o x i d a t i o n  
s t a t e .  The much l a r g e r  s a t e l l i t e  peak a t  864 .6  eV a l s o  shows t h a t  n i c k e l  
forms an ox ide  a t  t h i s  temperature i n  t h e  presence o f  potassium. The lower 
b ind ing  energy o f  t h e  N i 2 p d 1  peak i n  t h e  n i cke l -po tass ium m i x t u r e  compared t o  
NiO shows t h a t  t h e r e  i s  an e l e c t r o n i c  i n t e r a c t i o n  between n i c k e l  and potassium. 

Discuss ion 

The k i n e t l c  r e s u l t s  presented i n  t h i s  paper  i n d i c a t e  t h a t  m i x t u r e s  o f  
potassium and n i c k e l  ox ides a r e  good c a t a l y s t s  f o r  t h e  g a s i f i c a t i o n  o f  
carbonaceous s o l i d s  w i t h  steam. The h i g h  r e a c t i o n  r a t e s  and carbon 
conversions ob ta ined  w i t h  t h e  severa l  chars s t u d i e d  (F igu res  2 and 3) and t h e  
g r a p h i t e  g a s i f i c a t i o n  a c t i v i t y  a f t e r  400 hours suppor t  t h i s  conc lus ion.  

I n  a p rev ious  p u b l i c a t i o n  we concluded t h a t  t h e r e  i s  a coopera t i ve  e f f e c t  
between potass ium and n i c k e l  i n  t h i s  c a t a l y s t . ( b )  The r e s u l t s  i n  t h i s  paper 
present  t h e  c l e a r e s t  evidence obta ined so f a r  For  t h i s  e f f e c t .  I n  F i g u r e  3a 
t h e  g a s i f i c a t i o n  r a t e  o f  I l l i n o i s  N-6 cha r  i n  t h e  presence o f  t h e  mixed 
c a t a l y s t  i s  h i g h e r  than  t h a t  o f  t h e  mathematical sum o f  t h e  r a t e s  o f  t he  
components depos i ted  a lone.  The XPS r e s u l t s  i n  F i g u r e  4 show t h a t  n i c k e l  
deposi ted a lone  i s  a c t i v e  as a g a s i f i c a t i o n  c a t a l y s t  when i t  i s  p resen t  i n  the 
m e t a l l i c  s t a t e ,  w h i l e  i n  t h e  n i cke l -po tass ium mix tu re ,  t h e  n i c k e l  i s  
c a t a l y t i c a l l y  a c t i v e  being i n  the  +2 o x i d a t i o n  s t a t e .  Also, t h e  s h i f t  t o  
lower  b i n d i n g  energ ies  f o r  t h e  N i ~ p d ~  peak i n  t h e  potass ium-nickel  c a t a l y s t  
when compared t o  t h e  p o s i t i o n  o f  t he  NiO peak i s  evidence f o r  chemical 
i n t e r a c t i o n  between n i c k e l  and potassium. We propose t h a t  t h i s  s y n e r g i s t i c  
e f f e c t  i s  due t o  t h e  f o r m a t i o n  of  a mixed ox ide  (KxNiyO) t h a t  i s  n o t  r e a d i l y  
reduced by carbon under  o u r  r e a c t i o n  c o n d i t i o n s  (c  1000K). There i s  evidence 
i n  the l i t e r a t u r e  f o r  t h e  presence o f  seve ra l  n i cke l -po tass ium mixed 
oxides,(8) b u t  we do  n o t  have enough i n f o r m a t i o n  t o  dec ide which one o f  them 
i s  present  i n  o u r  system. 

The r e s u l t s  p resen ted  i n  F igu re  1 show t h a t  t h e r e  i s  no i n t e r a c t i o n  
between t h e  n i c k e l  m e t a l  c a t a l y s t  and t h i s  potass ium-nickel  mixed ox ide .  When 
t h e  r a t i o  o f  n i c k e l  t o  potassium i s  h i g h  enough t o  a l l o w  t h e  coexis tence o f  
these two c a t a l y s t s  on t h e  g r a p h i t e  sur face,  t h e  c a t a l y t i c  behav io r  observed 
can be exp la ined  by j u s t  adding the  r a t e s  o f  t h e  two c a t a l y s t s ;  1.e. a ve ry  
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high initial rate due to nickel metal that decays to a lower value and then 
remains constant for a long period of time due to the catalytic activity of 
the nickel-potassium mixed oxide. 

Mixtu-res of transition metals and alkaline metals as catalysts for steam 
gasification of various carbon sources have been reported previously. Wigmams 
and Moulijn(9) reported that there was no interaction between nickel and KzCOo 
for the steam gasification of chars at 1023 K. Similar results were obtained 
in our laboratory when the gasification of graphite was studied above 1000 K. 
Also, XPS data obtained in our laboratory show that at 1000 K the nickel i s  
present in the metallic state, even in the presence of potassium. We suggest 
that these results are due to the decomposition to this mixed oxide and 
reduction of the nickel by carbon. In contrast with the results reported by 
Muolijn and Wigmams. a cooperative effect between a transition metal and an 
alkaline metal has been reported by other authors. Adler and .Huttinger(lO) 
found that mixtures of FeS04 and KzSO4 deposited on PVC coke were better 
catalysts than the salts deposited alone. Also, Suzuky et. al.(11) reported 
that Na(HFe(C0)a) i s  a good catalyst for the gasification of various coals 
with steam. They suggest that this high activity is due to the interaction 
between iron and sodium. 

Further work is currently being done to obtain more direct evidence of the 
existence of these mixed oxides and to characterize and understand their 
catalytic behavior toward carbon gasification. 
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Figure 2a (Top). 
carbonaceous s o l i d s  a f t e r  1.0 hours when a mixture of nickel and 
potassium oxides i s  used a s  a c a t a l y s t .  
Figure 2b (Bottom). 
6.0 hours when the  same c a t a l y s t  i s  used. 

Steady s t a t e  steam g a s i f i c a t i o n  rates of several  

Percentage of carbon conversion obtained a f t e r  

T =  893 K 
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Binding Energy (eV) 
Figure 4. N i  
(Curve 6)  dep&%d on g r a p h i t e .  The spectra was taken  a f t e r  
exposing t h e  samples t o  24 t o r r  o f  water a t  923 K f o r  15 min. 

XPS of n i c k e l  (Curve A )  and a 1;l Ni:K mixture  
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Abstract  

Advance coal g a s i f i c a t i o n  technologies using low-rank coal i s  a p ran is ing  
a l t e r n a t i v e  f o r  meeting' f u t u r e  demand f o r  hydrogen. Steam g a s i f i c a t i o n  t e s t s  
conducted a t  temperatures between 700' and 800'C and atmospheric pressure resu l ted  
i n  product gas composit ions matchi ng those p red ic ted  by thermodynamic equi l i b r i  um 
ca lcu la t i ons ,  63-65 mol% hydrogen and l e s s  than 1 mol% methane. Steam g a s i f i c a t i o n  
t e s t s  w i t h  f o u r  low-rank coals and a s i n g l e  bituminous coal were performed i n  a 
l abo ra to ry -sca le  thermogravimetri  c analyzer (TGA) a t  temperatures of 700', 750'. 
and 8OOOC t o  evaluate process k i n e t i c s  w i t h  and wi thout  c a t a l y s t  addi t ion.  
Ca ta l ys ts  screened i n c l u d e d  K CO3, Na2C03, t rona,  nahcoli  te ,  sunflower h u l l  ash, and 
recyc led l i g n i t e  ash. N o r t i  Dakota and Texas l i g n i t e  chars were s l i g h t l y  more 
r e a c t i v e  than a Wyomi ng subbi tumi n w s  coal char and e i g h t  t o  t e n  times more reac t i ve  
than  an I1 l i n o i s  bituminous coal  char. Pure and mineral ( t rona  and nahcoli t e )  
a l k a l i  carbonates and recyc led  ash from K2C03-catalyzed steam g a s i f i c a t i o n  t e s t s  
subs tan t i  a l l y  improved low-rank coal  steam g a s i f i c a t i o n  ra tes .  The r e a c t i v i t i e s  
obta ined us ing t r o n a  and n a h c o l i t e  t o  cata lyze t h e  steam g a s i f i c a t i o n  were t h e  
h ighes t ,  a t  nea r l y  3.5 t imes those wi thout  cata lysts .  

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

Hydrogen i s  a key canponent i n  petroleum r e f i n i n g ,  petrochemical processing, t h e  
product ion of coa l -de r i ved  synfuels, and can a l so  be used d i r e c t l y  as a f u e l .  Over 
t h e  next 45 years, t h e  demand f o r  hydrogen has been pro jected t o  increase by a 
f a c t o r  o f  15 t o  20 (1) .  Most of t h e  hydrogen c u r r e n t l y  used i n  chemical 
a p p l i c a t i o n s  i s  produced through steam reforming of na tu ra l  gas; and i n  r e f i n i n g  
a p p l i c a t i o n s  p a r t i a l  o x i d a t i o n  of petroleum i s  a l so  used. Advanced coa l  
g a s i f i c a t i o n  technologies appear t o  be t h e  most probable a l t e r n a t i v e  f o r  meeting t h e  
f u t u r e  demand f o r  l a r g e  q u a n t i t i e s  of hydrogen. Low-rank coa ls  ( l i g n i t e s  and 
subbituminous coals)  a r e  candidate feedstocks f o r  such app l i ca t i ons  because o f  t h e i r  
1 ow mini ng c m t  and h i g h e r  r e a c t i  vi t y  r e l a t i v e  t o  h ighe r  rank coals. 

The two m s t  impor tant  cons iderat ions i n  t h e  design of a process f o r  producing 
hydrogen from coal are t o  mainta in  operat ing condi t ions t h a t  thermodynamically f a v o r  
t h e  product ion of hydrogen ard carbon d iox ide  over carbon monoxide and methane, and 
t o  ob ta in  r e a c t i o n  r a t e s  t h a t  r e s u l t  i n  reasonable g a s i f i e r  throughput. 
Op t im iza t i on  of t h e  hydrogen content of t h e  product gas requi res steam g a s i f i c a t i o n  
a t  r e l a t i v e l y  m i l d  temperatures i n  t h e  range o f  700' t o  800'C and a t  a tmmpher ic  
pressure. I n  t e s t s  a t  t h e  U n i v e r s i t y  of North Dakota Energy Research Center 
(UNDERC), a dry  synthes is  gas con ta in ing  63 mol% hydrogen was produced by steam 
g a s i f i c a t i o n  of low-rank coal ( 2 ) ,  which i s  p red ic ted  by equ i l i b r i um 
thermodynamics. These m i l d  cond i t i ons  do not ,  however, promote h igh  reac t i on  
rates.  As a r e s u l t ,  ach iev ing t h e  maximum coal r e a c t i v i t y  by t h e  use of ca ta l ys ts  
i s  perhaps t h e  most c r i t i c a l  f a c t o r  i n  producing hydrogen from coal. 

The phys i ca l  and chemical na tu re  of low-rank coals (LRCs) o f f e r  several 
advantages f o r  a g a s i f i c a t i o n  process producing hydrogen. One o f  these i s  t h e i r  
enhanced r e a c t i v i t y  compared t o  coals of h igher  rank. This increase i n  r e a c t i v i t y  
i s  Ciwsed by h ighe r  concentrat ions of a c t i v e  s i t es ,  h ighe r  poros i ty ,  ard a m r e  
uniform d i spe rs ion  of a l k a l i  i m p u r i t i e s  t h a t  act as inherent  ca ta l ys ts  (3,4,5). 
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The h igh v o l a t i l e  ma t te r  content of l i g n i t e s  cou ld  a lso support t h e i r  use i n  
steam g a s i f i c a t i o n  t o  produce hydrogen. If in t roduced i n t o  t h e  ho t  zone of a 
g a s i f i e r ,  d e v o l a t i l i z a t i o n  products may be cracked t o  form a d d  t i o n a l  hydrogen 
(6). Under s u i t a b l e  r e a c t i o n  condi t ions raw product gas from such a system would 
then  con ta in  e s s e n t i a l l y  on l y  hydrogen, carbon d iox ide,  carbon monoxide. and only  
smal l  quan t i t i es  o f  methane and s u l f u r  gases. In  add i t i on  t o  producing hydrogen and 
s i m p l i f y i n g  downstream gas clean-up, crack ing of t a r s  and o i l s  i n  t h e  g a s i f i e r  would 
a l so  reduce contaminant concentrat ions i n  t h e  process condensate. 

Even w i t h  t h e  h ighe r  r e a c t i v i t i e s  of LRCs, i t  w i l l  be necessary t o  enhance 
reac t i on  k i n e t i c s  through t h e  use of ca ta l ys ts  t o  o b t a i n  economic r e a c t o r  
throughput. There i s  a weal th  of da ta  r e l a t i n g  t o  t h e  use of a v a r i e t y  of ca ta l ys ts  
t o  enhance t h e  steam g a s i f i c a t i o n  k i n e t i c s  ( 7  - 16). A l k a l i  metals are genera l ly  
accepted as the premier steam g a s i f i c a t i o n  c a t a l y s t  (12,13,16) and thus t h e i r  
i n t e r a c t i o n s  w i th  ash cons t i t uen ts  and subsequent recovery are impor tan t  f ac to rs  i n  
t h e  process econanics. Ca ta l ys t  recovery problems associated w i t h  t h e  format ion of 
i n s o l u b l e  potassium a luminos i l i ca tes  were i d e n t i f i e d  dur ing recovery of t h e  K CO 
c a t a l y s t  i n  the  Exxon C a t a l y t i c  Coal G a s i f i c a t i o n  (CCG) process (6). For  some i i g z  
sodium LRCs, a problem of sodium d i l u t i o n  of t h e  recovered potassium c a t a l y s t  could 
be s i g n i f i c a n t .  However, i f  sodium carbonates a r e  a lso e f f e c t i v e  ca ta l ys ts ,  t h e  
problem o f  a l k a l i  recovery w i l l  be mi t igated,  espec ia l l y  w i t h  h igh  sodium LRCs. 

The o v e r a l l  o b j e c t i v e  of the program a t  UNDERC i s  t o  e s t a b l i s h  the  f e a s i b i l i t y  
of us ing low-rank coal g a s i f i c a t i o n  t o  produce hydrogen. This paper summarizes t h e  
f ind ings of a thetmogravimetric analys is  (TGA) s tudy of steam-char g a s i f i c a t i o n  
k i n e t i c s .  This work focused on low-rank coals, w i t h  l i m i t e d  t e s t i n g  us ing a 
bituminous coal f o r  canparison purposes, and t h e  a d d i t i o n  of var ious c a t a l y s t s  t o  
enhance low-rank coal r e a c t i  v i  ty. 

Experimental 

The reac t i on  between low-rank coal chars and steam was s tud ied  us ing  a DuPont 
951 Thermogavimetric Analyzer (TGA) i n t e r f a c e d  w i t h  a DuPont 1090 Thermal 
Analyzer. The TGA r e a c t i o n  chmber  was an open quar tz  tube, secured t o  t h e  balance 
by means of a threaded nut as shown a t  p o i n t  (A) i n  F igure 1. The opposi te  end o f  
t h e  quartz tube (poi n t  (B)  i n  F igu re  1)  was connected by rubber tuh i  ng t o  a 
vent i  l a t i o n  hood. The canmerci a1 l y  avai 1 ab le  TGA system was modi f i  ed f o r  char/stean 
experiments by adding t h e  steam sidearm shown as p o i n t  ( C )  i n  F igu re  1. This p o r t  
was sealed w i t h  a high-temperature gas chromatography septum. The steam i n l e t  l i n e  
(1/8-inch s ta in less  s t e e l )  was passed through t h i s  septum and i n t o  t h e  r e a c t i o n  
chamber ( p o i n t  ( D )  i n  F igu re  1) .  Steam was prepared us ing a "Hot Shot" FlB-3L 
e l e c t r i c  steam b o i l e r .  The leng th  of steam l i n e  fran t h e  e x i t  of t h e  b o i l e r  t o  t h e  
reac t i on  chamber sidearm was heated con t i  nuously a t  200'C usi ng e l e c t r i c a l  heat 
tape. The reac t i on  chanber was heated i n  a program-control led tube furnace. 

Approximately 20 mg, weighed t o  t h e  nearest  0.01 mg, of as-received coal  ground 
t o  p a r t i c l e  sizes of -100 x +140 mesh, was evenly d i s t r i b u t e d  on a t a r e d  11-mm 
diameter p la t inum pan supported a t  t h e  end of t h e  TGA's qua r t z  balance beam. Coal 
samples were d e v o l a t i l i z e d  i n  argon p r i o r  t o  the  i n t r o d u c t i o n  of steam i n t o  t h e  
reac t i on  chamber. Argon f l o w  was maintained a t  approximately 160 cc/min whi le  t h e  
coal sample was heated fran roan temperature t o  t h e  t a r g e t  r e a c t i o n  temperature 
(700' t o  80OoC) a t  a r a t e  o f  10O0C/min. The average t ime  f o r  d e v o l a t i l i z a t i o n  o f  
these samples was about 15 minutes. 

Char samples produced by t h e  d e v o l a t i l i z a t i o n  procedure were weighed i n  the  TGA 
reac t i on  chamber wi thout  cool ing.  Argon f l o w  was reduced fran 160 t o  60 cc/min, and 
steam t o  t h e  reactor  was then s t a r t e d  a t  ra tes of 1-5 mg/nin. Steam f l o w  ra tes  were 
determined p r i o r  t o  experiments by c o l l e c t i n g  steam from t h e  gas o u t l e t  ( p o i n t  (R) 
i n  F igu re  1) i n  a cold, t a r e d  vessel f o r  approximately 15 minutes. 
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Weight, t ime, and temperature were recorded by t h e  OuPont 1090 Thermal Analyzer 
as t h e  char-steam r e a c t i o n  proceeded. Experiments were terminated when t h e  sample's 
we igh t  l oss  approached zero, o r  i n  t h e  case of very  s lowly  reac t i ng  ma te r ia l s  a f t e r  
150 minutes of r e a c t i o n  t ime. The 1090 Thermal Analyzer was then  used t o  p l o t  
sample weight l o s s  versus t ime and t o  p r i n t  sample weight, t m p e r a t u r e ,  and reac t i on  
t i m e  data. Product gases f rom t h e  system were no t  analyzed. 

Both aqueous impregnat ion and dry  c a t a l y s t  mix ing were evaluated i n  the TGA 
steam g a s i f i c a t i o n  t e s t .  P re l im ina ry  TGA t e s t s  showed t h a t  r e a c t i v i t y  was no t  
dependent on c a t a l y s t  a d d i t i o n  technique; therefore, on ly  dry-mix systems were used 
i n  t h e  remainder o f  t h e  TGA t e s t  program. 

Results 

The m a t r i x  of char-steam g a s i f i c a t i o n  t e s t s  conducted by l abo ra to ry  TGA inc luded 
e x p e r i m n t s  f o r  eva lua t i on  o f  coals, ca ta l ys ts ,  temperature, and c a t a l y s t  loading. 
I n d i a n  Head and Velva l i g n i t e s  f ran  Nor th Dakota. M a r t i n  Lake l i g n i t e  f r a n  Texas, 
Wyodak subbituminous coal  from Wyoming and River  King bituminous coal f rom I 1  l i n o i  s 
were evaluated. Proximate and u l t i m a t e  analyses of these coals a re  g iven i n  Table 
1. The coal  analyses i n  Table 1 show an u n c h a r a c t e r i s t i c a l l y  l o w  mois ture content 
f o r  Ind ian Head l i g n i t e .  The low mois ture content of t h i s  sample, 12.6 w t X ,  r e s u l t -  
ed f rom storage i n  a l a r g e  n i t rogen  purged bunker i n  which a d e f i n i t e  mois ture grad- 
i e n t  was observed f r a n  t o p  t o  bottom, bu t  d i d  not e f fec t  t h e  r e a c t i v i t y  o f  t h e  char. 

Table 1. Coal Proximate and U l t ima te  Analysis 

I;$ an Hied M a r t i n  R ive r  
Lake Uyodak King - - - -  

Test Coal Analyses: 
Moisture, X 12.6 29.5 33.7 25.1 27.5 11.5 
Ash, wt%, mf 17.7 9.0 10.4 22.1 9.6 12.1 
V o l a t i l e  Mat ter ,  w t X ,  m f  38.4 41.2 42.8 39.5 42.3 42.5 
F ixed Carbon, wt%, mf 43.9 49.8 46.8 38.4 48.1 45.3 

Heat i  ng Value, B t u / l  b, 8,383 7,721 6,755 7,258 8,043 11,000 
as-rec'd 

U l t i m a t e  Analys is  of 
Raw Coals, a%, mf: 

Ash 
Carbon 
Hydrogen 
Nitrogen 
Sul f u r  
Oxygen ( b y  d i f f )  

17.7 9.0 10.4 22.1 9.6 12.2 
58.9 65.0 62.4 56.7 65.7 68.3 

3.3 4.2 3.8 3.8 4.3 5.1 
1.6 1.9 1.4 1.2 1.2 1.3 
1.0 0.8 0.5 1.9 0.5 4.0 

17.5 19.1 21.5 14.3 18.7 9.1 

:Low-moisture Ind ian  Head coal  used f o r  m a j o r i t y  o f  TGA work. 
I n d i a n  Head sample used t o  v e r i f y  i n i t i a l  TGA resu l t s .  
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Various a l k a l i  sources were tes ted  as c a t a l y s t s  t o  promote t h e  steam-carbon 
react ion.  These were K2COv Na2C03, trona, nahcol i te ,  sunflower h u l l  ash (a 
n a t u r a l l y  h igh  potassium con a im ng ash), and recyc led l i g n i t e  g a s i f i c a t i o n  ash. 
These substances were se lected as prospey;tive c a t a l y s t s  based on t h e i r  h igh  a l k a l i  
content. Cata lys is  w i t h  inexpensive o r  disposable" c a t a l y s t s  would s u b s t a n t i a l l y  
improve t h e  economics of a hydrogen-from-coal process. L i  kewi se, t rona and 
nahcoli  t e ,  n a t u r a l l y  occu r r i ng  a l k a l i  carbonate mater ia ls ,  a r e  inexpensive r e l a t i v e  
t o  pure carbonates ( 0.04/lb f o r  t rona compared t o  0.34/lb f o r  K C03 and 0.20/lb 
f o r  Na2C03). This cos t  d i f f e r e n t i a l  suggests t h e i r  use as disposab3e ca ta l ys ts .  

R e a c t i v i t y  of Coals f o r  Steam G a s i f i c a t i o n  

Tests were performed t o  es tab l i sh  t h e  uncatalyzed r e a c t i v i t i e s  of t h e  f i v e  test 
coal chars and p l o t t e d  i n  F igure 2. It shows t h e  h igher  r e a c t i v i t y  of low-rank 
coals  compared t o  t h a t  of R i v e r  King bituminous coal. The h ighe r  r e a c t i v i t y  o f  low- 
rank coal chars, documented b y  m n y  research groups (3,4,5), i s  be l ieved t o  be a 
r e s u l t  of t he  h ighe r  mineral content, h igher  concentrat ions of a c t i v e  s i t e s  and 
increased p o r o s i t y  of t h e  low-rank coals. F igure 2 a l so  i l l u s t r a t e s  t h e  l i n e a r i t y  
of conversion over the  0 t o  50 % carbon conversion range. 

Over t h e  i n i t i a l  l i n e a r  p 6 r t i o n  of t h e  curves i n  F igure 2, t h e  carbon Conversion 
ra tes  f o r  t h e  t h r e e  l i g n i t e s  were near ly  i d e n t i c a l ,  w i t h  I n d i a n  Head being only  
s l i g h t l y  less reac t i ve  than t h e  Velva and M a r t i n  Lake l i g n i t e s .  However, a d e f i n i t e  
h ierarchy of r e a c t i v i t y  developed as t h e  a v a i l a b l e  carbon supply was depleted. 
During reac t i on  of t h e  f i n a l  40% of t h e  carbon, M a r t i n  Lake l i g n i t e  showed t h e  most 
r a p i d  conversion, fo l lowed by Velva and I n d i a n  Head. 

Steam g a s i f i c a t i o n  k i n e t i c  data was c o l l e c t e d  over t h e  range o f  700" t o  800°C 
f o r  assessing temperature ef fects .  The increase i n  r e a c t i v i t y  of each LRC w i t h  
i nc reas ing  temperature i s  shown i n  F igu re  3. Increas ing t h e  g a s i f i c a t i o n  
temperature from 700' t o  8OOOC was found t o  increase r e a c t i v i t i e s  f r a n  2.5 t imes f o r  
M a r t i n  Lake l i g n i t e  t o  3.8 t imes f o r  Wyodak subbituminous coal .  Equ i l i b r i um gas 
composit ion modeling and actual  product gases fran a 1 - l b  f ixed-bed systen showed 
t h a t  t h e  hydrogen content of the  gas i s  v i r t u a l l y  unaf fected by t h i s  temperature 
increase (17). Apparent energies o f  a c t i v a t i o n  were a lso ca l cu la ted  f r a n  t h i s  data 
and have been repor ted p rev ious l y  (18). 

S t e m  G a s i f i c a t i o n  of Catalyzed Coals 

F igure 4 shows the  rates o f  carbon conversion a t  750°C f o r  each t e s t  coal with a 
10 w t %  K C03 loading. Comparison of t h e  data i n  F igu re  2 t o  t h a t  i n  F igu re  4 shows 
t h a t  K2C8 a d d i t i o n  s i g n i f i c a n t l y  enhanced the  r e a c t i v i t y  of each coal. As was t h e  
case f o r  t h e  uncatalyzed coals, t h e  r e a c t i v i t y  of t h e  cata lyzed low-rank coals  was 
f a r  super io r  t o  t h a t  o f  t h e  KzC03-catalyzed bituminous coal. However, t h e  
r e a c t i v i t y  ranking of t h e  f o u r  low-rank coals  was not  t h e  same as t h a t  observed 
wi thout  c a t a l y s t  addi t ion.  I n  F igu re  2 M a r t i n  Lake l i g n i t e  was shown t o  have t h e  
most r a p i d  uncatalyzed conversion ra te ;  however, i n  F igu re  4, M a r t i n  Lake was shown 
t o  have t h e  poorest  r e a c t i v i t y  o f  t h e  f o u r  s i m i l a r l y  cata lyzed low-rank coals. 
Conversely, Wyodak subbituminous coa l  was t h e  l e a s t  r e a c t i v e  uncatalyzed low-rank 
coal ,  b u t  showed exce l l en t  carbon conversion rates i n  t e s t s  using K2CO3. 

The ef fect  of temperature on t h e  r e a c t i v i t y  of each of t h e  f o u r  KzC03-catalyzed 
l w - r a n k  coals  i s  i l l u s t r a t e d  i n  t h e  b a r  graph of F igu re  5. The t rend  i n  r e a c t i v i t y  
of t h e  K2CO3-cata1yzed coals  w i t h  a temperature increase from 700" t o  800°C was very 
s i m i l a r  t o  t h a t  shown f o r  t he  uncatalyzed coals  i n  F igu re  3, with r e a c t i v i t y  
i nc reas ing  by a f a c t o r  o f  two over the  temperature range. For t h e  uncatalyzed 
coals, t he  average r e a c t i v i t y  increased by a f a c t o r  of th ree  over t h i s  temperature 
range. It has p rev ious l y  been repor ted t h a t  t h e  add i t i on  o f  K2CO3 decreased t h e  
apparent energies of a c t i v a t i o n  by as much as 60% compared t o  t h e  uncatalyzed coals 
(18). 
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Several TGA steam g a s i f i c a t i o n  t e s t s  were performed t o  evaluate the  e f f e c t  of 
K CO concentrat ion on l i g n i t e  r e a c t i v i t y .  Velva l i g n i t e  was used f o r  these t e s t s  2 ?t resu l ted  i n  t h e  h ighes t  r e a c t i v i t y  of t h e  f o u r  LRCs tested. Tests were 
conducted a t  750'C us ing  c a t a l y s t  loadings from 2 t o  20 wt%. Data c o l l e c t e d  from 
these experiments were used b o t h  t o  evaluate t h e  e f f e c t  of c a t a l y s t  loading f o r  each 
of t h e  two carbonates, and t o  compare the  two carbonates c a t a l y t i c  e f fect  over a 
range o f  loadings. Table 2 presents t h e  average r e a c t i v i t i e s  a t  50% carbon 
conversion f o r  t he  range of loadings evaluated w i t h  bo th  K C03 a.nd Na2C03, which 
i nd i ca tes  a l esse r  dependence o f  r e a c t i o n  k i n e t i c s  on c a t a l y s t  loading us ing  Na2C0 . 
Nei ther  c a t a l y s t  produced a s i g n i f i c a n t  r a t e  increase a t  loadings over 10 wtj; 
however, t he  r e a c t i v i t y  increase w i t h  i nc reas ing  c a t a l y s t  loading upto 10 wt% was 
more pronounced f o r  K C03 ca ta l ys i s .  Over t h e  2 t o  10 w t %  l oad ing  range, r e a c t i v i t y  
values f o r  K2C03-cata?yzed Velva l i g n i t e  increased fran 3.3 t o  5.5 (g/hr)/g, whi le  
the correspond1 ng inc rease  f o r  t h e  Na2C03-catalyzed l i g n i t e  was f rom 4.8 t o  5.5 
(g/hr)/g. 

Table 2. E f f e c t  o f  Va r iab le  Ca ta l ys t  Loadings on Velva L i g n i t e  Char R e a c t i v i t y  
i n  Steam a t  75OoC 

Cata lyst  Loading w t %  
of As-received Coal 

0 
2 
5 

10 
15 
20 

2 .o 
3.3 
4.1 
5.5 
5.7 
5.7 

2.0 
4.8 
4.9 
5.5 
5.9 
6.1 

Comparison of C a t a l y s t  Effectiveness 

Data p l o t t e d  i n  F i g u r e  6, compares carbon conversion rates f o r  uncatalyzed Velva 
l i g n i t e  and f o r  Velva cata lyzed w i t h  each of t h e  s i x  add i t i ves  found t o  g i ve  
p o s i t i v e  c a t a l y t i c  e f f e c t s .  The near l y  i d e n t i c a l  r e a c t i v i t i e s  observed f o r  K2CO3 
and Na CO3 c a t a l y s i s  a re  i l l u s t r a t e d ,  as t h e  two conversion curves are super- 
imposab?e throughout t h e  g a s i f i c a t i o n  phase. F igure 6 a l so  i l l u s t r a t e s  the  
c a t a l y t i c  e f f e c t s  o f  sunf lower  h u l l  ash and t h e  mineral addi t ives.  Twenty percent 
sunflower h u l l  ash (23 wt% potassium) was l e s s  e f f e c t i v e  than  10% loadings of the  
carbonates; however, r e a c t i v i t y  was much improved over t h e  uncatalyzed coa l ,  with 
canplete conversion occu r r i ng  i n  l ess  than 20 minutes. The r e a c t i v i t y  f o r  t h e  20% 
sunflower h u l l  ash/Velva l i g n i t e  system a t  75OoC was 4.3 (g /hr ) /g  as compared t o  
on l y  2.0 (g /h r ) /g  wi t h o u t  addi ti ves. 

Perhaps the  most s i g n i f i c a n t  r e s u l t s  i l l u s t r a t e d  i n  F igu re  6 were t h e  rap id 
carbon conversions obta ined us ing t rona and nahcoli  t e  as g a s i f i c a t i o n  cata lysts .  
Both t rona and nahcoli  t e  produced more rap id  conversion of Velva l i g n i t e  than  d id  
add i t i on  of t h e  pure carbonates. Approximately 90% carbon conversion was achieved 
i n  8 minutes using e i t h e r  10 w t %  t r o n a  (29% sodium) o r  nahco l i t e  (15% sodium), 
whereas when us ing t h e  same wt% p*e KzCO3 (47% potassium) o r  Na C03 (37% sodium) 
about 10 minutes was requ i red  t o  achieve 90% conversion. For f rona  ca ta l ys i s  a 
r e a c t i v i t y  of 6.9 ( g / h r ) / g  was obtained compared t o  5.5 (g /h r ) /g  using an i d e n t i c a l  
l oad ing  of e i t h e r  K2C03 o r  Na2C03 a t  t h e  same g a s i f i c a t i o n  condi t ions.  A t  these 
condi t ions,  n a h c o l i t e  c a t a l y s i s  resu l ted  i n  a r e a c t i v i t y  s l i g h t l y  lower than t h a t  
obtained us i  ng t r o n a  (6.2 (g /hr ) /g) .  
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The ef fect iveness of these n a t u r a l l y  occu r r i ng  mi neral c a t a l y s t s  i s  impor tant  t o  
t h e  development o f  a commerci a1 hydrogen-produci ng steam coal g a s i f i c a t i o n  
Process. Based on t h e  r e l a t i v e  costs  of t h e  feedstock, use of these ma te r ia l s  would 
be more favorable t o  process economics than would pure a l k a l i  carbonates. An 
add i t i ona l  cons iderat ion i s  t h a t  cost  and a v a i l a b i l i t y  of these ma te r ia l s  may be 
such t h a t  ca ta l ys t  recovery would be unnecessary. 

Conclusiom 

Uncatalyzed l i g n i t e s  and a subbi tumi nom coal were found t o  be e i g h t  t o  ten  
t imes more r e a c t i v e  with steam a t  70O0-8OO0C than  an I1 li noi s bi tumi nous coal. This 
r e l a t i o m h i p ,  w i t h i n  t h i s  narrow temperature range, i s  impor tant  as t h i s  i s  t he  
range t h a t  thermodynamically favors t h e  product ion of hydrogen fran steam 
g a s i f i c a t i o n  a t  atmospheric pressure. The r e a c t i v i t y  of t he  uncatalyzed coals 
increased 3 t o  4 t imes w i t h  an increase i n  steam g a s i f i c a t i o n  temperature from 700' 
t o  800OC. 

For  t h e  catalyzed coals dur i  ng s t e m  g a s i f i c a t i o n :  

R e a c t i v i t y  increased approximately 2 t imes over t h e  700° - 800°C temperature 
range f o r  low-rank coals  catalyzed w i t h  potassium carbonate. 

Sodium carbonate was found t o  be as e f f e c t i v e  a c a t a l y s t  as potassium carbonate 
f o r  t h e  s t e m  g a s i f i c a t i o n  of low-rank coal chars on a mass l oad ing  basis. 

A l ka l i  carbonate loadings equal t o  10 wt% of t h e  as-received coal mass r e s u l t e d  
i n  low-rank coal r e a c t i v i t i e s  2.5 t o  3.5 times h ighe r  than those measured f o r  
t h e  uncatalyzed 1 ow-rank coals. 

Na tu ra l l y  occurr ing mi neral sources of sodium carbonates/bicarbonates, t r o n a  and 
nahcoli  te ,  are as e f f e c t i v e  i n  ca ta l yz ing  low-rank coal steam g a s i f i c a t i o n  as 
t h e  pure carbonates. 

Use of these na tu ra l l y -occu r r i  ng carbonates sources should be a primary focus 
of continued research. The low  cost  of t rona o r  nahco l i t e  r e l a t i v e  t o  t h e  pure 
carbonates suggests t h a t  a p o t e n t i a l  f o r  t h e i r  use as disposable ca ta l ys ts  
e x i s t s  which would enhance o p e r a b i l i t y  and process economics i n  a hydrogen- 
from-coal g a s i f i c a t i o n  process. 
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Figure 2. Rate of carbon conversion a t  75OoC - v a r i a t i o n  with coal rank. 
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Figure 3. React iv i ty  of uncatalyzed low-rank coal chars as a function of steam 
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Figure 5.  Effect of steam gasification temperature on the reactivity of KzCO3- 

catalyzed low-rank coal chars. 
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COAL GASIFICATION WITH INTERNAL RECIRCULATION CATALYSTS 

by 

A H. H i l l ,  G. L. Anderson 
I n s t i t u t e  of Gas Technology 

3424 S. S t a t e  S t r e e t  
Chicago, IL 60616 

and 

M. R. Ghate, W. Liou 
U.S. Department of Energy 

Morgantown Energy Technology Center 
P.O. Box 880 

Morgantown, WV 26507 

One of the primary economic p e n a l t i e s  of many c a t a l y t i c  c o a l  g a s i f i c a t i o n  
processes is recovery of t h e  added c a t a l y s t s  from the spent  char. For exam- 
ple ,  the  EXXON c a t a l y t i c  coa l  g a s i f i c a t i o n  process  a s  present ly  conceived, 
requires  s e v e r a l  s t a g e s  of digest ion with calcium hydroxide t o  recover potas- 
sium from t h e  converted char  and then t h e  d i g e s t i o n  only recovers  between 65 
and 85% of the  potassium.' 

complex and c o s t l y  s i t u a t i o n .  I n  the IGT process  concept, a c o a l  g a s i f i c a t i o n  
process with an inherent  thermal grad ien t  (e.g., Lurgi, s taged fluidized-bed 
processes, e tc . )  and a c a t a l y s t  t h a t  is semivola t i le  under g a s i f i c a t i o n  condi- 
tions a r e  used. The semivola t i le  c a t a l y s t  is s u f f i c i e n t l y  v o l a t i l e  a t  t h e  
highest  temperature encountered in the  lower s e c t i o n  of t h e  g a s i f i e r ,  t h a t  i t  
is completely vaporized from the  char  before  t h e  char is discharged. l%e 
c a t a l y s t ,  however, is nonvola t i le  a t  the  lowest temperature encountered in the 
upper s e c t i o n  of  t h e  g a s i f i e r  so t h a t  it p r e c i p i t a t e s  on t h e  co ld ,  feed 
coal. The c a t a l y s t ,  therefore ,  is automat ica l ly  recycled from t h e  product 
char t o  t h e  f r e s h  c o a l  and the need f o r  c a t a l y s t  recovery is el iminated.  

v o l a t i l e  c a t a l y s t s .  
t h e i r  vapor pressures  and the  following process  assumptions. It was assumed 
t h a t  a c a t a l y s t  loading  of approximately 5 wt % is s u f f i c i e n t  f o r  ca ta lyz ing  
the  g a s i f i c a t i o n  r e a c t i o n s ,  t h a t  the  temperatures in t h e  g a s i f i e r  vary from 
600" t o  16OO0F, t h a t  t h e  g a s i f i e r  opera tes  a t  1000 ps ig  with a product gas/  
coal feed r a t i o  of 1 5  SCF/lb, and t h a t  a rate of l o s s  of c a t a l y s t  in t h e  
product gas  of less than 1% of t h e  c i r c u l a t i o n  r a t e  of t h e  c a t a l y s t  in t h e  
g a s i f i e r  is acceptable .  With these assumptions, the  r e q u i s i t e  vapor pressure 
of  the  "semivola t i le"  c a t a l y s t  in the  h o t t e s t  s e c t i o n  and the  co ldes t  sec t ion  
of the g a s i f i e r  was ca lcu la ted  t o  be g r e a t e r  than  1.0 atmosphere a t  1600'F 
(870°C) but l e s s  than  10 mm Hg a t  600°F (315OC). 

i n  Table 1. 
condi t ions.  
a r s e n i c  p a r t i a l  p ressures  and moderate temperatures, more than 99% of the gas 
phase a r s e n i c  is expected t o  be present  as As Although l e s s  is 
k n m  about the  behavior  of cadmium, s t u d i e s  i a v e  shown t h a t  f i n e s  generated 
i n  coal  g a s i f i c a t i o n  a r e  highly enriched in cadmium, i n d i c a t i n g  "semivolat i le"  

Recently, IGT has  been exploring a process  concept t h a t  might avoid t h i s  

Three d i f f e r e n t  mater ia l s  have been undergoing t e s t i n g  by IGT a s  semi- 
These mater ia l s  were s e l e c t e d  based on an examination of 

The materials i d e n t i f i e d  to have t h e  proper physical  p roper t ies  a r e  shown 
Arsenic  in its elemental form is r e l a t i v e l y  s t a b l e  under reducing 
Some a r s i n e ,  AsH3, formation is expected; but a t  high t o t a l  

and As4-  
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Table 1. MATERIALS WITH VAPOR PRESSURES I N  THE DESIRED RANGE FOR A 
"SEMIVOLATILE" CATALYTIC COAL GASIFICATION PROCESS 

Temperature (OF) f o r  a 
Vapor Pressure of :  

1 atm 
Arsenic  819 1130 

- Element 10 mm HG 

Cadmium 903 
Cesium Hydroxide 1160 

1403 
1790 

behavior i n  t h e  g a s i f i e r .  Cesium hydroxide, on t h e  o ther  hand, is known t o  
enhance the  r e a c t i v i t y  of carbon towards steam.:! 
evidence f o r  t h e  v o l a t i l i t y  of cesium hydroxide under g a s i f i c a t i o n   condition^.^ 

This paper summarizes t h e  r e s u l t s  of 1) laboratory-scale  batch reac tor  
screening t e s t s  conducted t o  evaluate  the performance of a rsen ic ,  cadmium and 
cesium hydroxide as c a t a l y s t s  f o r  coa l  g a s i f i c a t i o n  and 2)  continuous bench- 
sca le  tests with cesium hydroxide, the most e f f e c t i v e  c a t a l y s t  t e s t e d  i n  the  
i n i t i a l  screening tests, t o  determine the  v o l a t i l i t y  of cesium hydroxide, 
1.e.. i t s  re lease  from t h e  char  before  discharge,  under continuous gas i f ica-  
t i o n  condi t ions.  

S tudies  have a l s o  presented 

EXPERIMENTAL 

of the pro jec t .  49 char  n a s i f i c a t i o n  tests were conducted in the  laboratory-  
Laboratory-Scale Screening Tes ts .  During t h e  c a t a l y s t  screening por t ion  

s c a l e  batch r e a c t o r  c a t a i y s t  t e s t i n g  u n i t  p ic tured  i n  Figure 1. 
is constructed of Rene 41 s t e e l  and i s  12-inches high with a 0.05-inch L.D., a 
2-inch O.D., and a 28-cm3 capaci ty .  The high temperature valve (Figure 1) has 
an extended s t u f f i n g  box which al lows the  body of the  valve t o  be located in 
t h e  furnace with t h e  reac tor .  This is necessary t o  avoid condensation of both 
t h e  steam and semivola t i le  c a t a l y s t  during the test. Tes ts  were conducted 
with devola t i l i zed  North Dakota l i g n i t e  and I l l i n o i s  No. 6 bituminous coa l  
chars .  The chars  were prepared in a separa te  1-inch-diameter f luidized-bed 
reac tor  with n i t rogen  a s  t h e  f l u i d i z i n g  gas. Analyses of the  chars  used i n  
the  study a r e  presented in Table 2. 

The batch r e a c t o r  char  g a s i f i c a t i o n  tests were conducted under t h e  
following condi t ions:  

Temperature: 1200", 1300", 1400'F 
I n i t i a l  Pressure:  -160 ps ig  
Gasifying Medium: Steam, Hydrogen 

4 Char P a r t i c l e  Size: -200 Mesh 
Char Residence Time:  3, 6 h 

Char Sample Weight: -200 mg 

The reac tbr  

Catalyst  Loading: 10 ut x 

The experimental procedure was as follows. With a r s e n i c  o r  cadmium, the char  
and the appropr ia te  amount of powdered metal were thoroughly mixed i n  a high- 
speed pulver iz ing shaker. 
weighed out and placed i n  a small  quar tz  test tube. A s u f f i c i e n t  amount of 
water ( -240~1)  was then added t o  t h e  mixture with a volumetric syr inge  such 
t h a t  t h e  r e s u l t a n t  water-to-carbon molar r a t i o  was 1. In t e s t s  with cesium 
hydroxide, a 50 w t  % s o l u t i o n  of cesium hydroxide in water was added t o  t h e  
char  in the  t e s t  tube. Addit ional  water was then added t o  give the  required 
waterlcarbon molar r a t i o  of 1. 

About 220 milligrams of the  mixture was then  
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Table 2. ANALYSIS OF THE CHARS USED I N  THE LABORATORY-SCALE 
BATCH REACTOR GASIFICATION TESTS 

North Dakota I l l i n o i s  No. 6 
L i g n i t e  Bituminous -------------- Wt X dry--------------- Elemental Analysis* 

Carbon 75.88 80.90 
Hydrogen 
Nitrogen 
Ash 

T o t a l  

0.58 
1.21 

0.65 
0.86 

20.86 14.16 
98.25 96.85 

* Carbon, hydrogen and n i t rogen  determined by ERBA analyzer  (Automated 
Elemental Analyzer) which was used t o  analyze residues of a l l  batch 
reactor  tests. 

The test tube conta in ing  t h e  char /ca ta lys t /water  mixture was placed into 
t h e  reac tor ,  the  r e a c t o r  was reconnected t o  the system, and the  system and 
reac tor  were then evacuated. To prevent los ing  the added water during evacua- 
tion, t h e  reaccor  was placed i n  a dry-icc bath t o  f reeze  the  water in t h e  test 
tube. After evacuat ing t h e  reac tor ,  the  dry-ice bath was removed, and t h e  
reac tor  was allowed t o  come t o  ambient temperature. The reac tor  was then  
placed into the  furnace  and was charged with s u f f i c i e n t  hydrogen (-160 psig)  
such t h a t  t h e  r e s u l t a n t  hydrogen-to-carbon molar r a t i o  is 1. 
reac tor  was charged w i t h  hydrogen, t h e  high-temperature valve was closed. the  
remainder of the  system was evacuated, and the furnace was allowed t o  heat  up 
t o  the  des i red  o p e r a t i n g  temperature. When the des i red  time had elapsed,  the  
furnace was turned of f  and opened, allowing t h e  reac tor  t o  cool t o  ambient 
temperature. 

The r e a c t o r  va lve  was then opened and the  t o t a l  system pressure was 
measured. This allowed the  t o t a l  moles of non-condensible gas i n  the  system 
a t  the end of t h e  test  t o  be calculated.  A sample of the  product gas  was then 
taken f o r  a n a l y s i s ,  and reac tor  was depressurized and opened. The test tube 
containing the  mixture  was removed from the  reac tor ,  and the  residue was 
submitted f o r  chemical  ana lys i s .  

Cesium hydroxide catalyzed and uncatalyzed char  
g a s i f i c a t i o n  tests were conducted i n  a 2-inch I . D .  bench-scale u n i t  (BSU). 
Nine t e s t s  were conducted in t h e  BSU wi th  North Dakota l i g n i t e  and I l l i n o i s  
No. 6 bituminous chars .  The chars  used i n  the BSU g a s i f i c a t i o n  tests were 
prepared in an IGT &inch I.D. fluidized-bed reac tor .  
used i n  t h e  g a s i f i c a t i o n  t e s t s  a r e  given i n  Table 3. The cesium hydroxide 
c a t a l y s t  (Alfa ProductsB) 
85 w t  .% cesium hydroxide. 
s o l u t i o n  under vacuum a t  105OC. 

It c o n s i s t s  of a reac tor  (2-inch I . D . ,  
39.125-inches long) and assoc ia ted  equipment f o r  feeding and measuring t h e  
flow r a t e s  of char ,  steam, referencelpurge gas (argon); f o r  c o l l e c t i n g  and/or 
measuring t h e  f low r a t e s  of res idue  char ,  l i q u i d  product, and product gas; and 
f o r  c o l l e c t i n g  r e p r e s e n t a t i v e  samples of t h e  product gas. 

feeder  from a pressur ized  feed hopper. while  t h e  res idue  char  i s  discharged 
from t h e  bottom of t h e  r e a c t o r  into a pressurized res idue  rece iver  by a 
discharge screw. 
reservoi r  into a steam generator  t h a t  provides steam f o r  the  reac tor .  

After  t h e  

Bench-Scale T e s t s .  

Analyses of t h e  chars  

was obtained a s  a hydrated s o l i d  conta in ing  about 
It w a s  deposi ted on t h e  char  by evaporation from 

The BSU is shown i n  Figure 2. 

In t h i s  u n i t  char  is fed  t o  t h e  top of the  reac tor  by a c a l i b r a t e d  screw 

A piston-type metering pump i s  used t o  pump water from a 
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Table 3. ANALYSES OF CHARS USED I N  THE BSU GASIFICATION TESTS 

Char 5 p e  
Proximate Analysis, w t  X; 

Moisture 
Vola t i le  Matter 
Fixed Carbon 
Ash 

Ultimate Analysis, w t  % 
Ash 
Carbon 
Hydrogen 
Sulfur  
Nitrogen 
Oxygen 

North Dakota 
Ligni te  

6.06 
14.38 
64.69 
14.87 
100.00 

15.83 
71.25 

1.87 
1.54 
0.79 
8.72 

100.00 

I l l i n o i s  No. 6 
B i  t m i n o u s  

0.00 
2.34 

81.59 
16.07 

100.00 

16.07 
77.63 
0.91 
2.58 
1.11 
1.70 

100.00 

The reac tor  steam e n t e r s  the  bottom of the  reac tor  above t h e  discharge screw 
through a d i p  tube. Metered and preheated argon is added a s  an i n t e r n a l  
reference and c a r r i e r  gas and e n t e r s  the bottom of the  r e a c t o r  between dis-  
charge screw and the  e x i t  of the  steam d i p  tube. 

Eff luent  gases from the top of the r e a c t o r  pass through two water-cooled 
condensers in s e r i e s .  
and weighed. 
ana lys i s  by feeding a por t ion  of i t  i n t o  a water-sealed gas holder  during 
se lec ted  periods of each t e s t .  
t h e  t e s t  period for componential ana lys i s .  

In  a t y p i c a l  run, t h e  reac tor  was i n i t i a l l y  f i l l e d  with char  and/or a 
char /ca ta lys t  mixture. 
argon. The temperatures of the  reac tor ,  steam pre-heater, super-heater and 
l i n e  h e a t e r s  were then brought t o  operat ing temperatures in 1 t o  2 hours and 
(except f o r  Test 9) were maintained a t  these  values  f o r  the dura t ion  of t h e  
t e s t .  

furnace h e a t e r s  were turned on and continued t o  be c o l l e c t e d  f o r  3 hours a f t e r  
t h e  in t roduct ion  of the  steam t o  the  reac tor  (fixed-bed operat ing per iod) .  
Steam was  fed a f t e r  the  lower zones of the  r e a c t o r  reached 1400"F. 

Gas i f ica t ion  d a t a  were a l s o  co l lec ted  f o r  an a d d i t i o n a l  5 hours a f t e r  the 
3-hour fixed-bed operat ing period under moving-bed condi t ions.  
condi t ions were a t t a i n e d  during the  l a s t  two hours of t h e  movingbed operat ing 
period of Tes ts  2 and 3. "Steady-state" is defined as a condi t ion  wherein t h e  
reac tor  pressure is s t a b l e ,  t h e  temperature p r o f i l e  in the  bed, char  feed r a t e  
and bed height  a r e  e s s e n t i a l l y  constant .  

I n  t h i s  study product gas  compositions were determined by gas  chroma- 
tography. Feed and res idue  char  compositions and the  carbon content  of t h e  
condensate samples were determined by s tandard ASTM methods. Ihe cesium 
content of the  catalyzed feed and residue chars ,  steam condensate and t h e  
water used t o  r i n s e  t h e  r e a c t o r  and product gas e x i t  l i n e s  were determined by 
atomic absorpt ion spectroscopy. 

Af te r  each test was completed, t h e  weight of t h e  char  fed  w a s  determined 
by weighing the  char  i n i t i a l l y  charged t o  the  feed hopper and t h e  char  
remaining in t h e  feed hopper a t  t h e  end of the  test. 'Ihe res idue  char  was 

Ihe condensed l i q u i d s  a r e  drained into separa te  vesse ls  
An "al iquot"  sample of the product gas is taken f o r  componential 

"Spot" gas samples a r e  a l s o  taken throughout 

After  charging t h e  reac tor  the  system was f lushed v i t h  

Gas i f ica t ion  da ta  were c o l l e c t e d  beginning immediately a f t e r  t h e  reac tor  

Steady-state 
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a l s o  weighed a f t e r  t h e  t e s t .  
d ividing these  weights by t h e  measured char feeding t i m e .  

Results and Discussion.  
a rsen ic ,  cadmium and cesium hydroxide on t h e  r a t e  of g a s i f i c a t i o n  of l i g n i t e  
and bituminous c h a r  in t h e  laboratory-scale  batch reac tor  char g a s i f i c a t i o n  
tests. 
chars  a r e  expressed in Figures  3 and 4 a s  r e a c t i v i t y  r a t i o s ,  i .e.,  the  r a t i o  
of carbon conversions (X,) obtained in t h e  ca ta lyzed  tests and t h e  average of 
a l l  the  carbon conversions (Xc) in t h e  uncatalyzed t e s t s  a t  each tempera- 
tu re .  A r e a c t i v i t y  r a t i o  value of one (shown by t h e  hor izonta l  l i n e  i n  each 
f igure)  i n d i c a t e s  no e f f e c t  of the  c a t a l y s t  on t h e  char r e a c t i v i t y  by the 
c a t a l y s t .  

and 4,  i t  is apparent  t h a t  c e s i w  hydroxide is more e f f e c t i v e  than a r s e n i c  o r  
cadmium f o r  char  g a s i f i c a t i o n .  
increases  t h e  c a t a l y t i c  e f f e c t  of cesium hydroxide on t h e  bituminous char 
r e a c t i v i t y ,  but has  l i t t l e  e f f e c t  on t h e  l i g n i t e  char  r e a c t i v i t y .  

opera t iona l  problems prevented a l l  but Tests  2 and 3 from being conducted 
under continuous moving-bed condi t ions.  I n  Tes ts  4 and 5 (in which t h e  
c a t a l y s t  was placed i n  r e a c t o r  Zones 2 and 3 only) ,  the formation of a 
c l inker - l ike  mass blocked the  downward movement of the bed and, t h e r e f o r e ,  
prevented residue discharge.  I n  Tests 6 ,  7 and 9 ,  moving-bed condi t ions could 
not be a t t a i n e d  because t h e  ca ta lyzed  char  adhered t o  t h e  reac tor  w a l l s  and 
prevented residue discharge.  

The dry gas product ion r a t e s  f o r  t h e  t e s t s  with uncatalyzed and catalyzed 
bituminous char during the  reac tor  heat-up and t h e  fixed-bed operat ing per iods 
a r e  shown in Figure 5. The a d d i t i o n  of c a t a l y s t  t o  the  b i t m i n o u s  char  
increased the  gas production r a t e  by a s  much a s  72%. 

production r a t e s  than the  tests without c a t a l y s t .  In T e s t s  4 and 5,  t h e  
c a t a l y s t  was placed in t h e  h o t t e s t  zone of the  reac tor .  
o i t h  t h i s  d i s t r i b u t i o n  of c a t a l y s t  quickly increased t o  very high values  but 
then  decreased r a p i d l y  as  g a s i f i c a t i o n  proceeded, t o  t h e  r a t e s  obtained with 
t h e  uncatalyzed char .  
reactor ,  as was done in Tests 6 and 7 ,  r e s u l t e d  in g a s i f i c a t i o n  rates t h a t  
were i n i t i a l l y  s l i g h t l y  higher  than in the  t e s t s  with t h e  uncatalyzed chars  
b u t  t h e  r a t e  of g a s i f i c a t i o n  tended to  decrease less rap id ly  with t i m e .  
Although t h e  l i g n i t e  char  showed higher  o v e r a l l  g a s i f i c a t i o n  r e a c t i v i t y ,  the  
c a t a l y s t  is 33% more e f f e c t i v e  i n  ca ta lyz ing  t h e  g a s i f i c a t i o n  of the  less 
reac t ive  bituminous a s  compared t o  the  l i g n i t e  char .  

fixed-bed opera t ing  per iods f o r  t h e  uncatalyzed and catalyzed bituminous char  
a r e  shown in Figure 6. 
increases  in the  ca ta lyzed  dry gas production rates in both the bituminous and 
l i g n i t e  char  g a s i f i c a t i o n  t e s t s .  I n  t h e  two l i g n i t e  g a s i f i c a t i o n  t e s t a ,  where 
t h e  c a t a l y s t  was concentrated i n  t h e  two h o t t e s t  zones of the  r e a c t o r  (Tests 4 
and 5). a small i n c r e a s e  in t h e  production r a t e  of carbon monoxide and methane 
r e l a t i v e  t o  the  hydrogen was observed. 

time f o r  both char  types during the  fixed-bed opera t ing  period. A s i g n i f i c a n t  
increase  in the  t o t a l  amount of carbon g a s i f i e d  is shown in the  catalyzed char 
tests. 
char was i n i t i a l l y  placed in t h e  reac tor  before  heat ing.  

Feed and residue char  r a t e s  were ca lcu la ted  by 

Figures  3 and 4 compare t h e  measured e f f e c t s  of 

The r e l a t i v e  r a t e  of g a s i f i c a t i o n  of t h e  uncatalyzed and catalyzed 

Although a g r e a t  d e a l  of s c a t t e r  remains i n  t h e  d a t a  shown in Figures  3 

Increasing the r e a c t i o n  temperature s t rongly 

A summary of t h e  BSU g a s i f i c a t i o n  t e s t s  is given in Table 4. A number of 

The t e s t s  wi th  catalyzed l i g n i t e  char  a l s o  showed cons is ten t ly  higher  gas 

The g a s i f i c a t i o n  r a t e  

D i s t r i b u t i n g  the  c a t a l y s t  evenly throughout the  

The dry gas c o n s t i t u e n t  production rates during t h e  reac tor  heat-up and 

Hydrogen and carbon dioxide account f o r  most of the  

Figures  7 and 8 compare t h e  cumulative carbon g a s i f i e d  a s  a func t ion  of 

The e x t e n t  of the  increase  i s  highly dependent on where t h e  catalyzed 
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The d i s p o s i t i o n  of t h e  cesium c a t a l y s t  i n  the  var ious s o l i d  and l i q u i d  
product streams from the  bench-scale reac tor  has been inves t iga ted .  The 
r e s u l t s  have thus f a r  ind ica ted  minimal movement of the cesium from i t s  
i n i t i a l  pos i t ion  under the  appl ied test condi t ions.  
higher  temperatures o r  lower pressures  might be required t o  e f f e c t  cesium 
v o l a t i l i z a t i o n  from t h e  char .  

Plans a r e  t o  conduct la rger -sca le  BSU tests, wherein t h e  opera t ing  
problems encountered i n  t h e  P i n c h  BSU might be avoided, t o  answer t h i s  
question. 

This suggests  t h a t  e i t h e r  
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OXYGEN CHEMISORPTION AS A TOOL FOR 
CHARACTERIZING "YOUNG" CHARS 

E. M. Suuberg, J. M. Calo, and  M Wojtowicz 
Division of Engineering 

Brown University 
Providence. Rhode Island 02912 

T h e  introduction of the concept of active surface area (ASA) as measured 
by oxygen adsorption [N. R. Laine, F. J. Vastola, and P. L. Walker, Jr., J. Phvs. m., a 2030 (1963)l has led in recent years t o  various attempts to  correlate char 
reactivity towards oxygen-containing gasification agents (e.& CO,). As may be seen 
from the literature, this approach has met with some, although not universal, success. 
Theories have been advanced which suggest that only a portion of active sites may 
participate in actual gasification reactions. 

Hampering a fundamental understanding of what the role of active sites 
might be is lack of information on their nature. A wide variety of conditions has 
been suggested f o r  measurement of ASA, generally involving temperatures in  the 
range f rom 100°C to 35OoC and oxygen pressures f rom fractions of a torr to 
atmospheric. Only in a few cases have these conditions been critically evaluated. In 
this paper, a series of experiments is reported upon, which seek to establish the 
importance of these conditions on determining the ASA of "young" chars (Le., not 
heat treated for extended times). 

1.0 Introduction 

Gasification of carbonaceous solids has historically been and remains an area 
of significant scientific and technological interest (1-7). I t  has been well established 
that the reactivity of char to  gasification generally depends upon three principal 
factors: (a) the concentration of "active sites" i n  the char; (b) mass transfer within 
the char; and (c) the type and concentration of catalytic impurities in  the char. This 
paper is concerned with the nature of the active sites, and  attempts to elucidate 
further what is normally being measured a s  active sites. I t  has been shown, or at 
least implied, by the results of various workers that active surface area (ASA) is a 
better predictor of  char  reactivity than is total surface area (TSA) (8-10). The most 
frequently employed technique for  determining active sites in  chars is oxygen 
chemisorption (8-16). 

The  gradual pyrolytic evolution of hydrocarbons (possibly including 
heteroatoms) to highly carbonaceous solids is accompanied by dramatic changes in the 
gasification reactivity of such materials. Here we are concerned with the gasification 
behavior of chars tha t  have already undergone active pyrolysis in which most 
hydrocarbon gases and  tars a r e  evolved. The  issues involved in transient high rate 
hydrogasification or steam reactivity during pyrolysis (e.g., 1, 17, 18) are not 
addressed here. 

Active sites in  relative!y pure carbons a re  normally thought to be associated 
Work with graphite has 

The majority 
with various types of imperfections in the carbon structure. 
suggested the important role of carbon crystallite edges or dislocations. 
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of mechanistic theories of carbon gasification a r e  based o n  the "pure-carbon-surface- 
imperfections" model. This is appropriate for chars that have been heat-treated a t  
high temperatures for  extended periods of time and thus have relatively low residual 
oxygen and hydrogen contents (Le., "old" chars). Some caution must be exercised in 
applying results obtained from pure carbons to  "young" chars. This point will be 
considered further.  below. 

Carbon gasification theories a re  based largely upon chemisorption-desorption 
mechanisms (some also allow f o r  surface diffusion of intermediates). There is some 
evidence to suggest that the same type of oxygen-carbon complexes are involved in  
oxygen, steam, and carbon dioxide gasification (2.19). A correlation has also been 
demonstrated between active sites involved in hydrogen gasification a n d  those 
involved in carbon dioxide gasification, although there is no direct proof that the 
sites involved a r e  indeed the same in both cases (1). There is, however, a 
legitimate concern that the concept of "active sites" may be too broad, and that 
active sites may in  fact  be quite different in  "young" chars than in "old" chars. It is 
the issue of what exactly is being measured by oxygen chemisorption which will be 
addressed in this paper. 

There exists a distinction between "active" sites tha t  are reactive and  those 
that a r e  nonreactive a t  a given temperature. f h e  reactive "active" sites are 
responsible f o r  the release of surface carbon oxides, while the nonreactive "active" 
sites will chemisorb oxygen but will not release surface oxides a t  the temperature 
under consideration. Raising the temperature of the carbon converts some 
nonreactive to reactive "active" sites (5,8). This mechanism, combined with the 
expected Arrhenius-type enhancement of chemical reaction rates, results in  increasing 
gasification rate with temperature. 

The  preceding effect, however, is not always observed, and thus other 
factors must also play a role. For example, i t  has been observed that the rate of 
carbon combustion normally increases with increasing temperature, up  to about 1500K. 
In the 1500-2000K temperature range, however, i t  has of ten  been noted that the rate 
of combustion actually decreases with increasing temperature ( 5,20-23). One 
explanation for this behavior is known a s  "thermal annealing" (3,5,24-26). This 
same effect  has also been postulated as being responsible for  a decrease in reactivity 
towards other gases as well (1.27.28). There is a trend towards lower reactivity 
with increased time and temperature of char heat treatment ( 1.29-35). This 
behavior reflects a progressive and continuous ordering of the remaining carbon and 
is actually a n  extension of the pyrolysis process. 

I t  would, therefore, seem logical to  associate the temperature dependence of 
the annealing process in  chars with the activation energies of the latter phases of 
pyrolysis; Le., 100 to 200 kcal/mol typical for high temperature H, release (36) and 
graphitization (3-0,  respectively. In fact ,  this range is consistent with the results of 
a few studies on pure, relatively graphitic carbons (21.26). The values of 
annealing reaction activation energies derived from experiments with younger chars 
have been generally lower, however. 

In the present study, we examine the chemisorption behavior of relatively 
young chars only, so in comparing this study to those on graphites or chars produced 
by prolonged heating a t  high temperature, caution must be exercised. In this study, 
the effects Of temperature and oxygen pressure on chemisorption behavior a re  
considered. 
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Exoerimental 

Two different  kinds of chars were examined in the course o f  this study. 
One was prepared f r o m  pyrolysis of a previously demineralized North Dakota lignite, 
t he  composition of which is shown i n  Table 1. Demineralization was accomplished 
by washing the sample with HCI, followed by H F  and again followed by HCI, 
according to the technique of Bishop and Ward (38). The residual mineral matter 
content of the l ignite was determined to  be approximately 0.8%. The  other char 
which was examined was derived from a phenol-formaldehyde resin, carefully 
synthesized so as to avoid any cation contamination. 

Table I 

c Y N S  Ash 
North Dakota Lignite' 65.6 3.6 1.1 0.8 11.0 

Phenolic Resin 13.9 5.5 0 0 0 

Phenolic Resin Char* 81.2 1.6 0 0 0 

All analyses on a weight percent, dry basis. Oxygen by difference.  
'The analysis is for the as-received lignite, prior to demineralization. 
*Pyrolysis as  indicated in  the text. 

Q 

17.9 

20.6 

11.2 

Both samples were pyrolyzed at  similar conditions. Pyrolysis was performed 
under inert  gas (helium). The resin samples were heated a t  a rate of 4 to S°C/min 
to a maximum temperature of 950°C, held for about 2 hours a t  temperature, and 
then cooled to room temperature a t  a rate of 2 to 2S0C/min. Samples were never 
permitted to contact oxygen while a t  high temperatures, except during the actual 
chemisorption experiments. The  weight loss during pyrolysis was approximately 40%. 
T h e  total surface a rea  of chars produced this way was roughly 300m2/g. The 
lignite sample was heated a t  a rate of about 3'C/min to 1000°C, held at this 
temperature for  2 hours, and then cooled to room temperature a t  a rate  comparable 
to the heating rate. The weight loss o f  the lignite during pyrolysis was 42.3%. 

Prior to chemisorption, samples were always outgassed for about 2 hours a t  
95OoC, under helium. 

Generally, chemisorption was performed in a TGA type device. About 
50-100 mg of powdered sample was placed in  a q u a r t f b u c k e t ,  the system tared, and 
mass change followed as  a function of time, a t  the desired oxygen partial pressure 
a n d  temperature. Experiments were performed to assess the effects of oxygen 
pressure and temperature on oxygen chemisorption behavior. 

Effect Of Temoerature on Oxvaen Chemisorotion Behavior 

There exists a voluminous literature on low temperature oxidation of coals 
and  a significant number of studies on low temperature oxidation of chars. 
Generally, the analysis of oxygen uptake in these systems has been analyzed in terms 
of the Elovich equation, expressed as  

dq/dt  = a exp(-bQ) 
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where q is  the amount of oxygen chemisorbed per gram of char, and  a and b a re  
constants. Recent work on 5SOoC cellulose char has shown the data  on oxygen 
uptake at temperatures between 74 and  207OC to be reasonably f i t  by this equation, 
and implies a l inear increase in chemisorption activation energy from 13 to 25 
kcal/mol with increasing extent of uptake (39). These da t a  were interpreted, together 
with ESR data,  to suggest that  f a r  more oxygen is chemisorbed than there are  free 
radical sites initially available. A chain reaction via peroxy radicals was ruled out 
on the basis of the high activation energies. A Diels Alder reaction was postulated, 
but not vigorously supported. This is representative of the uncertainty concerning 
oxygen uptake mechanisms on chars. The mere fact  that  the Elovich equation fi ts  
data does l i t t le to establish mechanism; as has been pointed out, the Elovich equation 
may be consistent with several different types of sorption isotherms (5 ) .  Its validity 
in  interpreting results from porous samples has been questioned a s  well (40). 

I t  is against this background of uncertainty in  mechanism that  the data  on 
the effect  of temperature on chemisorption are  analyzed. Generally, a fresh young 
char  surface, when first  exposed to oxygen, rapidly picks u p  oxygen and then 
continues to pick up  oxygen a t  an ever decreasing rate fo r  many hours subsequently 
(consistent with the form of the Elovich equation). 

The effect  of temperature on the amount of oxygen chemisorbed by a char 
has been studied to a limited extent previously. An Australian brown coal char 
pyrolyzed for  more than 10 hours a t  1000°C showed a trend of increasing oxygen 
capacity with increasing temperature of chemisorption between 25 and 2OO0C (41). 
Experiments with a higher rank coal char prepared a t  similar temperatures showed 
that  oxygen capacity increased with temperature only up  to about 100°C (16), while a 
S50°C cellulose char  showed increasing oxygen uptake with increasing temperature up 
to a t  least 207OC (39). An activated graphon (highly graphitized carbon black) 
showed increasing chemisorption capacity with increasing temperature u p  to a t  least 
SSOOC (13). The actual temperature dependence of saturation amounts of uptake was 
seen to be quite complex (12). 

As a result of the uncertainty concerning the effect  of temperature on 
chemisorption behavior, several tests were performed with the chars of interest i n  this 
study. In both series of experiments, chars with initially clean surfaces were 
subjected to "staircase" temperature profiles under an  atmosphere of dry air. Figure 
1 shows the results of these tests. In the case of the resin char, there is evidence 
for  increased capacity with increasing temperature up to 3OO0C, a t  which temperature 
the mass begins to decrease due  to decomposition of the surface oxides. In the case 
of the lignite char, the effect  of temperature is much less pronounced a n d  mass loss 
becomes evident a t  2SOoC. 

Thus, it must be concluded that  the effect  of temperature on chemisorption 
may vary widely from char to char, and there is a legitimate question as to what 
exactly is being measured a t  any arbitrary condition. Depending upon the situation, 
the maximum uptake may be an  art ifact  due to competing processes of continued 
chemisorption and desorption of complexes. In the case of the resin char, the 
apparent activation energy for  the high temperature decomposition process is 29 
kcal/mol. 

Effect of OXVRen Pressure on Chemisorotion Behavior 

The effect  of oxygen pressure on chemisorption behavior has also been 

189 

i 



-5- 

studied to only a limited extent previously. I t  was found for 1000°C Australian 
brown coal char that  both reversibly sorbed and chemisorbed oxygen increased in 
amount with increasing pressure of oxygen (from 161 torr to 760 torr)  (41). On the 
other hand, a sample of higher rank coal char  which had been pyrolyzed at  1000°C 
showed no variation in  oxygen chemisorption capacity fo r  pressures ranging from 
about 7.6 torr t o  760 torr (16). I n  another study, a graphon sample displayed oxygen 
chemisorption capacity which was markedly pressure dependent in the pressure range 
0.5 torr to 700 torr (13). The  increase in oxygen chemisorption with oxygen pressure 
was also observed at  high temperatures (615OC. 42). 

In seeking to better characterize oxygen chemisorption as a diagnostic 
technique, a series of experiments was conducted in  the present study a t  various 
partial pressures of oxygen. The results of these tests are  shown in Figure 2. It is 
apparent that  the partial  pressure of oxygen has a marked influence on the rate of 
uptake of oxygen, and apparently, on the ultimate oxygen capacity of the sample. 

Conclusions 

The obvious conclusion that  can be drawn from this work is that  oxygen 
chemisorption can hardly be termed a site-specific analytical technique, a t  least when 
applied t o  typical young chars. The fact  that  apparent oxygen capacities are  
sensitive to temperature and  pressure does not necessarily imply that oxygen 
chemisorption is not useful as a correlative tool; it has been shown that active site 
concentrations, as  measured by chemisorption of oxygen, do  correlate reasonably well 
with char  reactivity in several cases (e.g., 8,9). Still, the  solid evidence fo r  the 
relationship between chemisorbed oxygen complexes and  gasification have come mainly 
f rom a series of very careful studies on very "old" chars, oxidized a t  moderate 
temperatures (8,ll-15). 

This  raises the question as  to what value oxygen chemisorption techniques 
a r e  in characterizing young chars. Clearly, as a characterization technique, 
chemisorption is diff icul t  enough so as  to make actual gasification reactivity tests 
look more attractive, if this is t he  information which is actually desired. At present, 
when applied to young chars, the oxygen chemisorption technique must derive i ts  
value f rom being a tool for  studying the actual mechanism of gasification of these 
materials. 
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IN-MINE VARIATION AND ITS EFACTS ON COAL GASIFICATION 

Sco t t  F. Ross and David R. K l e e s a t t e l  

U n i v e r s i t y  of North Dakota Energy Research Center 
Box 8213, U n i v e r s i t y  S t a t i o n  

Grand Forks, Nor th Dakota 58202 

Abstract 

As reported e a r l i e r  (1). f o u r  d i f f e r e n t  l i t h o l o g i c  layers have been i d e n t i f i e d  
i n  t h e  Freedom Mine (Mercer County, Nor th Dakota) which suppl ies t h e  l i g n i t e  f o r  t h e  
Great P la ins G a s i f i c a t i o n  Associates p l a n t  i n  Beulah, Nor th Dakota. The layers were 
i d e n t i f i e d  on t h e  bas i s  of r e a d i l y  observable megascopic cha rac te r i s t i cs  i ncludi ng 
l u s t e r ,  f r a c t u r e  c h a r a c t e r i s t i c s  and t h e  presence of c l a y ' a d  s i l t  zones. L i g n i t e  
sampled fran each of t h e  f o u r  layers has been pyro lyzed i n  a bench scale reac to r  
system designed t o  s i m u l a t e  t h e  product ion of gas l i q u o r  condemate fran the  
py ro l ys i s  zone of an actual  g a s i f i e r .  The y i e l d s  of water-soluble organic  e f f l u e n t s  
fra each of t h e  l aye rs  were found t o  d i f f e r  s i g n i f i c a n t l y ,  p a r t i c u l a r l y  t h e  y i e l d s  
of phenol, cresol  and catechol .  

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

The treatment and removal of water-soluble organic e f f l u e n t s  fran wastewater i s  
an impor tant  i ssue  f a c i n g  coal g a s i f i c a t i o n  technology. The extent  of treatment i s  
governed by the  reuse o r  env i ronmenta l ly  acceptable disposal of t h e  wastewater. 
Downstream e f f l u e n t  t reatment  i s  a l so  dependent on t h e  nature and q u a n t i t y  of t a r s  
p y r o l y s i s  and d e v o l a t i l i z a t i o n  react ions i n  t h e  upper p o r t i o n  of t h e  g a s i f i e r .  It 
i s  des i rab le  t o  develop a l abo ra to ry  t e s t  t o  s imulate t h e  product ion of water- 
s o l u b l e  organic e f f l u e n t s  fran a g a s i f i e r ,  thereby e l i m i n a t i n g  expensive p i l o t - p l a n t  
t es ts .  Such a t e s t  c o u l d  even tua l l y  be a method of assessing t h e  g a s i f i c a t i o n  
p o t e n t i a l  of var ious coals, and t h e  r e s u l t i n g  da ta  base would be h e l p f u l  i n  
designing e f f l uen t  t reatment  systems f o r  g a s i f i c a t i o n  p lants .  

I n  working towards t h e  development of such a t e s t ,  t h e  technique was found t o  be 
s e n s i t i v e  t o  changes i n  coa l  q u a l i t y  which occur  w i th ing  t h e  same mine. With the  
d iscovery of d i s t i n c t  l i t h o l o g i c  l a y e r i  ng w i t h i n  a mi  ne which suppli  es coal t o  an 
actual  cmmerc ia l  g a s i f i e r ,  an i n v e s t i g a t i o n  i n t o  t h e  e f f e c t s  of in-mine v a r i a t i o n  
on  coal g a s i f l c a t i o n  was i n i t i a t e d .  

Expe ri ment a1 

A laboratory  sca le  t u b u l a r  reac to r  was const ructed which al lows f o r  t he  
p y r o l y s i s  of up t o  f i v e  grams o f  coal i n  a v a r i e t y  o f  gas atmospheres. A Lindbergh 
s p l i t - t y p e  furnace with a maximum temperature of 1100 C and a programmable heating 
r a t e  of S"C/min. t o  45OC/min. al lowed f o r  rep roduc ib le  heat ing of t h e  samples. A 
l i q u i d  n i t rogen cooled t r a p  was used f o r  t h e  c o l l e c t i o n  of water-soluble organic 
eff luents. A f te r  complet ion of t h e  experiment t h e  t r a p  was allowed t o  warm t o  above 
0°C and the water-so lub le organics analyzed by gas chranatography (2). 

The coal samples used i n  t h i s  s tudy were c o l l e c t e d  a t  t h e  Freedom Mine (Mercer 
County, North Dakota). The samples were ground t o  -60 mesh and pyrolyzed i n  a 
n i t r o g e n  atmasphere us ing  a heat ing r a t e  of 45"C/min. and a f i n a l  temperature of 
85OOC. 

TOSCO Materi a1 Balance Assays were prov ided by J A Associates. Inc., Golden. 
Colorado. The procedure has been described elsewhere (3). 
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Standard q u a n t i t a t i v e  maceral analyses (4 )  were performed on representat ive 
L i g n i t e  samples were prepared f o r  samples from each of t h e  f o u r  l i t h o l o g i c  layers.  

micropetrographic analys is  as described i n  ASTM procedures (5 ) .  

Results and Discussion 

Duri ng a mi ne study i n May 1984, major  l i t h o l o g i c  u n i t s  occurr i  ng as layers i n  
t h e  Beulah-Zap bed of t h e  Sent ine l  B u t t e  Formation (Paleocene) were observed. The 
seam was subdivided i nto f o u r  li thologi  c u n i t s  on the  basis of o v e r a l l  megascopic 
c h a r a c t e r i s t i c s  (F igure 1). The c r i t e r i a  f o r  these subdiv is ions were: 

1. appearance of the  broken surfaces of t h e  u n i t s  on a l a rge  sca le  as they appear 

2. l u s t e r  of t h e  coal; 

3. f r a c t u r e  cha rac te r i s t i cs ,  hardness and sur face appearance of t h e  coal on a small 
sca le  (1-10 cm); 

4. presence of l i t h o l o g i c a l l y  d i s t i n c t  u n i t s  i nc lud ing  t h i n  layers of fragmental 
coal ,  c l a y ,  and s i l t  layers and concret ionary zones. 

There i s  evidence t o  suggest t h a t  the u n i t s  are not e n t i r e l y  l o c a l  i n  extent  but 
p e r s i s t  wide ly  i n  t h e  Beulah-Zap bed (6). 

L i g n i t e  was sampled from each of t h e  f o u r  layers i n  a v e r t i c a l  sequence w i t h  t h  
samples being c o l l e c t e d  w i t h i n  a few meters of each other. The samples wen 
pyrolyzed as described above and t h e  water-soluble organic e f f l u e n t s  wert 
analyzed. The y i e l d s  of t h e  water-soluble organics from each of these f o u r  samples 
and t h e i r  corresponding proximate and u l t i m a t e  analyses are g iven i n  Table 1. Based 
on t h e  py ro l ys i s  y i e l d  data, t he  top  t h r e e  layers appear t o  be q u i t e  s i m i l i a r .  
However, l a y e r  f o u r  shows considerable d i f ferences i n  the  y ie lds  o f  methanol, 
phenol, cresols  and catechol. I n  f a c t ,  l a y e r  f o u r  appears t o  be an e n t i r e l y  
d i f f e r e n t  coal. Layer f o u r  i s  separated fran t h e  o the r  th ree  layers by a l o c a l l y  
t h i n ,  i no rgan ic - r i ch  zone o r  c l a y  l aye r ,  suggesting t h a t  a marked d i f f e r e n c e  i n  the 
depos i t i ona l  environment could have occurred. The proximate and u l t i m a t e  analyses 
f o r  t h e  f o u r  layers are q u i t e  s i m i l i a r ,  however, and provide no explanat ion as t o  
why the  f o u r t h  l a y e r  should behave so d i f f e r e n t l y  upon py ro l ys i s  than t h e  other  
t h r e e  layers.  I n  p a r t i c u l a r ,  a comparison o f  maf u l t i m a t e  data f o r  l a y e r s  2 and 4 
shows great  s i m i l a r i t y ,  y e t  py ro l ys i s  y i e l d s  o f  water-soluble organics are r a d i c a l l y  
d i f f e r e n t .  This suggests t h a t  a p lan t  operator could not r e l y  on r o u t i n e  coal 
analys is  as t h e  p r e d i c t o r  of wastewater cha rac te r i s t i cs .  

The data from t h e  TOSCO Ma te r ia l  Balance Assays a re  given i n  Table 2. The most 
obvious d i f f e rence  i s  t he  t a r  y i e l d s  f o r  t h e  f o u r  layers. There i s  a 44% decrease 
i n  t a r  y i e l d  between l a y e r  1 and l a y e r  2. The y i e l d s  of water, CO and C 1  a l so  
d i f f e r  s i g n i f i c a n t l y  between the  f o u r  layers.  However: u n l i k e  w i t h  t h e  water- 
so lub le  organic e f f l u e n t  data, t h e  f o u r t h  l a y e r  doesn't  stand out as being d i f f e r e n t  
f r a n  t h e  o the r  th ree  layers. 

Petrographic analyses f o r  t h e  f o u r  layers are presented i n  Table 3. Un l i ke  t h e  
p r o x i m t e  and u l t i m a t e  analyses, which suggest l i t t l e  d i f f e rence  between t h e  f o u r  
layers,  t h e  petrographic analyses i n d i c a t e  t h a t  t he re  might be considerable organic 
s t r u c t u r a l  d i f ferences between t h e  layers.  There ex i s t s  a good c o r r e l a t i o n  between 
catechol y i e l d s  upon py ro l ys i s  and t h e  amount of corpohuminite found i n  each 
layer .  A l i n e a r  est imat ion of t he  data r e s u l t s  i n  a c o r r e l a t i o n  c o e f f i c i e n t  of 
0.92. 

i n  t h e  h igh  wa l l ;  
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Table 1. Pyro l ys i s  Y ie lds  f o r  Four L i t h o l o g i c  Layers i n  t h e  Freedom Minea 

(TOP) 
Layer 1 

(Bottom) 
Layer 4 Layer 2 Layer 3 Coal 

Compound: 

- 
Methanol 990 

1350 
24 0 
360 
70 

10 10 
1320 
250 
340 
130 

94 0 
1490 
26 0 
420 
28 0 
1800 
580 
600 
720 
1200 

1590 
1420 
190 
350 

Acetone 
A c e t o n i t r i l e  
2-Butanone 
Propi oni tri 1 e 
Phenol 
o-Cresol 
p-Cresol 
m-Cresol 
Catechol ' 

190 
3820 
980 
1190 

2110 
610 
680 
710 
990 

~~. 

1720 
520 
570 
630 1420 

3150 1010 

Proximate Analysis 
(as rec 'd ;  % by w t ) :  

Mo is tu re  
V o l a t i l e  mat ter  
F ixed carbon 
Ash 15.55 

23.51 
29.32 
31.61 
6.40 

23.1 1 
33.93 
36.56 
4.94 

27.93 
34.22 
32.91 
4.72 

30.62 
36.74 
27.93 

4.66 
68.20 
1.08 
2.75 
23.30 

5.09 
69.14 
1.11 
0.66 
23.99 

4.75 
70.37 
1.12 
0.68 
23.09 

5.13 
69.32 
1.07 
0.84 

Hydrogen 
Carbon 
Ni t rogen 
S u l f u r  
Oxygen 23.65 

aCornpound y i e l d s  a re  repor ted i n  micrograms/g maf coal. 

Table 2. TOSCO Mate r ia l  Balance Assay 

Normalized Values (Moisture Free) 
Layer 2 Layer 3 

67.1 10 3.7 
8.2 12.7 

333.5 329.0 
3597.1 3627.6 

192.3 158.7 
23.1 19 .o 

1407.1 1408.5 

F ischer  Assay Y ie lds  

Tar ( l b / ton )  
(ga l / t on )  

Gas ( l b / ton )  
(scf / ton)  

Water ( l b / ton )  
(ga l / t on )  

Char (1 b / ton )  

H ( l b / t o n )  
C 6  ( l b / ton )  
C02 ( l b / t o n )  
C1 ( l b / ton )  

Layer 1 

119.3 
14.6 

31 1.9 
3311.0 

129.9 
15.6 

1438.9 

Layer 4 

89.1 
10.9 

306.6 
3402.9 

191.2 
22.9 

1413.1 

1.14 
40.89 
224.00 
20.6 3 

1.22 
30.76 
243.2 3 
17.44 

1.11 1.33 
37.51 36.85 
256.50 251.62 
19.78 22.32 
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Table 3. Petrographic Analyses o f  Freedom Mine, Four L i t h o l o g i c  Layers 

Maceral Analysis 
(% Volume) 

Humani t e  Group 
Ulmi  ni t e  
Humodetri n i  t e  
Geli  ni t e  
Corpohumi n i  t e  

L i p t i  ni t e  Group 
Spori ni t e  
Cuti  ni t e  
Resi ni t e  
Suberi n i  t e  
A1 gi ni t e  
L i  p tode t r i  ni t e  
F luo r i  ni t e  
Bi tumi n i  t e  

Layer 1 

35.5 
25.2 
0.5 
1 .o 

0.9 
0.7 
2.7 
0 .o 
1.2 
5 .O 
0.0 
0 .o 

Layer 2 

38.9 
23.1 
0.4 
2.6 

2.4 
0.5 
1.9 
0.5 
0.4 
5.9 
0.4 
0 .o 

Layer 3 

38.2 
21.9 
1.4 
2 .o 

1.4 
0.5 
0.9 
0.4 
0.9 
3.8 
0.0 
0 .o 

Layer 4 

42.8 
18.0 
1.3 
6.2 

3.3 
0.5 
1.7 
1.5 
1.2 
5.3 
0.0 
2.0 

I n e r t i  n i  t e  Group 
Fusi ni t e  4.5 4.6 8.5 2.7 
Semifusi n i  t e  6.8 8.1 7.2 5.3 
Macri ni t e  0.7 0.5 0.2 0.0 
Sc le ro t i  n i  t e  0.3 0.5 0.4 0.3 
I n e r t o d e t r i  ni t e  8.9 7.6 8.5 4.2 
M i c r i  ni t e  1.3 0.7 1.8 1.3 

Conclusions 

The canposi t ion o f  gas l i q u o r  condensate can vary g r e a t l y  due t o  va r ia t i ons  
w i t h i n  an i n d i v i d u a l  seam. The samples used i n  t h i s  s tudy were c o l l e c t e d  w i t h i n  a 
few meters o f  each o the r  bu t  i n d i c a t e  s i g n i f i c a n t  v e r t i c a l  v a r i a t i o n  e x i s t s  i n  a 
p a r t i c u l a r  mine. The u l t i m a t e  analyses of these laye rs  are v i r t u a l l y  i d e n t i c a l ,  bu t  
t he  actual chemistry, as evidenced by t h e  p y r o l y s i s  r e s u l t s  and t h e  TOSCO Mate r ia l  
Balance Assays, i s  very d i f f e r e n t  fran l a y e r  t o  l aye r .  These d i f f e rences  could 
r e s u l t  i n  subs tan t i a l  changes i n  wastewater canpos i t i on  and o p e r a b i l i t y  o f  a 
ta r /wa te r  separator i n  an actual  g a s i f i c a t i o n  p l a n t  when coal  fran d i f f e r e n t  layers 
i s  gas i f i ed .  

Petrographic analys is  r e f l e c t s ,  t o  an extent, t h e  s t r u c t u r a l  chemistry of t he  
coal because t h e  macerals genera l ly  de r i ve  from d i f f e r e n t  k inds of p l a n t  
const i tuents ,  and these o r i g i n a l  p lan t  cons t i t uen ts  i n  t u r n  have d i f f e r e n t  
s t ructures.  Therefore, petrography should be a use fu l  p red ic to r  of some py ro l yza te  
yi  e l  ds . 

Reasonably steady operat ion of wastewater treatment p lan ts  and ta r /wa te r  
separators depend on havi ng reasonably steady wastewater composit ion and t a r  
production, o r  a t  l e a s t  t h e  a b i l i t y  t o  p r e d i c t  these i n  advance. I n  order  t o  
achieve t h i s  i t  i s  impor tant  t o  cha rac te r i ze  t h e  py ro l ys i s  behavior  of t h e  coal 
layers t o  prov ide f o r  blending o r  p r e f e r e n t i a l  mining arrl s e l e c t i v e  u t i l i z a t i o n .  
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EASILY ALONG BEDDING PUNES. SOMEWHAT FRACMENTAL 

LIGNITE. VERY FRAGMENTED WITH BLOCKY FRACTURES. 

LIGNITE, BRIGHT to VERY BRICHT. MASSIVE STRUCTURE 
DOES NOT FRACTURE ALONG BEDDINC PLANES. 

LIGNITE. MODERATELY BRIGHT to BRIGHT. VERI  MASSIVE, 
VERY W R D  and RES1STANf 10 FRACTURING. 

- 1 INOR(.*NIC ZONE?. CONTACT W Y  BE MARKED BY 
CUYEY andlor CONCRETIONARY ZONE 

L I M I T E .  DULL UI VERY DULL, W R D  but BRITTLE, 
ABUNDANT DISSEMINATED FINE PYRITE CRYSTALS. 
FEW BEDDINC PLANES or FRACTURES. SHARP CONTACT 
with UNDERCLAYS 

UNDERCLAY 

F igu re  1. L i t h o l o g i c  u n i t s  of the Beulah-Zap l i g n i t e  bed as described a t  the 
Freedom Mine. 
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Understanding char  r e a c t i v i t y  is important  s ince  the consumption of char  is the  
s lowest  and, t h e r e f o r e ,  the  c o n t r o l l i n g  process in combustion o r  gas i f ica t ion .  
Reviews of char  r e a c t i v i t y  (1.2) demonstrate t h a t  there  is a wide v a r i a t i o n  in 
observed r e a c t i v i t i e s .  
v a r i a t i o n s  (one and h a l f  o rders  of magnitude) in char r e a c t i v i t y  wi th  method of 
formation. S i m i l a r l y ,  Ashu e t  a l .  (4) found an enhanced r e a c t i v i t y  of  char  caused by 
rapid hea t ing  of the  precursor  coal. More recent ly ,  in a v e r t i c a l  tunnel  furnace, 
Essenhigh and Farzar  (5) measured very rapid burnout times f o r  s m a l l  coa l  p a r t i c  es. 
They ascr ibed t h i s  t o  t h e  f i r i n g  condi t ion whichkave r a t e s  of heat ing in t h e  10 K/s 
regime, compared w i t h  the  more usual  value of 10 
Nsakala has repor ted  a v i d e  v a r i a t i o n  in r e a c t i v i t y  associated wi th  rank (6). 

The g a s i f i c a t i o n  or combustion reac t ions  of char  a r e  genera l ly  descr ibed a s  f a l l i n g  
i n t o  three  r a t e  c o n t r o l l i n g  regimes where the r e a c t i o n  r a t e  is l i m i t e d  by: 
i n t r i n s i c  r e a c t i v i t y  of t h e  char  i t s e l f ,  2 )  d i f f u s i o n  of reactar . ts  w i t h i n  t h e  char 
pores, and 3) d i f f u s i o n  of r e a c t a n t s  between t h e  char ' s  surface and t h e  ambient 
atmosphere. In t h i s  work t h e  focus is on the  i n t r i n s i c  r e a c t i v i t y  where the  
cont ro l l ing  f a c t o r s  are the  surface area,  a c t i v e  s i te  densi ty ,  and c a t a l y t i c  e f f e c t  
of minerals. The o b j e c t i v e  or the  s tudy descr ibed here  vas  t o  determined how these 
f a c t o r s  vary wi th  c o a l  rank, char  formation condi t ions and minera l  matter content. 

This  paper r e p o r t s  on an empir ica l  s tudy of the  r e a c t i v i t y  of a s e t  of chars from a 
v a r i e t y  of d i f f e r e n t  c o a l s  prepared by pyro lys i s  a t  heat ing r a t e s  between 0.5 and 
20,000°C/sec t o  tempera tures  between 400 and 1600'C. R e a c t i v i t i e s  were measured 
with a TGA. using t h e  widely used method of monitoring the weight l o s s  a t  constant  
temperature i n  the  presence of 02 or  C02. 
weight l o s s  v a s  measured while  the  sample vas  heated a t  a constant  heat ing r a t e  in 
the  presence of the  r e a c t i v e  gas. This  method has  t h e  advantage t h a t  t h e  same 
condi t ions can be used f o r  chars  of widely varying reac t iv i ty .  
by the two methods c o r r e l a t e d  w e l l  wi th  each other. 
c o r r e l a t i o n s  of t h e  r e a c t i v i t i e s  wi th  t h e  char formation condi t ions and t h e  char 
proper t ies  ( inc luding  sur face  a rea ,  hydrogen concentrat ion and minera l  concentration). 

BxpEBIlIEarAL 

Work descr ibed by Snoot (3) h i g h l i g h t s  t h e  very l a r g e  

b 
K/s i n  slower burning flames. 

1) 

A new technique v a s  developed in which the 

R e a c t i v i t i e s  measured 
The paper w i l l  p resent  

Char  P r e p a r a t i o n  - Chars f o r  t h i s  s tudy were prepared from the  200 x 325 mesh sieved 
f r a c t i o n s  of c o a l s  and l i g n i t e s  l i s t e d  in Table I. 
PYro~Ysis  i n  an i n e r t  atmosphere in one of four  reactors :  
en t ra ined  f low r e a c t o r  (EFR) (7.8) with  coa l  p a r t i c l e  temperatures  between 650 and 
1600°C a t  hea t ing  r a t e s  of N1O,OOO°C/sec; 2) a heated tube reac tor  (9) wi th  coa l  
P a r t i c l e  temperatures  between 650°C and 950°C a t  heat ing r a t e s  of  IV 20,000°C/sec; 3) a 
thermogravimetr ic  ana lyzer  (TGA) wi th  c o a l  p a r t i c l e  temperatures  of 450°C to  900°C a t  
heat ing r a t e s  of OS°C/sec; and 4) a heated gr id  reac tor  (HGR) with  c o a l  temperatures 
Of 400°C t o  900OC a t  h e a t i n g  r a t e s  o f  W100O0C/sec. (10). 

W C t i v i t Y  Measurements - I n i t i a l  char r e a c t i v i t y  measurements were made using the 
isothermal  measurement developed a t  Pennsylvania S t a t e  Universi ty  (11). 
method, the char  is heated in a TGA in nit rogen t o  the  des i red  temperature, usual ly  
400-500°C. 
l i m i t a t i o n s  a r e  present ,  Le., by varying the flow r a t e ,  bed depth and p a r t i c l e  size. 
After t h e  weight of t h e  sample has  s t a b i l i z e d  a t  the se lec ted  temperature  leve l ,  the  
n i t rogen  f l o w  is switched t o  a i r  and the weight loss is monitored. The t i m e  f o r  50% 

The chars  were prepared by 
1) an atmospheric pressure 

In t h i s  

The temperature  l e v e l  is chosen t o  make s u r e  no oxygen d i f f u s i o n  
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burnoff, 7 0 5 ,  1s used as t h e  r e a c t i v i t y  index. 
used the  maximum r a t e  of weight loss as a r e a c t i v i t y  index, which 1s determined i n  a 
s i m i l a r  isothermal  experiment (12). 

I n  our char c h a r a c t e r i z a t i o n  work, w e  had d i f f i c u l t y  applying the  i so thermal  
techniques t o  chars  formed over a wide range of conditions. 
selected f o r  one char  w a s  inappropr ia te  f o r  another. The temperature  w a s  e i t h e r  too 
high f o r  t h e  r a t e  t o  be chemical ly  control led or too low f o r  t h e  7 0 . 5  t o  be reached 
i n  a reasonable t i m e  period. 

I n  order t o  overcome t h i s  d i f f i c u l t y ,  a non-isothermal technique was developed. 
Perkin-Elmer TGA 2 was used f o r  t h i s  method. The sample s i z e  1s about 1.5 mg. The 
sample 1s heated i n  a i r  a t  a r a t e  of 30 K/min u n t i l  a temperature of 900'C i s  
reached. The TGA records  t h e  sample weight continuously and, a t  t h e  end of the  
experiment, the  weight and d e r i v a t i v e  a r e  plotted. 
the  North Dakota (Zap) l i g n i t e ,  the  Montana Rosebud subbituminous coa l  and t h e  
Pi t tsburgh Seam bituminous coa l  a r e  shown i n  Pig. 1. 
chars  prepared i n  t h e  (EPR), i n  which i t  was ca lcu la ted  t h a t  t h e  p a r t i c l e s  were 
heated a t  about 7000 K/s  t o  700°C before being quenched. 
v a s  prepared i n  t h e  heated tube reac tor  (HTR) under s i m i l a r  conditions. 
were oxidized wi th  an a i r  f low of 40 cc/min and a n i t rogen  purge f low of 40 cclmin. 
The Zap l i g n i t e  i n d i c a t e s  burnout of severa l  components of t h e  char  of d i f f e r e n t  
r e a c t i v i t y ,  u h i l e  t h e  Rosebud and Pi t t sburgh  coa ls  show more homogeneous burnout a t  
higher temperatures. 

The c h a r a c t e r i s t i c s  of the  weight loss curve can be understood a s  fol lows:  
temperature, there  i s  an i n i t i a l  weight loss as moisture is removed. 2)  AS the 
temperature is ra i sed ,  t h e  r e a c t i v i t y  of t h e  char  increases  u n t i l  the  f r a c t i o n a l  
weight loss r a t e  i s  s u f f i c i e n t l y  l a r g e  t o  be observed. The sample s i z e  and oxygen 
flows a r e  chosen SO t h a t  the  i n i t i a l  10% of weight l o s s  occurs  under i n t r i n s i c  
r e a c t i v i t y  control. 3) AS t h e  temperature cont inues t o  increase,  t h e  r e a c t i v i t y  
increases  u n t i l  eventua l ly  a l l  the oxygen reaching the  sample bed is consumed and the  
weight loss is cont ro l led  by t h e  oxygen supply to  the sample bed alone. Then the  
f r a c t i o n a l  weight l o s s  rate becomes constant  f o r  a l l  samples. 4) When the char  has  
components of d i f f e r e n t  r e a c t i v i t y ,  the  weight 108s can swi tch  between being oxygen 
supply l i m i t e d  and being i n t r i n s i c  r e a c t i v i t y  l i m i t e d  as each component i s  consumed. 

Figure 2 compared the  weight l o s s  curves f o r  the  same char  sample but  wi th  d i f f e r e n t  
sample s izes .  The curves a r e  i d e n t i c a l  f o r  the  i n i t i a l  weight loss which is 
control led by the  i n t r i n s i c  r e a c t i v i t y .  
loss (l/mo)(dm/dt) decreases  wi th  increasing sample s i z e  i n  the  oxygen supply l imi ted  
regime. 

Another group a t  Penn S t a t e  has 

A temperature  l e v e l  

A 

Some representa t ive  curves  f o r  

The Zap and P i t t s b u r g h  were 

The Montana Rosebud char 
The samples 

1) A t  low 

AS expected, t h e  f r a c t i o n a l  r a t e  of weight 

RESULTS 

Comparison of I so thermal  and Constant Beating Rate Reac t iv i ty  T e s t s  - The temperature 
(Tcr) a t  which the  d e r i v a t i v e  of the  f r a c t i o n a l  weight l o s s  wi th  r e s p e c t  t o  time 
reaches a value of 0.11 wt .  f ract ion/min was chosen a s  an index of r e a c t i v i t y  t o  be 
compared wi th  the  T o . 5  values  measured by the  isothermal  technique. 
c r i t i c a l  s lope used i s  a r b i t r a r y .  
unambiguously determined, but  smal l  enough SO t h a t  reac t ion  occurs  i n  the  chemical ly  
control led regime. 
cor re la t ion  was observed. 

It was subsequently decided t h a t  a comparison t o  q0 .1  ( t i m e  f o r  10% burnoff) would 
be more re levant  s ince  t h e  i n i t i a l  r e a c t i v i t y  indicated by Tcr would be measured, 
ra ther  than an i n t e g r a l  r e a c t i v i t y  over a l a r g e  ex ten t  of conversion which i s  
af fec ted  by r e a c t i v i t y  v a r i a t i o n s  due t o  changes i n  the  pore s t r u c t u r e  or sample 

The a c t u a l  
A value i s  chosen which i s  l a r g e  enough t o  be 

Values of lnf0.5 were p lo t ted  aga ins t  l / T c r  and a good 
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inhomogeniety. 
data for chars from all three coals in all four reactors. 
conditions covered the following ranges: heating rate - 0.5 to 20,000 K/sec; 
temperature - 400 to 1600OC; residence time * .020 s to 30 min; pressure - 0 to 200 psig. 
It can be shown that a plot Of h 7 o . l  vs l/Tcr will be linear with a slope equal to 
E/R, where E is the global activation energy for the intrinsic oxidation rate and R is 
the gas constant. For the reaction 

A plot Of In 70.1 v8 l/Tcr is shown in Fig. 3. This plot includes 
The experimental 

C (solid) + O2 (gas) - CO2 (gas) (1) 

the global rate of disappearance of carbon can be represented as follovs: 

dm/dt = -ks C: W/S (2 )  

where dm/dt is the mass loss of carbon per particle in unit time ( /min). k 

concentration of oxygen at the surface in moles/cm 
molecular weight of carbon In qmole,b is the ratio of active area per unit 
accessible surface area (cm2/cm ) and S is the accessible surface area in cm2 per 
particle. Since the reaction occurs under chemical reaction control, the 
concentration of oxygen at the surface will be equal t o  the bulk concentration, which 
allows one to drop the subscript. 

In the isothermal experiment, the burn-off rate is nearly constant up to 10% weight 
loss: 

is the 

raised to some power n, W is the 
intrinsic reaction rate constant based on unit s u p c e  (cm/min), Cs % is the 

dm/dt= A d A t = -  0.1 m170,1 (3 )  

Substituting Eq. 2 for dm/dt: 

-ks Cn U P S  = 0.1 m / 7 0 m 1  (4) 

= [ 0.1 m/ks(To)Cn W ] [ lv S ]  ( 5 )  

( 6 )  - K1 [ '9 s]  
The quantities in the first set of brackets in Eq. 5 are nearly constant for a given 
isothermal (temperature = To) experiment at low conversions and independent of coal 
type, while the second set of brackets contain quantities which vary with coal type 
and char formation conditions. 

For the non-isothermal experiment, the relative rate of mass loss is constant at some 
critical temperature, T ~ ~ :  

The result obtained is that ks is proportional to an experimental constant and 
inversely proportional to char properties. 

For data collected on the same char sample, ( F S )  can be eliminated between Eqs. 6 
and 9: 

or 

202 



ACSICA 1986-178 

I, 
\ 

7 0 . 1  * 0.9 exp [-E/R [l/Tcr - l / T o ] ]  (11) 

assuming t h a t  ks can be expressed a s  an Arrhenius expression ks(T) - ko exp(-E/RT). 

Consequently, a p l o t  of ln?Oal vs  l / T c r  v i 1 1  have a s lope equal  t o  -E/R of t h e  
i n t r i n s i c  g loba l  ox ida t ion  rate. 
should be t h e  same f o r  chars  from a l l  coa ls  and chars  from the  same c o a l  prepared 
under a v i d e  v a r i e t y  of conditions. 
Support t h i s  conclusion. 
d i f  ferent. The mechanism of the  oxidat ion reac t ion  probabfy changes wi th  temperature, 
as indica ted  by t h e  v i d e  range of a c t i v a t i o n  energ ies  and r e a c t i o n  orders  reported f o r  
the  char oxidat ion reac t ion  i n  t h e  l i t e r a t u r e  (13). The bes t  f i t  value of about 
35 kcal lmole determined from Fig. 3 i s  in te rmedia te  i n  reported values  and c lose  t o  
t h e  value of 31 kcal lmole determined by Radovic and Walker f o r  a v i d e  range of chars  
i n  TGA experiments (14). 

I n  our case, the Zap l i g n i t e  chars  appear t o  f a l l  on a l i n e  of l o v e r  slope. This  i s  
probably due t o  c a t a l y t i c  e f f e c t s .  When a l i g n i t e  char v a s  acid-vashed, i t  v a s  less 
r e a c t i v e  i n  the non-isothermal test. The companion isothermal  test has  not  ye t  been 
done, so we have not y e t  determined vhere t h e  acid-vashed char  f a l l s  on t h e  p l o t  of 
Fig. 3. 

Variations i n  R e a c t i v i t y  - The r e a c t i v i t i e s  v e r e  determined f o r  a number of chars  
vhich had been prepared under c a r e f u l l y  cont ro l led  condi t ions  t o  s tudy t h e i r  pyro lys i s  
behavior (7-11.15). Examples t o  i l l u s t r a t e  the  observed t rends  a r e  presented i n  Fig. 4. 
Figure 4a i l l u s t r a t e s  the  r e s u l t s  f o r  the Zap l ign i te .  The three  curves  a r e  for: 1) 
150 msec v i t h  maximum temperature of  700°C (wi th  r e a c t i v i t y  measured i n  a i r ) ;  2) 460 
msec with maximum temperature  of 1600'C ( i n  air); 3) same a s  2 but r e a c t i v i t y  i n  COz. 
The curves i l l u s t r a t e  the observat ion t h a t  the  r e a c t i v i t y  goes down v i t h  increased 
exposure t o  high temperature  (or "extent  of pyrolysis") and t h a t  f o r  the  same chars, 
CO2 r e a c t i v i t y  i s  lower than oxygen reac t iv i ty .  Measurements of s u r f a c e  a r e a  S shoved 
t h a t  char f o r  condi t ions 1 and 2 vere  similar, suggest ing t h a t  the  d i f f e r e c n e  i n  
r e a c t i v i t y  i s  causes  by a change i n  the  dens i ty  of a c t i v e  sites.! . 
r e s u l t s  f o r  P i t t sburgh  Seam coal. The three  curves a r e  for ;  4) 150 msec v i t h  a 
maximum temperature of 700°C ( i n  a i r ) ;  5) 660 msec with a maximum temperature  of 
1100°C ( i n  a i r )  and 6) same a s  5 but r e a c t i v i t y  i n  Cor 
4). the  r e a c t i v i t y  f o r  the  P i t t sburgh  Seam coal  i s  lower than for t h e  Zap l i g n i t e  
prepared under equivalent  conditions. 
Seam coal  (vhich m e l t s  dur ing pyrolysis)  t o  have about 1 / 4  t h e  sur face  a r e a  of t h e  Zap 
l ign i te .  This d i f fe rence  i n  surface area is not s u f f i c i e n t  t o  account f o r  the  
d i f fe rences  i n  r e a c t i v i t y ,  however. The e x t r a  r e a c t i v i t y  appears  t o  r e s u l t  from the 
l i g n i t e ' s  mineral  content ,  but  could a l s o  be due t o  a d i f fe rence  i n  a c t i v e  s i te  
dens i t ies .  Figure 4c compares curve 7 f o r  the  Zap l i g n i t e  wi th  curve 8 f o r  t h e  
demineral ized coa l  and curve 9 f o r  a Montana Rosebud pyrolyzed under similar 
condi t ions and having a s i m i l a r  surface area. Curves 8 and 9 a r e  similar, but lover  
i n  r e a c t i v i t y  than t h e  rav l ign i te .  Figure 4 i l l u s t r a t e s  t h e  v a r i a t i o n  i n  r e a c t i v i t y  
wi th  sur face  areas ,  wi th  a c t i v e  site densi ty ,#  and wi th  mineral  content. 

Figure 5 summarizes t h e  r e s u l t s  f o r  a number of samples. 
is p lo t ted  a s  a func t ion  of  t h e  hydrogen content  which i s  used as a measure of t h e  
ex ten t  of pyrolysis. For each char type, t h e r e  is a t rend f o r  increas ing  Tcr with 
decreasing hydrogen. Most of the  change occurs  belov 2 1/22: hydrogen, a f t e r  the 
evolut ion of a l i p h a t i c  hydrogen i s  complete. That is. the  Tcr v a r i e s  pr imar i ly  with 
the  concentrat ion of aromatic  hydrogen. 
oxygen i n  t h e  char vhich i s  removed a t  about the  same r a t e  a s  the hydrogen and which 
may be r e l a t e d  t o  the r e a c t i v i t y  changes. 
possibly cor re la ted  wi th  t h e  r i n g  condensation accompanying t h e  e l i m i n a t i o n  of 
aromatic  hydrogen. 

I n  the  absence of c a t a l y t i c  e f f e c t s ,  t h e  value of E 

The near ly  l i n e a r  d a t a  i n  Fig. 3 appears  to 
A problem may a r i s e  i f  Tcr and T are s i g n i f i c a n t l y  

Figure 4b shows 

For equivalent  cases  (1 and 

Surface area measurements show t h e  P i t t sburgh  

The c r i t i c a l  temperature  Tcr 

It should be noted t h a t  t h e r e  i s  a l s o  r ing  

This  v a r i a t i o n  is due t o  a v a r i a t i o n  i n  P 
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The v e r t i c a l  displacement  of t h e  curves is due t o  t h e  v a r i a t i o n s  i n  char  sur face  area 
and c a t a l y t i c  a c t i v i t y  of t h e  minerals. 
l i g n i t e .  A s  pyro lys i s  
proceeds the c r i t i c a l  temperature  T 
temperature as hydrogen i s  lost. T&e does not  appear t o  be any d r a s t i c  e f f e c t s  due 
t o  heat ing r a t e ,  as  chars  f o r  a wide range of condi t ions  a l l  f e l l  along the  same 
curve. 
(high N a  and Ca). When t h e  c o a l  was demineralized ( s y m b o l v ) ,  Tcr increased 
subs tan t ia l ly .  
higher  Tc, than the  raw Zap. 

The highest Tcr values  a r e  f o r  the  P i t t sburgh  and Kentucky coals. 
pyrolysis. I n i t i a l  sur face  area measurements of the  P i t t sburgh  coa l  show 
approximately 50 m2/g, suggest ing t h a t  the  lower sur face  a reas  a r e  respons ib le  f o r  the  
lower reac t iv i ty .  Note t h a t  t h e  r e a c t i v i t y  of s lowly heated P i t t sburgh  Seam coal  is 
higher  than t h a t  of a r a p i d l y  heated char. 

5 for the Zap 
The most r e a c t i v e  chars  a r  

The chars  have sur face  areas i n  the  neighborhood of  200 m /g. 
f i r s t  decreases  and then increases  with 

The low values  of TCr are bel ieved t o  be due to the  char ' s  mineral  content  

A Montana Rosebud char wi th  a similar sur face  a r e a  shows a somewhat 

These s w e l l  upon 

CONCLUSION 

A new r e a c t i v i t y  test has  been developed which a l lows  r e l a t i v e  r a t e s  of r e a c t i v i t y  t o  
be determined f o r  c h a r s  of widely varying reac t iv i ty .  
the  dependence of r e a c t i v i t y  on coal  proper t ies  and pyro lys i s  conditions. 
a r e  seen t o  decrease w i t h  decreasing aromatic  hydrogen concentration. R e a c t i v i t i e s  
were insens i t ive  t o  hea t ing  r a t e  f o r  a l i g n i t e  but were q u i t e  s e n s i t i v e  t o  heat ing 
r a t e  f o r  a bituminous coal .  Mineral c a t a l y t i c  e f f e c t s  were a l s o  observed. 

The method was appl ied to  study 
Reac t iv i t ies  
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Carbon 

Hydrogen 

Nitrogen 

Sul fur  

TABLE I 

!UMPLE PROPEXTIBS 

Wl'% DAF 

Zap. North Montana Rosebud P i t t s b u r g h  Seam Kentucky #!4 
Dakota L i g n l t e  Subbituminous Bituminous Bituminous 

66.5 72.1 82.1 81.7 

4.8 4.9 5.6 5.6 

1.1 1.2 1.7 1.9 

1.1 1.2 2.4 

Oxygen @ i f f . )  26.5 

Ash (Dry Ut%) 7.1 

20.3 

10.0 

8.2 

9.2 14.1 
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Figure 4 .  Comparison of Char React iv i ty  Curves 
Prepared for  Three Coals Under a Variety of 
Condit ions.  Curves 3 and 6 are f o r  React iv i ty  i n  
CO . A l l  the Rest are f o r  React iv i ty  i n  Air. 
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COAL PpPoLYSIS IN A EIGE PRESSURE Pzov REACroR 

Michael A. Serio,  Pe te r  R Solomon and Steven G. Heninger 

Advanced Fuel Research, Inc. 87 Church S t r e e t ,  East  Hartford, CT 06108 

IEIRODOCTION 

1 Many of the proposed c o a l  g a s i f i c a t i o n  processes  opera te  a t  elevated pressure. 
these processes a l s o  opera te  a t  e leva ted  temperature, pyro lys i s  processes are 
important. 
pressure, p a r t i c u l a r l y  f o r  continuous f low systems or on how pressure a f f e c t s  the 
r e a c t i v i t y  of the  char  t o  subsequent gas i f ica t ion .  

Most of the e x i s t i n g  s t u d i e s  were done i n  batch, cap t ive  sample systems (1-3). 
example, the  work of Suuberg e t  al. (2 )  showed a s i g n i f i c a n t  e f f e c t  of pressure on a 
bituminous coa l  and a modest e f f e c t  f o r  a l i g n i t e  coal. 
pressure was a reduct ion i n  t a r  and increase  i n  char  y i e l d  a t  high pressure. However, 
one d i f f i c u l t y  with i n t e r p r e t i n g  t h e  r e s u l t s  from batch,  cap t ive  sample systems is t h e  
pressure and residence t i m e  of the v o l a t i l e s  a r e  not  var ied  independently. 
pressure i s  increased, t h e  residence t ime of v o l a t i l e s  increases  i n s i d e  the  p a r t i c l e  
as well  as  near the  h o t  zone of the  reactor .  

In batch, semi-flow carboniza t ion  experiments. the e f f e c t s  of ex terna l  pressure and 
ex terna l  residence t i m e  can be var ied independently. A review of the  l i t e r a t u r e  on 
semi-flow experiments by Dryden and Sparham (4) ind ica ted  t h a t  increases  i n  i n e r t  gas 
pressure a t  constant  v o l a t i l e  res idence t ime d i d  not  have a s i g n i f i c a n t  e f f e c t  on 
product yields. 
very long v o l a t i l e  res idence t imes (20  t o  100 8) .  Recent work by Schobert e t  al. ( 5 )  
examined the e f f e c t  of pressure on t a r  y i e l d  in  a semi-flow system ( a t  constant  
res idence t i m e s  of about 1 8 )  and a pressure dependence of the t a r  y ie ld  w a s  observed. 

Entrained flow r e a c t o r s  are w e l l  s u i t e d  t o  s t u d i e s  of pressure e f f e c t s  on pyrolysis  
and c lose ly  resemble r e a l  coa l  g a s i f i c a t i o n  systems. However, one must consider  the 
e f f e c t  of pressure on heat  t r a n s f e r  as  well. For example, Sundaram e t  al. (6) 
examined the e f f e c t  of the  pressure of var ious i n e r t  gases  (He, CO, N2 A,) on carbon 
conversion and found t h a t  y i e l d s  went through a maximum before declining. 
l i k e l y  t h a t ,  a t  the  s h o r t  res idence t imes of t h e i r  experiments (0.6 t o  1.9 s a t  
900°C). the  enhanced h e a t  t r a n s f e r  due t o  gas pressure was more benef ic ia l  than the 
detr imental  e f f e c t s  on mass t ransfer .  

This paper w i l l  p resent  pyro lys i s  data  f o r  product y i e l d s  f o r  four coa ls  from an 
entrained flow reac tor  operated a t  p ressures  up t o  300 psig. 
of pressure on char r e a c t i v i t y  vlll be discussed.  

JlxPmlruENrAL 

Since 

However, t h e r e  is  r e l a t i v e l y  l i t t l e  da ta  on pyrolysis  y i e l d s  a t  elevated 

For 

The most important  e f f e c t  of 

A s  

However. i t  should be noted t h a t  these  experiments were done with 

It is  

In addi t ion,  the e f f e c t  

A schematic of the high pressure r e a c t o r  (HPR) system i s  given i n  Fig. 1. 
cons is t s  of a high pressure  s h e l l  (capable of conta in ing  pressures  up t o  600 psig), a 
thick layer  of i n s u l a t i o n  and a high temperature  reg ion  heated by Kanthal Super 33 
e l e c t r i c a l  heat ing elements. The high temperature sec t ion  (capable of temperatures up 
t o  165OOC) contains  an alumina bed heat  exchanger and a t e s t  sect ion.  The ambient gas  
en ters  the  furnace through the heat  exchanger t o  br ing i t  up t o  furnace temperature 
and then turns  downward i n t o  t h e  t e s t  sect ion.  Coal i s  in jec ted  a t  a f ixed point a t  
the top of the test s e c t i o n  using a water  cooled in jec tor .  It mixes wi th  the  ambient 
gas and, a f t e r  a fixed dis tance,  e n t e r s  a water-cooled col lector .  The reac tor  design 
is s i m i l a r  t o  a previously descr ibed atmosphere pressure entrained flow reac tor  (EFR) 
(7). The major d i f fe rences  a r e  the smaller diameter  test sec t ion  i n  t h e  HPR (1.27 cm 
vs 5.08 cm)  and the absence of an o p t i c a l  port. 

The furnace 
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Afteq the co l lec tor .  the reac t ion  products e n t e r  a cyclone t o  separa te  char ,  followed 
by a Balston f i l t e r  to  remove tar and soot. An e l e c t r o s t a t i c  p r e c i p i t a t o r  was t e s t e d  
f o r  use a f t e r  the  cyclone but d id  not  work as w e l l  a s  the  f i l t e r .  
reduced i n  pressure and c o l l e c t e d  i n  a holding tank. The sample tank i s  a s t e e l  tank 
with glass- l ined walls which i s  used t o  c o l l e c t  t h e =  gaseous e f f l u e n t  from the  
reac tor  system during a t y p i c a l  run. It i s  i n i t i a l l y  evacuated and, during a run, t h e  
pressure gradual ly  increases  as i t  f i l l s .  After  an experiment, a sample i s  taken from 
the tank and analyzed i n  an FT-IR cel l  and a GC. 
each spec ies  t o  be determined and t h e  t o t a l  y i e l d  of each product i s  ca lcu la ted  from a 
knowledge of the  tank volume and pressure. 
many gas spec ies  observed i n  coa l  pyro lys i s  including CO, C02, H20, cH4. C2H2. C2H4, 
C2H6, C3H6, HCN, NH3, COS, CS2. S02. and heavy p a r a f f i n s  and olef ins .  Addit ional  
charac te r iza t ion  is performed by gas  chromatograph t o  determine hydrogen, H2S, 02,  Nl, 
C3H8. Ch's ,  and Cs's. 
95%. 

Routine monitoring of th ree  temperatures  ( top  of hea t ing  elements, bottom of hea t ing  
elements, and top  of preheated bed) i s  done wi th  permanently mounted thermocouples. 
Platinum a l l o y  thermocouples a r e  used t o  meet t h e  high temperature  requirements  and t o  
allow the use of oxidizing atmospheres. 
using welding power suppl ies  wi th  continuously v a r i a b l e  vol tage  adjustment. 
vol tage i s  adjusted t o  maintain t h e  re ference  temperatures  (above) cons tan t  during a 
run. These reference temperatures a r e  c a l i b r a t e d  aga ins t  t h e  furnace w a l l  and gas 
temperatures by a set of p r o f i l i n g  experiments. 
in jec tor -co l lec tor  separat ion a r e  inputs  i n t o  the par t ic le- temperature  model which 
a l lows  descr ip t ion  of the  coa l  p a r t i c l e  time-temperature his tory.  

The coa l  feeder  cons is t s  of a tube which passes  up through a bed of coal ,  wi th  feeder  
gas suppl ied above the bed. To feed coal. t h e  gas  i s  turned on and the  feed tube i s  
slowly lowered from a pos i t ion  where the entrance i s  above the bed. When the  entrance 
of t h e  tube reaches the  bed l e v e l ,  t h e  coa l  is ent ra ined  i n  the gas en ter ing  t h e  feed 
tube. The r a t e  of feed is cont ro l led  by the  r a t e  a t  which the tube is  lowered. The 
t o t a l  weight of coal  fed during a run is determined by weighing the feeder  system 
before and a f t e r  the run. 

A t  t h e  end of a run, the  water-cooled c o l l e c t o r  is removed and any t a r  or char which 
s t i c k s  t o  the  c o l l e c t o r  i s  r insed  out wi th  solvent  and weighed. Most of the  char  i s  
col lec ted  i n  the  cyclone. Fine s o l i d s  (e.g.. soot and coa l  f i n e s )  and condensed tar 
vapor which pass through the  cyclone a r e  co l lec ted  i n  a f i l t e r .  The f i l t e r  and o ther  
p a r t s  of the co l lec t ion  system are ext rac ted  wi th  so lvent  (methylene chlor ide) ,  which 
is  subsequently evaporated t o  determine the  t a r  yield. 

RESULTS AND DISCUSSION 

The gas  s t ream i s  

\ 

This  a l lows t h e  concent ra t ion  of 

The FT-IR can q u a n t i t a t i v e l y  determine 

5s 

The o v e r a l l  m a t e r i a l  balance i s  genera l ly  b e t t e r  than 90 t o  

Power i s  suppl ied t o  the  hea t ing  elements  by 
The 

The furnace w a l l  temperature  and t h e  

The high pressure reac tor  (HF'R) descr ibed above was used t o  determine the  e f f e c t s  of 
pressure on pyrolysis  behavior f o r  four  coals. 
s i m i l a r  temperatures and residence t imes a s  a r e  employed i n  our  atmospheric pressure 
reac tor  (EFR). To keep the  gas requirements reasonable, a 1.27 cm I.D. tube v a s  
employed f o r  t h e  t e s t  section. 
t e s t  sect ion,  so the  coa ls  t e s t e d  were l i m i t e d  t o  subbituminous coa ls  o r  l i g n i t e s .  
The four  coa ls  tes ted  were Montana Rosebud subbituminous, C i l l e t t e  subbituminous, 
Jacob's Ranch subbituminous, and Zap (North Dakota) l i g n i t e .  The coa l  analyses  a r e  
presented i n  Table 1. 
t i m e  and 300 ps ig  a r e  given i n  Figs. 2-5 f o r  these  coals ,  respect ively.  

The most extensive amount of da ta  was taken wi th  t h e  Montana Rosebud subbituminous due 
t o  a complementary program at  AFR and Morgantovn Energy Technology Center (METC) using 
t h i s  coal. The e f f e c t s  of pressure on product y i e l d s  are observed t o  be modest i n  a l l  
cases. In general, wi th  increas ing  pressure ( a t  constant  res idence time and 

The r e a c t o r  was designed t o  provide 

It vas  found t h a t  swel l ing  coa ls  tended to  plug t h e  

The pyro lys i s  y i e l d s  f o r  experiments a t  800°C, 0.47 s residence 
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temperature) t h e r e  i s  a s l i g h t  reduct ion i n  t a r ,  o l e f i n ,  and ethylene y i e l d s  and 
increase i n  benzene, e thane and CH4 yields. 
t h e  coal, as does t h e  benzene y i e l d  trend. 
benzene y i e l d  a t  in te rmedia te  pressures. 

Data was obtained f o r  the  Zap, Jacob 's  Ranch, and Gi l l e t t e  coa ls  a t  685°C f o r  the same 
residence time and range of pressures  (not  shown). The t rends  f o r  ta r .  o le f ins ,  C2H4, 
and C 2 ~ 6  were similar, but  the  CH4 and benzene y ie lds  decl ined wi th  pressure. 
complex v a r i a t i o n s  of v o l a t i l e  y i e l d s  w i t h  temperature and pressure would be expected 
s i n c e  both i n  t h e  i n t e r n a l  secondary chemistry of the  c o a l  and the ex terna l  gas phase 
chemistry there  are temperature  and pressure-dependent source8 and s inks f o r  t h e  
var ious  species .  For example, Suuberg e t  al. (2) have shown t h a t  methane y ie lds  
increase  w i t h  Increas ing  ex terna l  gas  pressure i n  batch, cap ture  sample experiments. 
This  was a t t r i b u t e d  to evolu t ion  of CH4 during secondary repolymerizat ion of tar t o  
form char. Arendt and van Heek (8) observed similar r e s u l t s  f o r  CH4 y i e l d s  i n  both 
batch and semi-flow reac tors .  
pressure have a l s o  been a t t r i b u t e d  t o  t h e  auto-hydrogenation phenomenon, where 
hydrogen evolved from the  c o a l  back reacts t o  form CH4 (9). 
suggested t h a t  t h i s  r e a c t i o n  i s  more a f f e c t e d  by residence t i m e  than ex terna l  gas 
pressure f o r  high and low rank coa ls  (10). 

There i s  a l s o  experimental  evidence which suggests  a d e c l i n e  i n  CHh y i e l d  would occur 
wi th  increasing pressure. Methane decomposition is catalyzed i n  t h e  presence of coa l  
char  (11.12). This  has  been a t t r i b u t e d  both t o  sur face  a r e a  and c a t a l y s i s  effects .  
A t  h igh pressure,  t h e  enhanced residence t i m e  of CH4 i n  t h e  pores would increase 
decomposition. 
involve t h e  following pressure  dependent i n i t i a t i o n  react ion:  

The t rend  f o r  paraf f in  y i e l d  v a r i e s  wi th  
The subbituminous coa ls  show a minimum 

The 

Higher y i e l d s  of methane under increased ex terna l  g a s  

A recent  paper has 

I n  addi t ion ,  t h e  gas  phase decomposition of CH4 i s  believed t o  

CH4 + M - CH3 + M + H (1) 

This  reac t ion  would a l s o  be favored a t  high where M i s  any o t h e r  molecule (13). 
pressures. 
r e l a t i v e l y  unreac t ive  molecules as  CH4, making a p r i o r i  p red ic t ion  of pressure t rends  
f o r  v o l a t i l e  y i e l d s  over a wide range of temperature  d i f f i c u l t .  

In ent ra ined  f low systems,  one must a l s o  contend wi th  the  e f f e c t s  of gas pressure on 
h e a t  t ransfer .  I n  our system, increas ing  t h e  pressure a l s o  a f f e c t s  the  shape of t h e  
temperature  p r o f i l e  and, consequently, the  length of t h e  i so thermal  zone. I n  order  to  
achieve t h e  same nominal res idence t i m e  i t  was necessary t o  reduce the gas  flow rate 
a t  higher  pressures. For t h i s  reason, an assessment of pressure e f f e c t s  f o r  data  from 
t h e  reac tor  r e q u i r e s  cons idera t ion  of t h e  e f f e c t  of  pressure on t h e  p a r t i c l e  time- 
temperature  h i s t o r y  due to: 1) changes i n  t h e  experimental  condi t ions,  2) changes i n  
t h e  physical  p r o p e r t i e s  of t h e  en t ra in ing  gas with pressure. To do t h i s ,  an entrained 
f low reac tor  model was developed which i s  a modif icat ion of one developed recent ly  f o r  
our atmospheric pressure  r e a c t o r  (EFR) (14.15). The la t ter  model waa va l ida ted  by 
comparison t o  a c t u a l  temperature  measurements. 
poss ib le  because of t h e  lack  of  an o p t i c a l  por t  i n  the  reactor .  
va l ida ted  by f i t t i n g  CH4 y i e l d s  from low pressure HPR d a t a  (26 psig)  where i t  was 
assumed t h a t  t h e  v a l i d a t e d  k i n e t i c s  from the  EFR would s t i l l  hold. 

A f t e r  the  modified p a r t i c l e  temperature model was developed and va l ida ted ,  the  r e s u l t s  
of t h e  HPR experiments  were simulated. These s imula t ions  a r e  shown a s  s o l i d  l i n e s  i n  
Figs. 2-5. 
t i m e t e m p e r a t u r e  h i s t o r y  (and not on t h e  pyro lys i s  chemistry) ind ica te  t h a t  there  a r e  
real Pressure e f f e c t s  superimposed on a s l i g h t  v a r i a t i o n  in the  time-temperature 
his tory.  The t rends  of  t h e  model pred ic t ions  should be compared t o  the  d a t a  trends i n  
Figs-  2-5 t o  d i s c e r n  a pressure  e f f e c t  r a t h e r  than the absolu te  values. This i s  
because t h e  pyro lys i s  model does not  match a l l  of the atmospheric pressure data  (e.&, 
C2H4 y ie lds)  due t o  an incomplete descr ip t ion  of gas phase cracking. 

Consequently, numerous processes can opera te  on even such simple and 

For t h e  HPR, d i r e c t  va l ida t ion  is not 
Ins tead  the  model was 

These t rends ,  which account only f o r  t h e  e f f e c t s  of pressure on p a r t i c l e  
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High Pressure  Experiments i n  a Eeated Tnbe Reactor - A set of experiments  was done a t  
800°C with Montana Rosebud coal  i n  an e l e c t r i c a l l y  heated tube reac tor  a t  1 atm and 5 
a t m  pressure. The r e s u l t s  f o r  char ,  tar, and gas  y i e l d s  a r e  shown i n  Fig. 6 f o r  the 
two s e t s  of experiments, which were done a t  t h e  same volumetr ic  f low rate .  The t o t a l  
p a r t i c l e  res idence time a t  200 c m  d i s tance  is about 200 ms. 

I n i t i a l l y ,  product y i e l d s  a r e  reduced when compared t o  t h e  one atmosphere case. This 
i s  a r e s u l t  of the  f a c t  t h a t  t h e  higher gas  d e n s i t y  causes  a g r e a t e r  hea t  load on t h e  
tube and hence increases  t h e  d is tance  required t o  hea t  t h e  gas p lus  coa l  mixture  to  
the  equi l ibr ium temperature. 
t h e  60 ps ig  case. 
would reveal  a higher tar yield. 
both s e t s  of experiments. 
advantage of the  HTR r e l a t i v e  to the HPR is  t h a t  the good t i m e  r e s o l u t i o n  allows the  
maximum tar y ie lds  t o  be b e t t e r  defined. 

Comparison of  Tar Yield Data from Three Beactors  - I n  Table 11, tar y ie ld  d a t a  a r e  
l i s t e d  f o r  a l l  t h r e e  en t ra ined  f low r e a c t o r s  used a t  APR I n  each case, t h e  f i n a l  
p a r t i c l e  temperature was about 800°C. The residence t i m e s  were lower f o r  the HTR 
experiments but ,  due t o  t h e  higher  heat ing r a t e ,  the time a t  f i n a l  temperature w a s  
near ly  the  same i n  each case ('"0.2 8 )  according t o  our ca lcu la t ions .  The lower 
pressure ( 4 5  atm) r e s u l t s  agree wel l  between reactors .  
lower temperature HPR d a t a  i n  Table 11, and the  s h o r t e r  res idence t i m e  HTR data  i n  
Fig. 6, t h a t  some t a r  cracking occurred even under these  r e l a t i v e l y  mild conditions. 
The reduct ions i n  tar y i e l d  due t o  cracking of about 35% agree w e l l  wi th  previous da ta  
on P i t t sburgh  Seam bituminous c o a l  t a r s  cracked separa te ly  (16). 
25% reduct ion i n  t a r  y ie ld  over a pressure range of 3 t o  1 3  atm i s  in good agreement 
wi th  the  general ized p l o t  developed by Suuberg (17). 

Char React iv i ty  Measurements - Some r e a c t i v i t y  measurements of the  chars  produced from 
t h e  KPR experiments were made us ing  a newly developed non-isothermal technique (18). 
The chars  are heated a t  a constant  rate (30%/min) i n  a TGA i n  a i r .  
index is defined based on a c r i t i c a l  temperature  t o  achieve a measurable weight loss 
r a t e ,  which is inverse ly  r e l a t e d  t o  reac t iv i ty .  
chars  i n  Table 111. 
increas ing  pressure. 
increased s e v e r i t y  of the higher  pressure experiments. 
required on the k i n e t i c s  of thermal deac t iva t ion  i n  order  t o  be more conclusive. 

It i s  i n t e r e s t i n g  t h a t  t h e  maximum tar y i e l d  i s  lower i n  
However, i t  i s  possible  t h a t  an experiment i n  between 50 and 100 c m  

The asymptot ic  y i e l d  of about 10% is s i m i l a r  f o r  
It a l s o  agrees  wi th  the  26 ps ig  data  from t h e  HPR The 

It is also apparent  from t h e  

The approximately 

A r e a c t i v i t y  

These d a t a  a r e  given f o r  the HPR 
There does appear t o  be a s l i g h t  decrease i n  char  r e a c t i v i t y  with 

However, a port ion of t h i s  could be a t t r i b u t e d  t o  t h e  s l i g h t l y  
Addit ional  da ta  w i l l  be 

CONCLUSIONS 

Pyrolys is  experiments i n  a high pressure en t ra ined  flow r e a c t o r  wi th  t h r e e  
subbituminous and one l i g n i t e  c o a l  revealed an e f f e c t  of pressure on product y ie lds ,  
even a f t e r  a l lowing f o r  changes i n  heat  t ransfer .  
y i e l d s  were most a f fec ted .  

1. 

The t a r  and l i g h t  hydrocarbon 

2. The r e l a t i v e  reduct ion i n  tar  y i e l d  a s  t h e  pressure  w a s  increased from 3 t o  13 
arm w a s  about 25%. i n  agreement with l i t e r a t u r e  data .  

3. The maximum tar y ie ld  was not  observed i n  the  817OC, 0.5 s experiments ,  even a t  
low pressure,  due t o  t a r  cracking. 

4. There was a small but cons is ten t  reduct ion of char  r e a c t i v i t y  with increased 
pressure. 
high pressure experiments. 

Some of t h i s  e f f e c t  may be due t o  the  s l i g h t l y  increased s e v e r i t y  of t h e  
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zap, North pa~ota 

Carbon 

Hydrogen 

Nitrogen 

s u l f u r  
(Organic) 

Oxygen 
(Diff a )  

Ash , (Dry Wt%) 

Ligni te  

66.5 

4.8 

1.1 

1.1 

26.5 

7.1 

TABLE I 

SdWLE PBoPKBTlBs 

UT% DAF 

G i l l e t  te MntarUI Rosebud 
Subbituminous S u b b i t d w u a  

72.0 72.1 

4.7 4.9 

1.2 1.2 

0.5 1.2 

21.6 20.3 

5.0 10.0 

TABLE 11 

OBSERVED TAR YIKLDS (DAF) PBOll VARIOUS R.EA~x'oIs 
AT 800°C, 0.1-0.5 S RESIDENCE TIlIg 

Jacob's Baneh 
S u b b i t d w u S  

74.3 

5.2 

1.1 

0.6 

18.8 

7.8 

Coal: Zap Ligni te  G i l l e t t e  Montana Jacob's 
Rosebud Ranch 

Reactor Pressure Time 
( a t 4  ( 8 )  

HTR 1.0 0.2 10.3 10.0 
HTR 5.0 0.2 10.0 
EFR 1.0 0.4 10.0* 
HPR 2.6 0.5 6.0 ( 8 . 0 )  9.4 (13.6) 9.2 7.6 (11.0) 
BPR 13.0 0.5 4.5 (7.5) 7.8 (11.5) 6.0 6.5 ( 9.5) 

NOTES: Values in parentheses  a r e  f o r  658°C experiments  a t  t h e  same residence time and 
pressure. 

* Tar plus missing. 

HTR = Heated Tube Reactor 
EFR Entrained Flow Reactor 
HPR = High Pressure Reactor 
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Coal: Zap Lignite Gillette Montana Rosebud Jacob's Ranch i 

i 
Pressure (atm) 

2.6 365 368 403 370 
7.8 366 378 415 370 

13.1 378 381 419 376 
21.4 --- 429 -- -- 

Figure I .  Schematic of High Pressure Entrained F l o w  Reactor System. 
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Figure 2 .  Pyrolysis  Product Distribution for Montana Rosebud Subbituminous Coal 
as a Function of Pressure. Temperature = 817OC. Residence Time = 0.47 s e c .  
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Figure 3 .  
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Pyro lys i s  Product Di s tr ibut ion  f o r  G i l l e t t e  Subbituminous Coal a s  a 
Temperature = 817°C.Residence Time = 0.47 sec .  
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Figure 4. 
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Pyrolysis  Product Distribution for Jacob’s Ranch Subbituminous Coal as a 
Temperature = 817’C, Residence Time = 0.47 s e c .  
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Heated Tube Reactor with Montana Rosebud Coal (200 x 270 mesh). The 
Equilibrium Tube Temperature was 80OOc. 
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RESPONSE SURFACE MODEL PREDICTIONS FOR THE 
FLASH PYROLYSIS OF MONTANA ROSEBUD COAL 

Larry A .  B i s s e t t  

Morgantown Energy Technology Center 
P.O. Box 880 

Morgantown, WV 26507-0880 

I 

Abstract  

Experiments covering a broad range of r e a c t i o n  condi t ions a r e  being conducted t o  
determine and model t h e  e f f e c t s  of coa l  g a s i f i c a t i o n  environment on product y i e l d s .  
The research uses a 3-inch I . D . ,  down-flow ent ra ined  reac tor  t h a t  tu rbulen t ly  mixes 
preheated gases wi th  coa l  t o  achieve high p a r t i c l e  hea t ing  ra tes .  
t e s t  program, a p y r o l y s i s  series reac t ing  Montana Rosebud coal  i n  a nitrogen-argon 
atmosphere was completed. A 3-var iab le ,  composite f a c t o r i a l  experimental design was 
used i n  which r e a c t i o n  condi t ions ranged from 1,500° t o  2,500°F temperature ,  100 t o  
900 ps ig  pressure ,  and 2.19 t o  10.00 seconds gas res idence time. Quadra t ic  response 
sur face  models were used t o  analyze t h e  product  y i e l d  and composition data  as a func- 
t i o n  of t h e  reac t ion  condi t ions .  Trends pred ic ted  by some of the s t a t i s t i c a l l y  s i g -  
n i f i c a n t  regress ion  models a r e  presented and discussed.  

A s  p a r t  of the  

Introduct ion 

For advancement t o  cont inue towards t a i l o r e d ,  economic, and environmentally 
sound coal  conversion technologies ,  f u r t h e r  understanding of r e a c t i o n  mechanisms 
and product formations i n  r e l a t i o n  t o  processing condi t ions  and t h e  phys ica l  and 
chemical s t r u c t u r e  o f  coa l  i s  needed. D e v o l a t i l i z a t i o n  and assoc ia ted  phenomena 
a r e  espec ia l ly  important  i n  en t ra ined  g a s i f i c a t i o n  and pulver ized coa l  combustion 
due t o  t h e  s m a l l  p a r t i c l e  s i z e s ,  high temperatures ,  and s h o r t  res idence times 
involved. 
cluded t h a t  there  i s  l i t t l e  experimental v e r i f i c a t i o n  a t  high-temperature, high- 
pressure condi t ions t h a t  e x i s t  i n  some cur ren t  and advanced processes  ( 1 , 2 ) .  
Therefore ,  t h i s  p r o j e c t  was i n i t i a t e d  t o  determine t h e  e f f e c t s  of g a s i f i c a t i o n  
environment on product  y i e l d s  over a broad range of  mild t o  severe condi t ions.  
broad-range study was chosen t o  a i d  i n  the  d e t e c t i o n  of  reac t ion  mechanism changes 
and t o  help i n t e g r a t e  r e s u l t s  from other  r e l a t e d  i n v e s t i g a t i o n s .  

Although numerous s t u d i e s  have been conducted, recent  reviews have con- 

A 

Experimental 

A down-flow e n t r a i n e d  reac tor  designed t o  he a b l e  t o  preheat  reac tan t  gases t o  
3,000'F along t h e  h o r i z o n t a l  a x i s  and maintain the  r e a c t i o n  mixture a t  2,500'F along 
t h e  v e r t i c a l  ax is  a t  p ressures  up t o  1,000 p s i g  i s  used f o r  the  research .  Deta i l s  of 
the  reac tor  and experimental  system have been previous ly  presented (3 ,4) .  The reac- 
t o r  i s  uniquely charac te r ized  by a mixing conf igura t ion  t h a t  t u r b u l e n t l y  combines 
argon-conveyed coa l  w i t h  h ighly  preheated r e a c t a n t  gases and subsequently t r a n s i t i o n s  
the  flow t o  laminar- l ike before  it e n t e r s  a 3-inch I . D . ,  &-foot long alumina reac t ion  
tube.  The turbulen t ,  n e a r l y  a d i a b a t i c  mixing between r e a c t a n t  gases and coal  r e s u l t s  
i n  high p a r t i c l e  h e a t i n g  r a t e s  approaching 1OS0F p e r  second. I n  a d d i t i o n  t o  being 
e s s e n t i a l  f o r  proper ly  s tudying t h e  phenomena of i n t e r e s t ,  t h i s  enables  reac t ion  tern- 
pera tures  t o  be reached near  t h e  e x i t  of  t h e  nozzle  and provides t h e  p o t e n t i a l  f o r  
achieving a x i a l  i so thermal  temperature p r o f i l e s  i n  the  reac t ion  tube.  

A comprehensive test program with Montana Rosebud subbituminous coa l  i s  being 
The program i s  organized i n t o  t h r e e  major tes t  c lasses  t o  s tudy i n e r t ,  conducted. 

steam, and carbon d ioxide  environments, and an a d d i t i o n a l  c l a s s  to  i n v e s t i g a t e  char 
g a s i f i c a t i o n  r e a c t i o n s .  The c l a s s e s  a r e  f u r t h e r  subdivided i n t o  t es t  series t o  
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i n v e s t i g a t e  other  v a r i a b l e s .  
ducted i n  an i n e r t  environment of 75 mole percent  n i t rogen  and 25 mole percent  argon 
and Consisted of a composite f a c t o r i a l l y  designed s e r i e s  t o  i n v e s t i g a t e  t h e  e f f e c t s  
of reac t ion  temperature, p ressure ,  and gas res idence time. The composite f a c t o r i a l  
experimental design enabled a wide range of  condi t ions  t o  be s tud ied  with 15 d i f -  
f e r e n t  tes ts  and permit ted t h e  use of response sur face  and s t a t i s t i c a l  techniques 
f o r  data  analyses .  
weight, uniform v a r i a b l e  spacing was used f o r  t e s t i n g  and analyzing. 
leve ls  and respect ive codes a r e  given i n  Table 1. To f a c i l i t a t e  t h e  a b i l i t y  of the  
quadrat ic  response sur face  models t o  adequately represent  t h e  t r u e  response sur-  
faces ,  t h e  temperature l e v e l s  were equal ly  spaced r e c i p r o c a l l y  as  absolute  tempera- 
t u r e ,  and the  pressure and gas residence time l e v e l s  were equal ly  spaced 
logari thmical ly  a s  absolu te  pressure and seconds, respec t ive ly .  

The Class  3 A  pyro lys i s  tests reported here  were con- 

To he lp  ensure t h a t  each tes t  p o i n t  c a r r i e d  about t h e  same 
The v a r i a b l e  

TABLE 1. Composite F a c t o r i a l  Variable  Levels 

Variable Levels 

METC Test  Code 1 2 3 4 5 

F a c t o r i a l  Code -2 - 1  0 1 2 

Temperature, O F  1,500 1,681 1,898 2,165 2,500 

Pressure,  ps ig  100 178 309 530 900 

Cas Residence Time, sec  2.19 3.20 4.68 6.84 10.00 

Experimentally, the  gas environment, gas-coal r a t i o  (400 s c f / l b ) ,  and t o t a l  
mater ia l  fed  t o  t h e  r e a c t o r  during s teady-s ta te  condi t ions  were held e s s e n t i a l l y  
constant  throughout the  t e s t  series. A 200 x 270 mesh f r a c t i o n  of Montana Rosebud 
coa l  with an average p a r t i c l e  diameter of 57  microns was used. 
percent ,  t h e  average u l t imate  ana lys i s  of t h e  coal  was 64.1 carbon, 4.4 hydrogen, 
17.9 oxygen, 1.1 ni t rogen ,  1.0 s u l f u r ,  10.4 ash ,  and 1.0 moisture;  and t h e  average 
v o l a t i l e  mat ter  content  was 40.6. 

Expressed as  weight 

Resul ts  and Discussion 

The o v e r a l l  mater ia l  balance accountabi l i ty  of coa l  t o  product  gases ,  l i q u i d s ,  
and chars was g r e a t e r  than 98 weight percent .  Quadra t ic  response sur face  models 
which considered l i n e a r ,  quadra t ic ,  and i n t e r a c t i o n  e f f e c t s  were used t o  analyze 
50 var iab les .  
perform t h e  l e a s t  squares  regressions (5) .  Thir ty-s ix  v a r i a b l e s  had p o t e n t i a l l y  
adequate regression model f i t s  a t  the  0.05 s igni f icance  l e v e l  or  higher .  Some 
regression model pred ic t ions  of product y i e l d s  and compositions from t h i s  t e s t  
s e r i e s  have been previous ly  reported (6). 
re ten t ions  i n  char w i l l  be discussed here. 

The S t a t i s t i c a l  Analysis System (SAS) computer program was used t o  

Only t h e  regress ion  models f o r  elemental 

Table 2 l i s t s  t h e  experimental elemental char  r e t e n t i o n s ,  def ined a s  the  
weight percentage of each major coa l  element t h a t  remained i n  the char ,  f o r  t h i s  
t e s t  s e r i e s .  
b l e  l e v e l s  given i n  Table 1. The "3A" i d e n t i f i e s  t h e  t e s t  c l a s s  and i s  followed 
by t h r e e  numbers which sequent ia l ly  i d e n t i f y  t h e  temperature ,  p ressure ,  and gas 
res idence time l e v e l s .  A four th  number i s  used when a tes t  condi t ion  is repeated 
and represents  the  r e p e t i t i o n  number. Thus, Table 2 a l s o  i l l u s t r a t e s  t h e  15 d i f -  
f e r e n t  var iab le  combinations involved with the  composite f a c t o r i a l  design and shows 

223 

The t e s t  numbers a r e  der ived from t h e  METC t e s t  codes f o r  t h e  v a r i a -  



1 

t h a t  the center  p o i n t  condi t ion  ( i . e . ,  3A333) was repeated 4 times t o  determine 
experimental v a r i a t i o n .  T e s t  No. 3A333-1 f a i l e d  and therefore  does n o t  appear i n  
t h e  t a b l e .  

Nitrogen was t h e  only  elemental  r e t e n t i o n  t h a t  could not  be adequately repre- 
sented by a quadra t ic  response model a t  t h e  0.06 s igni f icance ,  or alpha,  l e v e l  o r  
h igher .  Of t h e  four  t h a t  could be adequately represented,  a l l  had s t a t i s t i c a l l y  
s i g n i f i c a n t  pred ic ted  temperature e f f e c t s  t o  a t  l e a s t  t h e  0.07 alpha l e v e l ,  only 
hydrogen and s u l f u r  r e t e n t i o n s  had s i g n i f i c a n t  pred ic ted  pressure e f f e c t s  t o  a t  
l e a s t  the 0.04 alpha l e v e l ,  and a l l  b u t  oxygen r e t e n t i o n  had s i g n i f i c a n t  predicted 
gas res idence time e f f e c t s  t o  a t  l e a s t  t h e  0.08 alpha l e v e l .  
l e v e l s  provided t h e  c r i t e r i a  f o r  s e l e c t i n g  which regress ion  models and what var ia -  
b l e  ranges were used f o r  p r e d i c t i v e  purposes. In genera l ,  f u l l  experimental ranges 
were used when s i g n i f i c a n c e  va lues  were 0.05 or higher ,  and only small v a r i a t i o n s  
around the  center  p o i n t  of t h e  experimental design were used when s igni f icance  val-  
ues were between 0.05 and 0.10. 

The s igni f icance  

Figure 1 shows how t h e  pred ic ted  carbon, hydrogen, oxygen, and s u l f u r  re ten-  
t i o n s  i n  char vary  wi th  reac t ion  temperature a t  t h e  experimental cen ter  po in t  
pressure and gas res idence time condi t ions .  Oxygen i s  the  l e a s t  re ta ined  ( i . e . ,  
most converted) e lement ,  and i s  predic ted  t o  be e s s e n t i a l l y  absent  i n  t h e  char  a t  
tcqperatures above 2,00C°F. Hydrogen r e t e n t i o n  decreases  s t e a d i l y  wi th  tenpera-  
t u r e  and begins  t o  approach zero  a t  t h e  h ighes t  temperature. This behavior most 
l i k e l y  r e f l e c t s  thermally induced dehydrogenation and condensation of the  l a r g e r  
aromatic s t r u c t u r e s  i n  the  char .  
decrease,  bu t  then  increase  a t  higher  temperatures .  
f o r  a s imi la r  t rend  i n  char  y i e l d ,  which was a l s o  shown t o  pass  through a mini- 
mum (6). The tendency f o r  carbon r e t e n t i o n  t o  increase  a t  higher temperatures is 
probably due t o  t h e  increased  cracking of v o l a t i l e  spec ies ,  e i t h e r  i n  the  h o t t e r ,  
o u t e r  regions of  the  p a r t i c l e s  as  they d e v o l a t i l i z e  or i n  the  e x t r a p a r t i c l e  
environment. The p o s s i b i l i t y  of decreased y i e l d s  a t  higher  temperatures due t o  
secondary reac t ions  was recognized p r i o r  t o  t h i s  experimental confirmation ( 7 ) .  
The tendency f o r  s u l f u r  r e t e n t i o n  t o  increase  may be due t o  t h e  high-temperature 
reac t ion  of hydrogen s u l f i d e  with char t o  form thiophenic  s t r u c t u r e s ,  a s  has  been 
reported (81, o r  capture  of t h e  s u l f u r  by ash  components. 

Carbon and s u l f u r  r e t e n t i o n s  both i n i t i a l l y  
This behavior mostly accounts 

Figure 2 i n d i c a t e s  an i n t e r a c t i o n  between temperature and pressure  e f f e c t s  on 
hydrogen r e t e n t i o n .  
t i o n  temperature and decreases  i n  magnitude a s  temperature increases .  
e f f e c t  is r e l a t i v e l y  unimportant a t  higher  temperatures .  A t  lower temperatures ,  how- 
ever ,  hydrogen r e t e n t i o n  increases  f a s t e r  with pressure  than hydrogen y i e l d  decreases 
which, i f  t h e r e  i s  no p r e s s u r e  e f f e c t  on carbon r e t e n t i o n  a s  ind ica ted  by a poor s ig-  
n i f icance  l e v e l ,  impl ies  t h a t  the o v e r a l l  hydrogen-carbon r a t i o  of t h e  nonchar prod- 
uc ts  decreases .  Thus, i n  very  genera l  and r e l a t i v e  terms, pressure may tend t o  s h i f t  
t h e  aromatic  hydrocarbon spectrum t o  heavier  components a t  lower temperatures ,  but 
has l i t t l e  or no e f f e c t  a t  higher  temperatures due t o  extremely low organic  y ie lds .  
This behavior may be due t o  equi l ibr ium cons idera t ions  o r  r e f l e c t  p ressure  e f f e c t s  
on t h e  sequence of secondary cracking reac t ions .  

The na ture  of t h e  pred ic ted  pressure  e f f e c t  changes with reac- 
The pressure 

Figure 3 shows t h a t  near  the  experimental c e n t e r  p o i n t  temperature and a t  the 
c e n t e r  po in t  gas res idence  t ime,  s u l f u r  r e t e n t i o n  is  predic ted  t o  maximize i n  roughly 
t h e  200 t o  300 p s i g  p r e s s u r e  range. 
s l i g h t l y  with temperature  and,  conversely,  increases  s l i g h t l y  with temperature a t  
t h e  higher  pressures .  
dependencies suggest the presence of mul t ip le  phenomena. 
could include some o f  t h e  poss ib le  e f f e c t s  o f  pressure  on t h e  following: (1) reac- 
t i o n  r a t e s  of s u l f u r  spec ies  with char  and ash ,  (2) i n i t i a l  d i s t r i b u t i o n  of devola- 
t i l i z e d  s u l f u r  spec ies ,  (3) sequence and r a t e s  of secondary reac t ions ,  ( 4 )  coal  and 
char physical  changes during d e v o l a t i l i z a t i o n  t h a t  a f f e c t  reac tan t  a c c e s s i b i l i t y ,  

A t  lower pressures ,  s u l f u r  r e t e n t i o n  decreases 

The occurrence of maxima and t h e  inverted temperature 
Candidate explanat ions 
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and (5) various sulfur absorption equilibriums. 
obtain the proportion of organic and inorganic sulfur forms may clarify these 
trends. 

Planned analyses of the chars to 

Figure 4 shows how the predicted hydrogen and carbon retentions vary with gas 
residence time near the experimental center point temperature and at the center point 
pressure. 
comparatively much greater sensitivity to temperature. The decrease is probably due 
to an annealing-like phenomena which results in the slow dehydrogenation and conden- 

drogenation rate increases with temperature. 
increase with time at the lower temperatures, but decrease with time at the highest 
temperature. Furthermore, carbon retention increases with temperature at gas resi- 
dence times less than approximately 3.5 seconds, but decreases with temperature at 
longer residence times. 
sibly involve the relative kinetics of some of the cracking and gasification reac- 
tions and the initial cracking sequence. Initially, more intraparticle cracking of 
volatile species may be occurring during devolatilization as temperature increases, 
and, hence, carbon retention increases with temperature at the shortest residence 
times. 
peratures may then, with time, continue cracking in the extraparticle environment 
and lead to a gradual increase in carbon retention. Because significant cracking may 
have already occurred at the highest temperature, there would be little material left 
for long-term extraparticle cracking and, hence, no tendency for carbon retention to 
increase. However, gasification reactions of the char with carbon dioxide and water 
formed during pyrolysis would have the opportunity to proceed and may account for the 
gradual conversion of carbon at the highest temperature. At the lower temperatures, 
the gasification reactions may not be fast enough to counter deposition resulting 
from cracking reactions, and thus, carbon retention continues to increase. To vali- 
date these explanations, more data are needed for yields at residence times under 
2 seconds and for cracking rates of various light hydrocarbons in the presence of 
char at the experimental conditions. 

Hydrogen retention decreases just slightly with residence time and has a 

\ sation of aromatic structures in the char. The predicted trends show that the dehy- 
Carbon retention is predicted to 

The explanation for this behavior is not clear, but may pos- 

The volatile species that escaped intraparticle cracking at the lower tem- 

1 

Figure 5 shows that sulfur retention in char is very sensitive to gas resi- 
dence time and relatively insensitive to temperature. The trends indicate that a 
low-sulfur char is initially produced, but increases in sulfur content as time pro- 
ceeds. This implies that a large percentage of the sulfur in the coal is initially 
released to the extraparticle environment and that various mechanisms then return 
some of the sulfur to the char. Various organic sulfur compounds crack into hydro- 
gen sulfide and carbon disulfide, and these as well as the hydrogen sulfide ini- 
tially formed from pyrite probably back react with the char and ash components. 
Depending on the initial forms of the devolatilized sulfur and relative reaction 
rates, these trends could predominantly reflect the kinetics of either hydrogen 
sulfide absorption reactions or organic sulfur compound cracking reactions. The 
suggested asymptote at approximately 75 percent sulfur retention possibly reflects 
approach to equilibrium or an absorption limit of the ash. 
sulfur forms in the chars may indicate the dominant effects. 

Further analyses of 

Conclusions 

A composite factorial experimental design and response surface methods were 
successfully applied to study the flash pyrolysis of Montana Rosebud coal over wide 
ranges of temperature, pressure, and gas residence time. Statistically significant 
regression models were used to predict product yield and composition trends. 
regression model predictions reported here for elemental retentions in char lead to 
the following conclusions:. (1) char yields increased at the higher temperatures 
investigated due to carbon deposition from the cracking of volatiles and sulfur 
absorption by char and ash components, (2) carbon, hydrogen, and oxygen retentions 

The 
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were most s e n s i t i v e  t o  temperature and s u l f u r  r e t e n t i o n  was most s e n s i t i v e  t o  r e s i -  
dence t i m e ,  (3) pressure  may tend t o  s h i f t  t h e  aromatic  hydrocarbon spectrum t o  
heavier  components a t  t h e  lower temperatures i n v e s t i g a t e d ,  (4)  s u l f u r  r e t e n t i o n  was 
l i k e l y  a f f e c t e d  by m u l t i p l e  phenomena, (5) char  anneal ing e f f e c t s  and continued 
cracking of l i g h t  hydrocarbons were present  i n  t h e  residence time range s tudied ,  and 
(6) a low-sulfur char  was i n i t i a l l y  produced, bu t  increased  i n  s u l f u r  content  with 
time t o  an apparent  asymptot ic  value due t o  back reac t ions  of s u l f u r  spec ies  with 
t h e  char and ash .  

References 

1. Howard, J. B . ,  W .  A.  P e t e r s ,  and M. A .  Ser io .  1981. EPRI Report No. AP-1803. 

2 .  Talwalkar, A.  T.  1983. DOE/MC/19316-1408 (DE83006592). 

3. Bissett, L .  A.  1983. DOE/METC/84-8 (DE84000217):116-128. 

4. B i s s e t t ,  L. A. 1984. DOE/METC/85-2 (DE85001955):65-72. 

5. S t a t i s t i c a l  Analysis  System I n s t i t u t e .  1982. SAS User 's  Guide: S t a t i s t i c s .  

6 .  Bissett, L .  A .  1985. DOE/METC-85/6024 (DE85008618):80-89. 

7 .  Howard, J. B.  1981. Chapter 12. Chemistry of Coal U t i l i z a t i o n ,  Second Supple. 
Vol., Ed. M. A .  E l l i o t t ,  New York: John Wiley and Sons, Inc. 

c z 
W 
0 
W 

c 
1 

w 

a 
a 

P 
3 
2' 
0 
I- 
2 w 
+ w 
a 
-I a 
I- 
2 
W 
5 
k!! 
W 

8 .  Calkins, W .  H. 1985. ACS Div. of Fuel Chem. P r e p r i n t s .  30(4):450-465. 

100, 

C 

S 

4 0  

PRESSURE = 309 PSlG 

GAS RESIDENCE TIME = 4 . 6 8  SEC 

1 

1500 1 6 0 0  1 7 0 0  1 8 0 0  1 9 0 0  2 0 0 0  2 1 0 0  2 2 0 0  2 3 0 0  2 4 0 0  2 5 0 0  

REACTION TEMPERATURE, "F 

Figure 1 .  Regression Model Prediction for Elemental Retention in 
Char vs. Reaction Temperature, Class 3 A  Nitrogen- 
Montana Rosebud Coal Tests, METC Advanced 
Gasification Facility Entrained Reactor 

226 



227 



1600°F 

GAS RESIDENCE TIME =4.68 SEC 
PARAMETER: REACTION TEMPERATURE 

W I- W 

10- 
5 

9 5 -  

0 
8 
I 

i 
2200OF 

25OOOF 
- 

f 

01 1 I 
0 100 200 300 400 500 600 700 800 900 1 

REACTION PRESSURE, PSlG 

Figure 2. Regression Model Prediction for Hydrogen Retention in 
Char vs. Reaction Pressure, Class 3 A  Nitrogen- 
Montana Rosebud Coal Tests, METC Advanced 
Gasification Facility Entrained Reactor 

90 

80 

70 

60 

50 

40 

I 

GAS RESIDENCE TIME =4.68 SEC 

- PARAMETER: REACTION TEMPERATURE 

- 

- 

- 

I I I I 

I 

IO 

REACTION PRESSURE, PSlG 

00 

Figure 3. Regression Model Prediction for Sulfur Retention in 
Char vs. Reaction Pressure, Class 3 A  Nitrogen- 
Montana Rosebud Coal Tests, METC Advanced 
Gasification Facility Entrained Reactor 

228 



85 
PRESSURE =309 PSI0 

* PARAMETER REACTION TEMPERATURE 

a , $ 80- 
w 

2000'F 5 g 75- s CARBON 
i 
0 70- \ 

f 
1 800°F 

5 4 1:: 

19OO'F 
g 

10-  

HYDROGEN - 200OOF 
: 

1 

GAS RESIDENCE TIME, SEC 

L7 

Figure 4 .  Regression Model Prediction for Carbon and Hydrogen 
Retention in Char vs. Gas Residence Time, Class 3 A  
Nitrogen-Montana Rosebud Coal Tests, METC Advanced 

I Gasification Facility Entrained Reactor 

51 3 4  5 6 7  8 6 10 11 

I I I 

3 4 5 6 7 8 9 10  11 
301 

1 2 

70 

60 

50 

40 

GAS RESIDENCE TIME, SEC 

- 

- 

- PRESSURE =309 PSlG 

PARAMETER: REACTION TEMPERATURE 
2000°F 

- 1900°F 

1 800OF 

Figure 5. Regression Model Prediction for Sulfur Retention in 
Char vs. Gas Residence Time, Class 3A Nitrogen- 
Montana Rosebud Coal Tests, METC Advanced 
Gasification Facility Entrained Reactor 

229 



Flash P y r o l y s i s  o f  New Mexico Sub-Bituminous Coal 
i n  He1 ium-Methane Gas Mix tu res  

Muthu S. Sundaram, Peter  T. Fa l l on  and Meyer S te inberg  
Process Sciences D i v i s i o n  

Brookhaven Nat iona l  l a b o r a t o r y  
Upton, New York 11973 

ABSTRACT 

A New Mexico sub-bituminous coal was f l a s h  pyrolyzed i n  gas mix tu res  
o f  hel ium and methane a t  1000°C and 50 p s i  i n  an I - i n .  1.0. en t ra ined 
down-flow t u b u l a r  reac to r .  The m i x t u r e  contained 0 t o  40% hel ium i n  meth- 
ane. Under tes ted  exper imental  cond i t ions ,  py ro l ys i s  i n  gas mix tu res  re- 
su l ted  i n  h i g h e r  y i e l d s  o f  ethylene and BTX than i n  pure methane. For 
example, under a coa l  f l ow  r a t e  o f  1.0 l b / h r  and methane f l o w  r a t e  o f  4.0 
l b / h r ,  p y r o l y s i s  i n  pure methane produced 7.7% C2H4 and 9.0% BTX onsthe 
bas is  o f  carbon conta ined i n  coal; under s i m i l a r  coal and methane 11oW 
rates,  as h igh  as 14.8% C2H4 and 15.3% BTX were obtained on p y r o l y s i s  i n  
25% He + 75% CH4 gas mixture.  The data show t h a t  t he  coal  f l ow  r a t e  and 
methane f l ow  r a t e  bo th  independent ly a f f e c t  t h e  y i e l d s  o f  C2H4 and BTX. 
A t  constant methane f l o w  ra te ,  increase i n  coal f l ow  r a t e  decreases the  
y i e l d s  o f  C2H4 and BTX; a t  constant coal f l ow  ra te ,  increase i n  methane 
f l ow  r a t e  increases the  y i e l d s  o f  C2H4 and BTX. 

Keywords: coa l ;  n a t u r a l  gas; py ro l ys i s ;  gas i f i ca t i on .  

INTRODUCTION 

The aim o f  t h e  f l a s h  p y r o l y s i s  o f  coal i s  the  product ion o f  smal ler  
molecules from i t  i n  a shor tes t  poss ib le  p a r t i c l e  residence time. There- 
fo re ,  t h e  o b j e c t i v e  o f  s tudy ing  the  process chemistry o f  coal  p y r o l y s i s  i s  
t o  i n v e s t i g a t e  t h e  experimental parameters t h a t  permit  t h i s  aim t o  be 
achieved and t o  e s t a b l i s h  t h e  optimum cond i t ions  t h a t  produce a favorab le  
product s la te .  The basic process parameters t h a t  i n f l uence  the  product 
y i e l d s  dur ing  f l a s h  p y r o l y s i s  o f  coal are: (1)  reac t i on  temperature, (2) 
gas pressure and ( 3 )  residence times o f  coal p a r t i c l e s  and ensuing t a r  
vapors. I n  a d d i t i o n  t o  these major process parameters, product y i e l d s  can 
be i n f l u e n c e d  by o t h e r  fac to rs  such as the  nature o f  t h e  p y r o l y s i s  gas and 
i t s  p a r t i a l  pressure and t h e  gas-to-coal ra t i o .  

Previous work on f l a s h  p y r o l y s i s  o f  coal  a t  Brookhaven Nat iona l  l ab -  
o ra to ry  was pe formed w i t h  i n e r t  py ro l ys i s  gases, He, N2 and A r ,  and reac- 
t i v e  gas, Hp.rl) Because o f  i t s  process po ten t i a l ,  our recent work has 
concentrated on t h e  f l a s h  p y r o l y s i s  o f  coal  w i t h  reac t i ve  methane gas. 
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Methane, i n  the form o f  na tu ra l  gas, has become a r e a d i l y  ava i l ab le ,  low- 
cost raw mater ia l .  U t i l i z a t i o n  and conversion o f  coal i n  con junc t i on  w i t h  
na tu ra l  gas t o  produce h igher  valued f u e l  and feedstocks, becomes an a t -  
t r a c t i v e  process proposi t ion.  

I n  general, p y r o l y s i s  experiments have been c a r r i e d  out i n  pure gas- 
es, e i t h e r  i e r t  or react ive.  I n  a few instances, mix tures o f  i n e r t  gases 
e.g. Nz-Ar(29 o r  r e a c t i v e  gases e.g. H2-H20 were used as p y r o l y s i s  atmo- 
s p h e r e ~ . ( ~ )  The p o t e n t i a l  and usefulness o f  mix tures o f  i n e r t  and reac- 
t i v e  gases towards the s e l e c t i v i t y  o f  p y r o l y s i s  products, he re to fo re ,  has 
not  been invest igated.  

In  order t o  determine i f  a r e l a t i v e  increase i n  the  heat t r a n s f e r  co- 
e f f i c i e n t  o f  t h e  py ro l yz ing  gas cou ld  be used t o  increase t h e  y i e l d s  o f  
ethylene and BTX from coal ,  a d e t a i l e d  examination o f  t he  p y r o l y s i s  of a 
New Mexico sub-bituminous coal was conducted i n  gas mixtures o f  he l ium and 
methane. The e f f e c t s  o f  gas m ix tu re  composit ion, coal feed r a t e  and gas 
feed r a t e  on t h e  y i e l d s  o f  e thy lene and 6TX a re  repor ted i n  t h i s  paper. 

EXPERIMENTAL 

The f l a s h  p y r o l y s i s  experiments were c a r r i e d  out i n  a 1- in .  d iameter-  
by-8- f t - long d w f l o w  ent ra ined t u b u l a r  reactor ,  d e t a i l s  o f  which have 
been r e p ~ r t e d . ? ~ !  The gas m ix tu re  cons is ted  o f  0-40% hel ium by volume 
and t h e  balance methane. Preheated methane o r  helium-methane gas m i x t u r e  
was f e d  i n t o  t h e  reac to r  t o  des i red  t o t a l  pressure. The p a r t i a l  pressure 
o f  methane was maintained constant a t  50 p s i  i n  t h e  experiments repo r ted  
here. A New Mexico sub-bituminous coal ,  w i t h  ana lys i s  shown i n  Table 1, 
was used i n  the  study. The coal, 1 5 0 m  o r  l e s s  i n  s ize,  premixed w i t h  10% 
by weight o f  Cab-0-Si1 (a fumed s i l i c a  powder) t o  prevent agglomeration, 
was d r i e d  i n  a vacuum oven overn ight .  The h igh  temperature gas feed i s  
mixed w i t h  coal a t  t he  top  o f  t he  reac to r  causing the p y r o l y s i s  reac t i ons  
t o  take  place. Routine gas analyses were performed w i t h  an o n - l i n e  gas 
chromatograph. The product y i e l d s  were determined on t he  bas i s  o f  conver- 
s ion o f  carbon contained i n  the  coal feed. 

Table 1 

Analys is  o f  New Mexico Sub-bituminous coal (ut%) 
~~ ~ 

Mo is ture (As Received) 7.8 

Proximate Analysis: U l t i m a t e  Analys is :  (da f )  

Dry Ash 22.8 Carbon - 72.4 

Dry V.M. 34.9 Hydrogen - 5.6 

Dry V.M. 34.9 Ni t rogen - 1.4 

Dry P.C. 42.4 Oxygen (by d i f f )  - 20.6 
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RESULTS AN0 D I S C U S S I O N  

Ethylene i s  an impor tan t  r a w  ma te r ia l  f o r  t h e  polymer market. Less 
a t t e n t i o n  has been focused i n  the  past on t h e  produc t ion  o f  ethylene us ing  
coal as the  raw material.We have shown e a r l i e r  t h a t  there  are d e f i n i t e  
advantages i n  the  use o f  methane as an atmosphere i n  the  f l a s h  p y r o l y s i s  
o f  coal .  A t  temperatures higher than 80OOC, 2 - 5  t imes g r e t e r  y i e l d s  o f  
ethylene are  o b t a i n a b l e  i n  methane atmos here when compared t o  f l a s h  py- 

ene y i e l d  was determined t o  be due o an i n t e r a c t i o n  between coal and 
methane a t  t h e  p y r o l y s i s  cond i t ions . t6 )  Though grea ter  s e l e c t i v i t y  t o -  
wards ethylene and BTX produc t ion  can be achieved by py ro l ys i s  o f  coal  i n  
a methane atmosphere, i t s  r e l a t i v e l y  low thermal conduc t i v i t y  can l i m i t  
the t o t a l  v o l a t i l e s  y i e l d  ob ta inab le  from coal .  Hydrogen i s  h igh l y  reac- 
t i v e  and i t  a l s o  has the  h ighes t  thermal c o n d u c t i v i t y  o f  a l l  gases; how- 
ever, i t  i s  u n s u i t a b l e  i f  the  aim i s  t o  maximize ethylene and BTX y i e l d s  
as they  become hydrocracked i n  t h e  presence o f  hydrogen. This, then, 
leads t o  t h e  p o s s i b i l i t y  o f  p y r o l y z i n g  coal  i n  a mix tu re  o f  hel ium w i t h  
h igh  thermal c o n d u c t i v i t y  and methane w i t h  h igh  r e a c t i v i t y .  

One o f  t h e  impor tan t  process parameters t h a t  in f luenced the  e thy lene 
and BTX y i e l d s  was found t o  be t h e  methane-to-coal feed r a t i o .  When the  
gas f l ow  r a t e  was h e l d  constant,  t h e  y i e l d s  o f  C 2 H 4  and BTX tend t o  i n -  
crease w i t h  lower mass load ings  o f  coal .  The r e s u l t s  o f  f l a s h  p y r o l y s i s  
o f  New Mexico sub-bituminous coal  i n  pure methane a t  IOOOOC and a constant 
methane flow r a t e  o f  3.8 l b / h r  a re  shown i n  F igure  1. The curves f o r  bo th  
C2H4 and BTX f o l l o w  t h e  same pat te rn .  The t o p  curves show the  t o t a l  y i e l d  
of C2H4,  C2Hg and BTX. A t  t h e  lowest  coal  f l o w  ra te ,  t h e  ethane y i e l d  was 
1.0% and no ethane was produced a t  h i g h e r  coal  f l ow  rates.  The decrease 
i n  the  y i e l d s  o f  BTX, C 2 H 4  and C 2 H g  a t  h igher  coal f l ow  ra tes  can be ex- 
p la ined on the  bas i s  o f  acce le ra ted  decomposition o f  t h e  above products on 
the surface o f  t h e  ho t  char  p a r t i c l e s ,  t h e  area o f  which a l so  increases 
with h igher  mass load ings  o f  coal. Furthermore, h igher  mass loadings o f  
coal can a lso  a f f e c t  t h e  heat  t r a n s f e r  between the  pyro lyz ing  gas and the  
coal p a r t i c l e s  which, i n  t u r n ,  can reduce t h e  y i e l d  o f  the  v o l a t i l e s  f r o m  
coal .  Thus, i t  becomes necessary t o  op t im ize  the f low ra tes  o f  coal and 
methane i n  o rder  t o  maximize the  d e s i r e d  produc t  y ie lds .  

Table 2 shows t h e  y i e l d s  o f  t h e  products obtained when t h e  coal was 
Py@!yzed i!! gas mix tu res  o f  hel ium and methane. Three d i f f e r e n t  composi- 
t l o n s  of gas m i x t u r e s  were used which contained 6 t o  4 0 %  He i n  methane. 
As shown i n  Table 2, t h e  p a r t i a l  pressure o f  methane was constant a t  50 
ps i  i n  a l l  experiments. The coal f l ow  r a t e  ranged from 0.8 t o  1.3 l b / h r  
and the  methane f l o w  r a t e  from 2.1 t o  4.6 lb /h r .  The f l ow  ra tes  shown 
here were ob ta ined by averaging t h e  f l ow  ra tes  throughout t h e  run which 
l as ted  fo r  about an hour. Though instantaneous f l ow  r a t e  o f  coal  i s  not 
known, i t  i s  n o t  expected t o  vary because successive gas analyses us ing  
on- l ine  GC were c o n s i s t e n t  f o r  a steady s t a t e  reac t ion  cond i t ions .  The 
instantaneous f l o w  r a t e  o f  t h e  p y r o l y z i n g  gas which was recorded through- 
out t he  run, d i d  no t  reveal  any s i g n i f i c a n t  d i f fe rences .  

r o l y s i s  i n  an i n e r t  hel ium atmosphere.( P The enhancement i n  the  e t h y l -  
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Figure  2 shows t h e  y i e l d s  o f  e thy lene and BTX as a func t i on  o f  volume 
percent hel ium i n  t h e  p y r o l y z i n g  helium-methane gas mix tu re  a t  methane-to- 
coal r a t i o  o f  3.9 t o  4.1 and coal p a r t i c l e  residence t ime o f  1.2-1.5 sec. 
Both curves show t h a t ,  under the  cond i t ions  inves t iga ted ,  t h e  y i e l d s  o f  
C2H4 and BTX increase w i t h  the  amount o f  hel ium i n  the  gas mixture.  It 
a lso  appears t h a t  t h e  y i e l d s  o f  C2H4 and BTX w i l l  be going through a maxi- 
mum, s ince  the  y i e l d s  w i t h  pure hel ium are much lower than w i t h  the  m i x -  
t u res  o f  CH4 and He. The data i n  Table 2 i n d i c a t e  t h a t  t h e  e f f e c t  o f  t he  
helium c o n c e n t r a t i o n  i n  t h e  gas m i x t u r e  on C2H4 and BTX y i e l d s  i s  more 
pronounced a t  h i g h  methane-to-coal r a t i o s  than a t  low methane-to-coal 
ra t i os .  

F igure  3 shows t h e  e f f e c t  o f  the  methane f l ow  r a t e  on t h e  y i e l d  o f  
ethylene a t  a cons tan t  coal  f low r a t e  o f  1.0-1.2 lb /h r .  The curves f o r  
t he  th ree  d i f f e r e n t  gas mix tu res  used i n  our experiments, which contained 
6, 12 and 25% he l ium by volume, a l l  f o l l o w  s i m i l a r  trends. For a l l  gas 
mixtures,  C2H4 y i e l d  increased w i t h  the  f l ow  r a t e  o f  methane. It i s  seen 
f r o m  F igure  3 t h a t  f o r  a given methane f l ow  ra te ,  t he  y i e l d  o f  C2H4 i n -  
creased w i t h  the  he l ium content o f  the  gas mix tu re .  I f  t he  increased eth- 
y lene y i e l d  came from the  p y r o l y s i s  o f  methane alone, i.e., i f  the  e t h y l -  
ene y i e l d s  were a d d i t i v e ,  an e f f e c t  oppos i te  t o  t h i s  would have been 
not iced. A s i m i l a r  t rend  i s  noted i n  Table 3 w i t h  respect t o  BTX y i e l d .  
Thus, t he re  i s  g r e a t e r  s e l e c t i v i t y  i n  t h e  produc t ion  o f  ethylene and BTX 
i n  t h e  presence o f  He/CH4 than i n  t h e  presence o f  e i t h e r  pure He o r  pure 
CH4. Th is  i nd i ca tes  an a t t r a c t i v e  process app l i ca t i on  f o r  the  product ion 
of e thy lene and BTX from coal  v i a  Flash Methanolysis. 

ACKNOWLEDGEMENT 

We g r a t e f u l l y  acknowledge the  support provided by the  Advanced Re- 
search and Technology Development Program o f  t h e  U.S. Department o f  Ener- 
gy, Morgantown Energy Technology Center, Morgantown, W. V i r g i n i a .  

REFERENCES 

1. Steinberg, M., Fa l lon ,  P. T., and Sundaram, M. S., "Falsh Py ro l ys i s  
Of Coal w i t h  React ive and Non-Reactive Gases." Report t o  DOE, No. 
DOE/CH/00016-1402 (DE 833011264). Ava i lab le  from NTIS ,  Sp r ing f i e ld ,  
Va., 22161. 

2. Sundaram, M. S., Steinberg,  M., and Fa l lon ,  P. T., "Flash Py ro l ys i s  
of Coal i n  Non-Reactive Gases." BNL 35947, ACS Div. Fuel Chem., 
Prepr. 30(1) ,  231 (1985). 

I 
I 

I 

234 



'. 
\ 

REFERENCES (cont  . ) 
3 .  Falk ,  A. Y. and Schuman, M. D., "Advancement o f  F lash Hydrpgas i f i ca -  

t ion." Proc. 5 th  Ann. G a s i f i c a t i o n  Pro jects  Contractors Meeting, 
p. 338, June 1985. 

Sundaram, M. S., Steinberg, M., and Fal lon,  P. T., "F lash Hydropyro l -  
y s i s  of,, Coal f o r  Conversion t o  L i q u i d  and Gaseous Fuels: Summary 
Report, DOE/METC/82-48 (1982). 

Sundaram, M. S., Steinberg, M., and Fal lon,  P. T., "Enhanced Ethy lene 
Production Via F lash Methanolysis o f  Coal," ACS Div. Fuel Chem., 
Prepr. 29(2) ,  124 (1984). 

6. Sundaram, M. S. and Steinberg. M., "Flash Methanolysis o f  Coal: A 
Mechanist ic Study." 

4. 

5. 

Submitted t o  x, BNL 37302 ( J u l y  1985). 

235 



Figure 1 

I 

I CH, @ 3.8 lb/hr. 

I 4  - 
J a 
0 -  
V 

10- 
V 
8 
s -  
2 6 -  w >- - 

2t 

0 

1 1  I I I I I 
1 2 3 4 5  

COAL FLOW RATE, Ib/hr. 

COAL @, 1.0-1.2 Ib/hr. 

J He% CH,% 0 

16 - - 

1 2 3 4 5  

Methane Flow Rate, lb/hr 

Figure 3 

0 I O  2 0  30 

% HELIUM IN METHANE 

Figure 2 

Figure 1 .  Ef fec t  of Coal Flow Rate 
on C2H4 and BTX y i e l d  

Figure 2 .  Effect  of Helium Concentration 
in Methane on C H y i e l d  2 4  

Figure 3 .  Effect  of Gas Composition 
and Methane Flow Rate on 
C H y i e ld  2 4  

236 



PREDICTING DEVOLATILIZATION AT TYPICAL COAL COMBUSTION 
CONDITIONS WITH THE DISTRIBUTED-ENERGY CHAIN MODEL 

BY 

Stephen Niksa 
Mechanical Engineering Department 

Stanford University 
Stanford, CA 94305 

and 

Alan R. Kerstein and Thomas H. Fletcher 
Combustion Research Facility 
Sandia National Laboratories 

Livermore, CA 94550 

INTRODUCTION 

Hypothetical ultimate yields for rapid coal devolatilization arose from the 
historical notions that a well-defined amount of volatile precursors are present in 
coal, and that their rate of release is directly proportional to a decaying reactant 
concentration. However, as reviewed elsewhere(l.2). wet chemical and spectroscopic 
analyses of coal structure from the past decade suggest a far less direct relation- 
ship between the reactive species in coal and the pyrolysis products. According to 
the aromaticlhydroaromatic model, bituminous coals are composed of aromatic "nuclei" 
interconnected by various bridges and substituted with smaller functional groups on 
their periphery. Although there is no well-defined repeating unit, bituminous coal 
is an extensively crosslinked macromolecular network which swells on solvation and 
exhibits viscoelasticity(3). 

The aromatic/hydroaromatic model suggests three broad classes of chemical reac- 
tions: dissociation of bridges, recombination of nuclei. and elimination of periph- 
eral groups. When peripheral groups present initially are converted to light gas, 
there i s  a direct correspondence between their initial concentrations and ultimate 
gas yields. But in contrast, when a bridge breaks, tars do not form at a rate gov- 
erned by stoichiometric proportions, and furthermore, there is no predetermined 
concentration of tar precursors, per se, present initially in the coal. In depoly- 
merizations, stoichiometric proportionalities are replaced by probabilities assigned 
from molecular conformation; i.e., the spatial arrangement of the atoms in s mole- 
cule($). The probabilities relate the fragment size distribution to the concentra- 
tion of unhroken bridges in the network, independent of the chemical reaction rates. 
During devolntilization, nuclei disconnect and recomblne concurrently, and many 
fragments never become small enough to vaporize. Tar and char yields are determined 
by competitive kinetics which depend on complex conformational probabilities as well 
as chemical reaction rates. Each nucleus can become either tar or char, depending on 
the transient conditions for the competition. The fate of nuclei is not predeter- 
mined, as implied in formulations which include hypothetical ultimate yields for tar 
and char. Moreover, the disfntegrating macromolecular skeleton of coal and the 
reintegration of intermediates into char are not taken into account in the histori- 
cal notions mentioned above, nor in any of the available devolatilization rate 
models. 

We formulated the Distributed-Energy Chain Model (DISCHAIN) to account for the 
conformational aspects of coal depolymerization and char formation in a phenomenolo- 
gical way. The derivation of the model and the qualitative mechanisms for product 
formation have been described(5). Rate parameters have been specified by correlating 
transient weight loss from a bituminous coal over a broad range of thermal histories 
for heating rates to 103K/s and temperatures to 1300K(6). In the present study, 
predictions from DISCHAIN are compared with volatiles yields from very similar 
bituminous coals for heating rates between lo3 and 105K/s and temperatures between 
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800 and 2100K. No f u r t h e r  ad jus tmen t s  o f  any of t h e  pa rame te r s  i n  t h e  model have 
been made. N e v e r t h e l e s s ,  p r e d i c t e d  y i e l d s  and r e a c t i o n  times d i f f e r  s i g n i f i c a n t l y  
among the  comparisons,  r e f l e c t i n g  the  i n f l u e n c e  of t h e  d i f f e r e n t  t r a n s i e n t  h i s t o r i e s  
i n  t h e  c a s e s  cons ide red .  

PRODUCT FORMATION FOR VARIOUS HEATING RATES 

Chain statist ics i n t r o d u c e  s e v e r a l  nove l  q u a l i t a t i v e  f e a t u r e s  i n t o  t h e  formation 
mechanism f o r  d e v o l a t i l i z a t i o n  products .  l n  DISCHAIN, t h e  monomer fo rma t ion  r a t e  is 
not  d i r e c t l y  p r o p o r t i o n a l  t o  e i t h e r  t h e  b r i d g e  d i s s o c i a t i o n  or t h e  c h a r  formation 
rate. L imi t ing  cases e s t a b l i s h  t h a t  ( 1 )  t h e  conve r s ion  of bound a romat i c  u n i t s  i n t o  
monomers accelerates w i t h  p r o g r e s s i v e  b r idge  d i s s o c i a t i o n s ,  r e g a r d l e s s  of t h e  chemi- 
c a l  r e a c t i o n  r a t e  f o r  b r i d g e  d i s s o c i a t i o n ,  and ( 2 )  t h e  number of c h a r  l i n k s  needed 
t o  e l i m i n a t e  a l l  monomers is less t h a n  the o r i g i n a l  number of monomers. Most impor- 
t a n t ,  t he  fo rma t ion  o f  s t a b l e  cha r  l i n k s  is concur ren t  w i th  t h e  d i s i n t e g r a t i o n  of 
b r i d g e s  d u r i n g  s low h e a t i n g .  This i n h i b i t s  t h e  subsequen t  fo rma t ion  of monomers, 
t h e r e b y  accoun t ing  f o r  reduced y i e l d s  f o r  lower h e a t i n g  rates. 

The m e c h a n i s t i c  b a s i s  f o r  y i e l d  enhancement a t  f a s t e r  h e a t i n g  r a t e s  in DISCHAIN 
is n o t  s o l e l y  t h e  d i s p a r i t y  o f  t h e  a c t i v a t i o n  e n e r g i e s  f o r  tar  and c h a r  formation.  
Rather, t h e  h e a t i n g  rate dependence i s  t h e  j o i n t  r e s u l t  of t h e  compe t i t i on  between 
t h e  p rocesses  o f  c h a r  and t a r  formation in c o n j u n c t i o n  wi th  suppres s ion  of monomer 
g e n e r a t i o n  due t o  c h a r  fo rma t ion .  The a c t i v a t i o n  ene rgy  d i s p a r i t y  de t e rmines  t h e  
s e l e c t i v i t y  to tar and c h a r  from the  common i n t e r m e d i a t e ;  i .e. ,  monomer. Independ- 
e n t l y ,  cha in  s ta t i s t ics  de te rmine  t h e  conve r s ion  of t h e  bound a r o m a t i c  u n l t s  i n t o  
t h e  in t e rmed ia t e .  Obv ious ly ,  bound a r o m a t i c  u n i t s  which never  become monomers are 
excluded from t h e  c o m p e t i t i o n  between c h a r  and tar  fo rma t ion .  

To f u r t h e r  i l l u s t r a t e  t h e  r o l e  of monomer s e l e c t l v i t y .  p r e d i c t e d  tar  y i e l d s  a t  
f o u r  h e a t i n g  rates are shown in Figure  1. In  t h e s e  s i m u l a t i o n s ,  t h e  thermal  h i s t o r -  
ies are l i n e a r  t empera tu re  ramps a t  t h e  i n d i c a t e d  h e a t i n g  r a t e s  t o  1900K. The onse t  
of d e v o l a t i l i z a t i o n  moves t o  h i g h e r  t e m p e r a t u r e s  f o r  g r e a t e r  h e a t i n g  r a t e s ,  due t o  
k i n e t i c  r e s t r a i n t s ( 7 ) .  The d e v o l a t i l i z a t i o n  rate i n c r e a s e s  i n  rough p ropor t ion  to 
i n c r e a s e s  i n  t h e  h e a t i n g  rate. React ion time c o n s t a n t s  range from 3 s a t  102K/s t o  5 
m s  a t ,  105K/s. Each t r a n s i e n t  g i e l d  r e a c h e s  an  asymptote  wh i l e  t h e  t empera tu re  ramp 
is be ing  t r a v e r s e d ,  even a t  10 K / s .  

F a s t e r  h e a t i n g  t e n d s  t o  p rec lude  c h a r  fo rma t ion ,  which i n c r e a s e s  t h e  monomer 
s e l e c t i v i t y ,  and h i g h e r  t empera tu res  s h i f t s  t h e  s e l e c t i v i t y  t o  tar  formation.  Con- 
s e q u e n t l y ,  u l t i m a t e  tar  y i e l d s  i n c r e a s e  by 70 % over  t h i s  range of h e a t i n g  r a t e s .  
S ince  t h e  mass of a r o m a t i c  u n i t s  d i s t r i b u t e d  between c h a r  and t a r  is f i x e d ,  cha r  
y i e l d s  a r e  d e c r e a s i n g  th roughou t  t h i s  r ange  of c o n d i t i o n s .  Gas y i e l d s ,  which a r e  no t  
shown, a r e  f i x e d  a t  8%. a l t h o u g h  a t  105K/s, p e r i p h e r a l  g roups  a r e  t r a n s p o r t e d  away 
w i t h  tar b e f o r e  t h e y  c a n  be e l i m i n a t e d  a s  g a s e s .  Product  d i s t r i b u t i o n s  c o n s i s t i n g  of 
tars bu t  no l i g h t  gases have a c t u a l l y  been observed d u r i n g  l a s e r  p y r o l y s i s  a t  ve ry  
h igh  h e a t i n g  r a t e s ( 8 ) .  

COMPARISONS WITH TRANSIENT CONVERSION MEASUREMENTS 

P r e d i c t i o n s  from DISCHAIN are compared wi th  t h r e e  s e t s  of d a t a  f o r  s ing le -  
p a r t i c l e ,  t r a n s i e n t  d e v o l a t i l i z a t i o n  o f  h i g h  v o l a t i l e  bi tuminous c o a l s  f o r  s broad 
r ange  of the rma l  h i s t o r i e s .  In B s u t i s t a ' s  wire q i d  s t u d y  of vacuum p y r o l y s i s ,  
thermal  h i s t o r i e s  c o n s i s t  of uniform h e a t i n g  at 10 Kfs to t empera tu res  between 750 
and 1200K. fo l lowed  by s u f f  i c i e n t l y - l o n g  r e a c t i o n  times t o  obse rve  u l t i m a t e  y i e l d s  
a t  each  t empera tu re (9 ) .  In Kohayashi ' s  en t r a ined - f low s t u d y  of p y r o l y s i s  
atmosp e r i c  p r e s s u r e ,  t h e  o p e r a t i n g  c o n d i t i o n s  encompass h e a t i n g  rates between 10 
and 10 K / s  and t e m p e r a t u r e s  between 1000 and ZlOOK(1). Time-temperature h i s t o r i e s  
are based on c a l c u l a t i o n s  which accoun t  f o r  mixing between t h e  d i l u t e  c o a l  j e t  and 
t h e  p rehea ted  c o a x i a l  g a s  stream. In K i n k i f f  e t  a l . ' s  s tudy  of an e x c e s s i v e l y  fue l -  
r i c h  s t a b i l i z e d  c o a l  f l ame ,  t h e  nominal h e a t i n g  rate is 105K/s and t h e  u l t i m a t e  
t empera tu re  is 2 0 0 0 ~ ( l l ) .  

"t B 
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The d i f f e r e n t  p r e s s u r e s  i n  t h e s e  s t u d i e s  may seem o b j e c t i o n a b l e  i n  l i g h t  of 
s i g n i f i c a n t  r e d u c t i o n s  in y i e l d  f o r  p r e s s u r e s  between vacuum and a few atmospheres .  
Many models invoke competing mass t r a n s p o r t  and r e d e p o s i t i o n  of Lar from t h e  g a s  
phase w i t h i n  and around t h e  p a r t i c l e s  to r a t i o n a l i z e  t h i s  e f f e c t ,  b u t  t h i s  b a s i s  is 
i n c o n s i s t e n t  with measured tar  d e p o s i t i o n  rates and t i m e  s c a l e s  f o r  v o l a t t l e s  
e scape .  Only a summary e x p l a n a t i o n  is g i v e n  h e r e ,  as a d d i t i o n a l  d e t a i l  is g iven  
e l sewhere (  6). 

phase ,  depending on t h e  molecu la r  weight ,  t empera tu re ,  and p r e s s u r e .  DISCHAIN pre-  
sumes i n s t a n t a n e o u s  v a p o r i z a t i o n  and e scape  of a l l  t a r s  formed when monomers d i s so -  
c i a t e ,  which is a l i m t t i n g  form f o r  low p r e s s u r e s  i f  v o l a t i l e s  e s c a p e  by v i s c o u s  
flow. The re fo re ,  t h e  model a p p l i e s  t o  vacuum p y r o l y s i s  r e g a r d l e s s  o f  t empera tu re ,  
and to  p y r o l y s i s  a t  a tmosphe r i c  p r e s s u r e ,  provided t h a t  t empera tu res  are h igh  enough 
to  compensate f o r  t h e  i n f l u e n c e  of p r e s s u r e  on t a r  v a p o r i z a t i o n .  Regarding Lhe 
assumed i n s t a n t a n e o u s  v a p o r i z a t i o n  of t a r ,  t h e  e q u i l i b r i u m  vapor  p r e s s u r e  o f  heavy 
compounds i n c r e a s e s  r a p i d l y  wi th  i n c r e a s i n g  t empera tu re ,  so t h a t  t h i s  assumption is 
w e l l  s a t i s f i e d  throughout  t h e  combustion t empera tu res  i n  bo th  of the  s e l e c t e d  
s t u d i e s  a t  1 atm. Based on an e q u i l i b r i u m  vapor  p r e s s u r e  l a w  f o r  c o a l  l t q u i d s ( l 2 ) .  
t h e  r a t i o  of t h e  vapor  p r e s s u r e  and t h e  i n t e r n a l  p r e s s u r e  a r e  i d e n t i c a l  a t  IOOOK and 
a n  i n t e r n a l  p r e s s u r e  of 1 atm, and a t  1250K and an  i n t e r n a l  p r e s s u r e  o f  10 atm. 

P red ic t ed  product  d i s t r i b u t i o n s  f o r  g a s ,  t a r ,  c h a r ,  and un reac ted  c o a l  are 
compared w i t h  measured y i e l d s  of gas  and t o t a l  weight  loss f o r  vacuum p y r o l y s i s  in 
Figure  2. The s i m u l a t i o n s  are based on uniform h e a t i n g  a t  103K/s t o  t h e  s t a t e d  
r e a c t i o n  t empera tu re ,  fol lowed by an i s o t h e r m a l  r e a c t i o n  pe r iod  between 6 and 30 8 ,  

depending on r e a c t i o n  t empera tu re .  In  a l l  c a s e s .  u l t t m a t e  y i e l d s  were reached b e f o r e  
t h e  end of t h e  expe r imen ta l  r e a c t i o n  time. Model p r e d i c t i o n s  were conve r t ed  t o  t h e  
da f -bas i s  w i t h  a r e p o r t e d  a s h  c o n t e n t  of 9.2 X .  

The r e l a t i v e  y i e l d s  of tar  and gas  are r e l i a b l y  p r e d i c t e d  o n l y  beyond 900K. 
whi le  p r e d t c t e d  and measured weight  l o s s  d i f f e r  by s e v e r a l  p e r c e n t  a t  t empera tu res  
below 1000K. The p r e d i c t e d  t empera tu re  dependence is more c o n s i s t e n t  f o r  tar y i e l d s  
t h a n  f o r  gas  y i e l d s .  P r e d i c t e d  y i e l d s  f o r  un reac ted  c o a l  and c h a r  seem r e a s o n a b l e ,  
b u t  cannot  be a s s e s s e d  q u a n t i t a t i v e l y .  Unreacted c o a l  p e r s i s t s  t h rough  lOOOK a s  a 
r e s u l t  of t h e  broad r ange  o f  d i s s o c i a t i o n  e n e r g i e s  f o r  b r i d g e s .  The amount of c h a r  
i n c r e a s e s  mono ton ica l ly  throughout  t h i s  t empera tu re  range,  bu t  e x h i b i t s  a maximum 
f o r  h i g h e r  t empera tu res  and h e a t i n g  r a t e s .  

I n  succeeding comparisons,  on ly  weight  loss i s  shown because g a s  phase chemis t ry  
a l t e r s  t h e  product  d i s t r i b u t i o n  a t  h i g h  t empera tu res .  The p roduc t  d i s t r i b u t i o n s  from 
DISCHAIN c o n s t i t u t e  f l u x  c o n d i t i o n s  f o r  d e t a i l e d  modeling of t h e  rate phenomena i n  
t h e  v t c i n i t y  of t h e  p a r t i c l e s ,  r a t h e r  t han  c o n d i t i o n s  i n  t h e  f r e e  stream. 

The comparison f o r  t h e  a tmosphe r i c  e n t r a i n e d  f low s t u d y  appea r s  i n  F igu re  3. The 
s i m u l a t i o n s  a r e  based on t he rma l  h i s t o r i e s  c a l c u l a t e d  by Kobayashi which accoun t  f o r  
mixing e f f e c t s  n e a r  t h e  i n j e c t o r ( l 0 ) .  These the rma l  t r a n s i e n t s  are s i g n i f i c a n t l y  
l o n g e r  than  f o r  an  i n d i v i d u a l  p a r t i c l e  i n j e c t e d  i n t o  a q u i e s c e n t  g a s  a t  t h e  r e a c t o r  
t empera tu re ,  a s  expected.  Also shown i n  Figure  3 are c o r r e l a t i o n s  from the  competing 
two-step model( l0) .  Kobayashi a s s i g n e d  r a t e  pa rame te r s  i n  o r d e r  t o  f i t  t h e s e  d a t a ;  
i n  c o n t r a s t ,  rate pa rame te r s  from DISCHAIN were n o t  r e a d j u s t e d  from t h e  v a l u e s  
a s s igned  from d a t a  a t  much s lower  h e a t i n g  rates and lower t empera tu res .  

P r e d i c t e d  weight  loss is w i t h i n  t h e  expe r imen ta l  e r r o r  a t  both t h e  ex t r emes  i n  
t empera tu re ,  bu t  s e v e r a l  pe rcen t  t oo  h igh  a t  1510K and 1260K (no t  shown). P r e d i c t e d  
r e a c t i o n  t ime s c a l e s  are as r e l i a b l e  as t h o s e  from t h e  c o r r e l a t i o n  a s s igned  from 
t h i s  da t a .  Also, t h e  p r e d i c t e d  u l t i m a t e  y i e l d  of 62 X a t  2100K is s u b s t a n t i a l l y  
g r e a t e r  (15 X d a f )  t h a n  t h e  g r e a t e s t  va lue  i n  t h e  d a t a  set used t o  a s s i g n  t h e  param- 
e t e r s  i n  DISCHAIN (47 % 103K/s and 1300K). Moreover, i t  is 22 % daf  g r e a t e r  t han  t h e  
measured y i e l d  at 102K/s and 1300K (12) .  S ince  t h e  pa rame te r s  have n o t  been 
a d j u s t e d ,  t h e s e  y i e l d  enhancements can be a t t r i b u t e d  t o  t h e  i n f l u e n c e  of h e a t i n g  
rate. as d e s c r i b e d  i n  t h e  p rev ious  s e c t i o n .  

\ Vapor i za t ion  mechanisms de te rmine  which heavy compounds l e a v e  t h e  condensed 

> 

239 



The final comparison involves a stabiltzed one-dimensional coal flame(l1). 
Factors beyond devolatilization arise in coal flames, but most complications are 

sponding to fuel equivalences of 3.30 with respect to the whole coal and 1.34 with 
respect to the ASTM proximate volatile matter. A l l  oxygen was consumed before one- 
third of the ultimate volatile8 yield was observed, and heterogeneous oxidation was 

Complete transient thermal histories, from the point of injectton to the onset 
of devolatilization, have not yet been measured for any coal flame, including this 
one. Mtdkiff, et al. report transient weight loss, gas temperatures, and optically- 
determined particle temperatures on a time coordinate referenced to the first meas- i 

urement point, rather than the point of injection. The first reported temperature, 
1750K, exceeds the threshold for devolatilization at heating rates as fast as 107K/a 
(DISCHAIN predicts that devolatilization begins at 1250K for a heating rate of 

simulated thermal history, instead of the measured particle temperatures, has been 
used to obtatn the predictions discussed below. 

Predicted weight loss is compared to the sum of the measured losses of volatile 
matter and fixed carbon in Figure 4. The thermal history in the simulations consists 
of uniform heatup at 105K/s to 2000K. the ultimate temperature observed in the 
experiment. The time coordinate for the predictions and measurements is referenced 
to the onset of devolattlizatton. The reaction time scale is adequately described, 
but the predicted ultimate yield exceeds the measurements by 5 X .  However, soot was 
observed but not separated from the collected char samples, so the measured yields 
are less than the true values. An upper bound for this influence far exceeds the 
discrepancy in this comparison, as Nenninger et al. observed soot yields of 22 X 
from the hiEh temperature pyrolysis of a high volatile bttuminous coal(l3). 

absent under excessively fuel-rich condittons. The coal density was 470 mg/l, corre- I 

negligible. i 

2x105K/s; c.f. comparison with Kobayashi's data at 1940K in Figure 3). Therefore, a / 

CONCLUSIONS 

The accuracy of the predfcted reaction time scales and yields from DISCHAIN is 
significant because hypothetical ulttmate yields are absent, model parameters were 
not adjusted, and a wide range of thermal histories was spanned in the comparisons 
with data. Experimental errors necessarily increase as coal combusLor conditions are 
approached. Nevertheless, this evaluation is more stringent than previous compar- 
isons between devolatilization models and measurements, and provides the basis for 
the following conclusions: 

1. Bridge dissociation concurrent with char formatton diminishes the conversion 
of bound aromatic nuclei in coal into unattached tar precursors, which 
canstftutes a mechanistic basis for enhanced yields for faster heating 
rates. 

Predicted yields based on the same parameters ranged from 40 X at 102K/s and 
1300K to 62 X at 105K/s and 2100K. in agreement with measured yields at the 
respective conditions within the experimental error. 

2. 

3. Predicted reaction times and ytelds from DISCHAIN agree quantitatively with 
transtent meauurements from high volatile bituminous coals for heating rates 
between lo3 and 105K/s and reaction temperatures between 800 and 2100K. 
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Figure 1 .  Pr dicted transient yields for tar during heatup at lo2 ,  IO3, IO4, and 
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Figure 2. Comparisons between predicted end measured weight loss ( 0 )  and gas 
yields (0  ) €rom vactun pyrolysis of Pittsburgh seam bituminous coal, 
from Bautista''. 
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Figure 3. Weight lo s observed in an atmospheric entrained flow reactor by 
Kobayashil' compared to predictions from DISCHAIN (solid curves) and fron 
Kobayashi's6 competing two-step model (dashed curves). 
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Figure 4. Predicted weight loss (solid line) for uniform heating at 105K/s to 2000~ 
compared to the sum of loss s of volattle matter and fixed carbon (a) 
reported by Midkiff, et a1.l'. The simulated temperature profile (dashed 
line) includes optically-measured particle temperatures (0) during the 
cooling phase. 
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1 .O ABSTRACT 

In-bed d e s u l f u r i z a t i o n  us ing  ca lc ium based sorbents has been evaluated i n  t h e  KRW 
pressurized f l u i d i z e d  bed g a s i f i e r  as p a r t  o f  a j o i n t  program w i t h  KRW Energy 
Systems Inc. and the U. S. Department o f  Energy. 
generation o r  synthes is  gas a p p l i c a t i o n s  such a system has l a r g e  p o t e n t i a l  economic 
advantages ove r  second generation g a s i f i e r s  which use conventional c o l d  gas cleanup. 

I n  add i t i on  t o  achiev ing over 90% desu l fu r i za t i on ,  t h e  process has a l s o  
demonstrated s i g n i f i c a n t  gains i n  c o l d  gas e f f i c i e n c y  and f i n e s  consumption. P i l o t  
p l a n t  performance d a t a  a r e  presented f o r  t h e  KRW g a s i f i e r - d e s u l f u r i z e r  process and 
the  p re l im ina ry  r e s u l t s  o f  an in-bed waste cha rac te r i za t i on  s tudy a r e  a l so  
presented. Though un t rea ted  in-bed wastes con ta in  p o t e n t i a l l y  hazardous ca lc ium 
su l f i de ,  l abo ra to ry -sca le  t e s t s  have shown t h a t  r o a s t i n g  processes can be adapted 
f o r  conve r t i ng  t h e  waste t o  a non-hazardous form. 

For combined c y c l e  power 

2.0 INTRODUCTION 

The product ion o f  !ow-Rtu (120-160) Btu/scf  gas from coal f o r  use i n  combined cyc le  
power generation i s  a t t r a c t i v e  t o  the  u t i l i t y  i n d u s t r y  because t h e  feedstock i s  an 
abundant domestic na tu ra l  resource and because i t  o f f e r s  economic advantages over 
conventional coal f i r e d  steam p l a n t s . ( l )  

Conventional stack gas clean-up technologies a r e  p rov ing  t o  be c a p i t a l  expensive 
and have the added disadvantage o f  poor thermal e f f i c i e n c y .  In-bed clean-up w i t h  
ca lc ium sorbents o f f e r s  an e f f e c t i v e  and economical method o f  removing t h e  s u l f u r  
species f r o m  t h e  product  gas w i thou t  pre-cool ing. 
then be used d i r e c t l y  i n  a gas t u r b i n e  p rov id ing  improved o v e r a l l  process 
e f f i c i e n c y  . 
The market i n c e n t i v e  f o r  an economical coal g a s i f i c a t i o n  combined c y c l e  e l e c t r i c  
power generating p l a n t  w i l l  be  subs tan t i a l  i n  t h e  1990's. According t o  the  U. S. 
Department o f  Energy (11, 18% o f  t he  c u r r e n t  U. S. generat ing capac i t y  i s  greater  
than 25 years o ld .  
process i s  i d e a l l y  s u i t e d  t o  t h e  needs o f  t he  e l e c t r i c  power i n d u s t r y  i n  t h e  1990's 
on t h e  bas is  o f  environmental,  cos t  and p l a n t  s i z e  considerat ions.  

3.0 BACKGROUND 

3.1 KRW Coal G a s i f i e r  

The KRW g a s i f i e r  i s  a pressur ized f l u i d i z e d  bed process which can conver t  a v a r i e t y  
of s o l i d  carbonaceous feedstocks i n t o  low-Btu (100-160 B tu /sc f )  o r  medium-Btu 
(200-300 Btu/scf )  gas. 
1. Run-of-mine coal o r  l i g n i t e  i n  t h e  s i z e  range o f  1/4-inch x 0 i s  surface dr ied,  
Pressurized i n  lockhoppers, and i n j e c t e d  c o n c e n t r i c a l l y  i n t o  a h igh energy 
o x i d i z i n g  j e t  l oca ted  i n  the combustion zone. The coal i s  r a p i d l y  d e v o l a t i l i z e d  
and decaked, and the res idua l  char i s  g a s i f i e d  by steam i n  t h e  upper reg ion o f  the 
f l u i d i z e d  bed. The j e t  induces a vigorous t o r o i d a l  motion o f  s o l i d s  between t h e  
lower  heat producing combustion reg ion  and the  upper heat  consuming g a s i f i c a t i o n  
region. The coal ash undergoes p a r t i a l  m e l t i n g  and s i n t e r i n g  i n  t h e  h o t t e r  
combuftion j e t ,  and t h e  r e s u l t i n g  ' g lue '  a c t i o n  causes f i n e  ash p a r t i c l e s  t o  
agglAerate.  

The p a r t i c u l a t e  f r e e  h o t  gas can 

The KRW coal  g a s i f i c a t i o n  combined cyc le  h o t  gas cleanup 

The essen t ia l  features o f  t he  g a s i f i e r  are shown i n  F igure 

These ash agglomerates are separated from t h e  char  i n  a f l u i d i z e d  be6 
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separator  l oca ted  i n  t h e  bottom sec t i on  o f  t h e  g a s i f i e r ,  a re  cooled wi th recyc le  
gas, and are ex t rac ted  by means o f  a r o t a r y  feeder  and depressur iz ing lockhoppers. 
Fines e l u t r i a t e d  from t h e  g a s i f i e r  a r e  captured i n  an external  cyclone and recyc led 
d i r e c t l y  t o  t h e  g a s i f i e r  by means o f  a nonmechanical valve. Fines escaping the  
cyclone a re  captured i n  a f u l l - f l o w  s i n t e r e d  metal f i l t e r .  This f i l t e r  i s  capable 
o f  operat ion up t o  1200°F and removing a l l  f i n e s  one micron o r  g rea te r  i n  Size. 
The g a s i f i e r  may be operated e i t h e r  i n  t h e  a i r -b lown mode f o r  low-Btu gas (100-160 
Btu/scf )  o r  i n  t h e  oxygen-blown mode f o r  medium-Btu fue l  o r  synthes is  gas (200-300 
Btu/scf ) .  

The process has been demonstrated f o r  a wide range o f  feedstocks and cond i t i ons  a t  
t he  Waltz W i l l  15-30 tons/day Process Development U n i t  (PDU) under funding by t h e  
DOE and i t s  predessor agencies. 
feedstocks, t h e  process has a l so  demonstrated e f f e c t i v e  u t i l i z a t i o n  o f  coa l  f i n e s ,  
h igh  ove ra l l  carbon conversion e f f i c i e n c y ,  and v i r t u a l  e l i m i n a t i o n  o f  t a r  and o i l  
i n  t h e  product  gas. 

3.2 In-Bed Desu l fu r i za t i on  

In-bed d e s u l f u r i z a t i o n  has been i d e n t i f i e d  as a p o t e n t i a l  h o t  gas cleanup concept 
f o r  meeting environmental regu la t i ons  on s u l f u r  emissions from t h e  KRW g a s i f i e r .  
Such a system would have economic advantages over c o l d  gas clean-up i n  a coal  
g a s i f i c a t i o n  combined cyc le  power generat ion app l i ca t i on .  KRW has conducted four  
in-bed PDU t e s t s  i n  1984 and 1985 t o  demonstrate the  f e a s i b i l i t y  o f  t h i s  concept. 
I n  a d d i t i o n  t o  achiev ing over 90% d e s u l f u r i z a t i o n  t o  meet t h e  New Source 
Performance Standards f o r  s u l f u r  emissions, t h e  process c o l d  gas e f f i c i e n c y  
improved by 20% over conventional PDU g a s i f i e r  operat ion.  

Hot gas clean-up v i a  the  in-bed concept i nvo l ves  the removal o f  s u l f u r  bea r ing  
gases, H2S and COS, by r e a c t i n g  them w i t h  do lomi te (CaCO HgC03) o r  l imestone 
(CaC03) t o  form s u l f i d e d  o r  spent sorbent (CaSMg0 o r  C a s t '  Sorbent i s  fed i n t o  
t h e  g a s i f i e r  freeboard t o  mix w i t h  t h e  the  bed char and remove H2S and COS from 
the  product gas. 
annulus along w i t h  ash agglomerates. 

The o v e r a l l  r e a c t i o n  occu r r i ng  i n  t h e  g a s i f i e r  bed i s :  

I n  a d d i t i o n  t o  i t s  a b i l i t y  t o  process a v a r i e t y  o f  

The spent sorbent i s  even tua l l y  withdrawn through the  g a s i f i e r  

CaC03(MgC03) + H2S+ CaS(Mg0) + 2C02 + H2D 1 )  

f o r  the dolomite/hydrogen s u l f i d e  react ion,  o r  s i m i l a r l y :  

CaC03 + H2S+ Cas + C02 + H20 2) 

f o r  t he  limestone/hydrogen s u l f i d e  react ion.  
waste which can recombine w i t h  a c i d i c  water t o  re lease t o x i c  H2S gas. 
treatment i s  necessary t o  conver t  t h e  CaS t o  t h e  environmental ly acceptable s u l f a t e  : 

Calcium s u l f i d e  (Cas) i s  a r e a c t i v e  
Fu r the r  

CaS + 2 02' Cas04 3) 

The primary goal o f  o x i d a t i o n  i s  t o  reduce t h e  a c t i v i t y  o f  t he  s u l f i d e  w i t h  the  
environment and render the  waste non-hazardous. 
o f  i n  conventional s o l i d  waste l a n d f i l l s .  

The waste cou ld  then be  disposed 
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4.0 DESULFURIZATION PERFORMANCE 

The development program has comprised a se r i e s  of PDU tests t o  f i r s t  demonstrate 
gas i f ie r  operabili ty and, thereaf te r ,  t o  optimize the desulfurization process. 
During tests TP-036-1 and TP-036-2, the gas i f i e r  was successfully operated w i t h  
dolomite injection i n  a controlled and balanced manner. The subsequent‘ tests, 
TP-036-3 and TP-036-4, demonstrated tha t  high leve ls  of desulfurizatfon could be 
achieved with both dolomite and limestone sorbents. 
significant achievements of the in-bed desul furization program. 

Table 1 summarizes the 

TABLE 1.  SUMMARY OF KRW IN-BED DESULFURIZATION RESULTS* 

Steady State 
Coal Coal Sulfur Sorbent COS Ca/S Molar Desulfurization 
Type Content ( 9 )  Type (p”;:) (ppm) Feed Ratio Achieved ( 9 )  

Pgh. #8 2.3 Glass Dolomite 550 263 1.67 86 

Pgh. #8 4.5 Glass Dolomite 679 216 1.55 92 

Pgh. #8 4.5 Greer Limestone 651 258 1.84 90 

Wyoming 2.0 Glass Dolomite 484 167 2.0 91 

*preliminary 

The equivalent desulfurization f o r  1 imestone injection f nto conventional furnaces 
and atmospheric f lu id ized  bed combustors (AFBC) require Ca/S molar feed r a t io s  of 3 
t o  6 (2.  3)  compared t o  the  r a t io s  of 1.5 to 2.0 demonstrated by the KRW process. 
The advantages of desulfurization i n  the reducing gas i f ie r  environment a r e  
a t t r ibu ted  t o  the f a s t e r  r a t e  of hydrogen sulfide/calcium oxide reaction compared 
t o  the su l fu r  dioxide/calcium reaction and the  absence of sintering. 
indicated by low BET surface areas (4 ) .  Sor en t  surface area measurements of the 
bed material were re la t ive ly  high a t  10-40 #/g compared t o  typical calcine 
surface areas which range from 0.5 t o  40. m /g f o r  calcined carbonates (5).  The 
reducing environment apparently does n o t  increase sintering. 

PDU resu l t s  indicate desulfurization i s  a function of the sulfur i n p u t  r a t e  and 
output rate.  
charac te r i s t ica l ly  in  the range of 500-650 ppm f o r  H2S and 160-270 ppm f o r  COS 
f o r  large variations i n  feedstock sulfur content. Since the sulfur output r a t e  i s  
1 imited, the degree of desulfurization increases as  the su l fur  i n p u t  ra te  (coal 
sulfur content) increases. 

Desulfurization var ies  inversely w i t h  product gas steam concentration based on 
recent PDU tests. A negative correlation coefficient of 0.8 was found linking 
steam and hydrogen su l f ide  concentrations fo r  the KRW Data Base. 
e f fec ts  v ia  t he  reaction 

Sintering is  

The su l fur  species concentrations i n  the product gas were 

Equilibrium 
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H2S + CaO- CaS + H20 4 )  

a r e  probably n e g l i g i b l e  because the  value of t h e  e q u i l i b r i u m  constant  i s  so l a r g e  
f o r  g a s i f i e r  temperatures i n  t h e  range o f  1600 t o  1900°F (6). 
concentrat ions were genera l l y  on the  order  o f  200-400 ppm h ighe r  than e q u i l i b r i u m  
leve ls ,  so i t  seems improbable t h a t  e q u i l i b r i u m  l i m i t s  desu l fu r i za t i on .  
however, gas phase d i f f u s i o n  o f  H20 from t h e  r e a c t i n g  core i s  t h e  l i m i t i n g  r a t e  
t h e  e u i l i b r i u m  concentrat ions of  H2S i n  the p a r t i c l e  core m?y l i m i t  
desul?ur izat ion) .  KRW inves t i ga t i ons  o f  t he  mechanism by which H20 l i m i t s  
desu l fu r i za t i on  a r e  c u r r e n t l y  underway. 

Small incremental increases i n  d e s u l f u r i z a t i o n  were a l s o  achieved with l a r g e  
increases i n  t h e  ca l c ium/su l fu r  feed r a t i o  as shown i n  Table 2. 

Table 2 
Incremental Increase I n  Desu l fu r i za t i on  as a 

I n  f a c t ,  H?S 

(If, 

Funct ion o f  Ca/S Rat io  f o r  Pgh. 4.5% S u l f u r  Coal 

Ca/S Observed X Observed H2S Equ i l i b r i um 
Feed Ra t io  Desu l fu r i za t i on  PPm H7S ppm 

1.84 91 
3.41 94 

651 180 
424 242 

These r e s u l t s  d i f f e r  s i g n i f i c a n t l y  from f l u i d i z e d  bed combustor experience where 
desu l fu r i za t i on  i s  d i r e c t l y  p ropor t i ona l  t o  and h i g h l y  dependent on t h e  Ca/S feed 
r a t i o .  

5.0 WASTE CHARACTERIZATION 

Because o f  t he  complexity o f  environmental regulat ions,  an i n v e s t i g a t i o n  o f  waste 
cha rac te r i za t i on  t e s t i n g  and disposal laws '  was conducted. 
RCRA d i r e c t s  t h e  EPA t o  promulgate c r i t e r i a  f o r  i d e n t i f y i n g  and l i s t i n g  hazardous 
waste. I n  a l a r g e  number o f  cases, i t  i s  poss ib le  t o  determine a wastes 
c l a s s i f i c a t i o n  by i t s  s p e c i f i c  exc lus ion o r  i d e n t i f i c a t i o n  as a hazardous waste. 
For o t h e r  wastes, t he  EPA has prescr ibed t e s t s  t o  determine whether it possesses 
one o f  f o u r  hazardous c h a r a c t e r i s t i c s  - c o r r o s i v i t y ,  i g n i t a b i l i t y ,  r e a c t i v i t y ,  and 
ex t rac t i on  procedure (EP) t o x i c i t y .  Since coal g a s i f i c a t i o n  wastes a r e  n o t  on any 
o f  t he  promulgated hazardous wastes l i s t s  by s p e c i f i c  and nonspeci f ic  sources, i t  
i s  the r e s p o n s i b i l i t y  o f  t he  generator t o  determine i f  the  re leased waste possesses 
any o f  t he  f o u r  hazardous cha rac te r i s t i cs .  

Reac t i v i t y  and EP t o x i c i t y  a re  t h e  most c r i t i c a l  c h a r a c t e r i s t i c  f o r  in-bed waste 
disposal. Presently, t h e  EPA has n o t  y e t  promulgated a t e s t  procedure o r  a 
q u a n t i t a t i v e  th resho ld  f o r  t o x i c  gas generation r e a c t i v i t y .  
they have recomnended a d r a f t  t e s t  method and i n t e r i m  r e a c t i v i t y  thresholds 

Sect ion 3001 o f  t h e  

Dur ing t h e  i n t e r i m  
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(7, 8). 
t he  d r a f t  t e s t  method i s  500 mg evolved H2S/Kg waste when subjected t o  an a c i d  
leach (ph = 2.0) f o r  3 0  minutes. Wastes re leas ing  more than t h a t  l e v e l  may be 
regulated as hazardous. 

g a s i f i e r  discharge were analyzed f o r  r e a c t i v e  s u l f i d e  l e v e l s  and EP t o x i c i t y .  
Table 3 contains t y p i c a l  EP t o x i c i t y  t e s t  resu l t s .  

TABLE 3. TYPICAL RCRA EP TOXICITY TEST RESULTS OF KRW 
IN-BED DESULFURIZATION SOLIDS WASTES (mgh)  

The q u a n t i t a t i v e  threshold f o r  t he  t o t a l  a v a i l a b l e  s u l f i d e  measured v i a  

Unsulfated in-bed s o l i d  waste samples from t h e  f i n e s  loss, separator p i t  sludge and I 

I 

Metal Ag As Ba Cd C r  Hg Pb Se 
- - - -  - - -  - 

Maximum A1 1 owabl e 
Concentrat ion 5 5 100 1.0 5.0 0.2 5.0 1.0 

Gas i f i e r  Discharge 0.03 0.048 ~ 0 . 1  t0.005 0.03 ~0.03 (0.002 <@,004 

Fines Loss 0.01 0.068 0.4 t0.005 <0.01 t0.03 0.012 0.009 

Separator P i t  Sludge 0.01 0.002 0.6 (0.005 <0.01 (0.03 t0.002 t0.004 

The l e v e l  o f  EP t o x i c  meta ls  i n  samples taken du r ing  TP-036-3 and TP-036-4 were a l l  
s i g n i f i c a n t l y  below the RCRA t o x i c  l eve l s .  

Typical reac t i ve  s u l f i d e  l e v e l s  f o r  t h e  in-bed process are shown i n  Table 4. 

TABLE 4. REACTIVE SULFIDE TEST RESULTS FOR KRW IN-BED 
DESULFURIZATION SOLID WASTES FROM TP-036-3 

S u l f i d e  Reactive ~ U I  t i d e  
Sample u t  % (mg/kg 1 

Untreated G a s i f i e r  Discharge 8.6 > 1200 

Fine Loss 1.3 (5 

Separator P i t  Sludge 0.9 < 5  

The f ines l o s s  samples from t h e  process had extremely low r e a c t i v e  s u l f i d e  l e v e l s  
o f  l e s s  than 5 ppm. 
from the  quench/cool ing system, a l so  had l e s s  than 5 ppm reac t i ve  s u l f i d e .  
However, a l l  un t rea ted  PDU withdrawal wastes generated du r ing  TP-036-3 sorbent 
i n j e c t i o n  may be p o t e n t i a l l y  hazardous when subjected t o  the  i n t e r i m  EPA r e a c t i v i t y  
t e s t .  

Separator p i t  sludge, which cons is t s  o f  wet f i n e s  carryover  
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As p a r t  o f  an extens ive study o f  the c h a r a c t e r i s t i c s  o f  in-bed wastes, t h e  g a s i f i e r  
discharge ma te r ia l  was s u l f a t e d  i n  l abo ra to ry  sca le  reac to rs  under a v a r i e t y  of 
experimental condi t ions.  Table 5 sumnarizes t h e  reac to r  condi t ions,  r e a c t i v e  
s u l f i d e  l eve l s ,  and s u l f u r  ana lys i s  o f  several samples. 

TABLE 5. EXPERIMENTAL CONDITIONS, SULFUR ANALYSIS AN0 REACTIVE 
SULFIDE LEVELS OF SULFATED GASIFIER DISCHARGE 

Furnace Oxygen 
Reactor Temp. Concen. 

(OF) (Vol % I  -- Type 

Packed Bed 1500'F 21 

F l u i d i z e d  1500'F 5 
Bed 

Open Dish 1500'F 21 

Open Dish 1500'F 21 

Gas Contact 
Flow Rate Time 

(1  i t e rs /m in  (h rs )  

5 1 

>10 1 

0 1 

0 3 

Reactive Tota l  Percent 
S u l f i d e  S u l f u r  S u l f a t i o n  
(mg/kg) (Ut%) (mole % )  

5 5.00 80.7 

< 5  N I4 NM 

<5 7.48 63.4 

(5 8.02 74.0 

The con f igu ra t i on  and experimental cond i t i ons  tes ted  were adequate f o r  reducing t h e  
r e a c t i v e  s u l f i d e  l e v e l s  of  t h e  withdrawal sample t o  l e s s  than 500 mg/kg. These 
r e s u l t s  a re  encouraging f o r  t he  in-bed program because s u l f a t i o n  i s  t h e  s imp les t  
and most d i r e c t  method o f  t r e a t i n g  in-bed wastes. 
k i n e t i c s  are necessary t o  determine t h e  opt imal  cond i t i ons  f o r  s u l f a t i o n  o f  t he  
in-bed wastes t o  meet RCRA requirements. 
t he  technica l  f e a s i b i l i t y  o f  a continuous waste t reatment  process. 

6.0 GASIFIER PERFORMANCE 

G a s i f i e r  performance was observed t o  improve du r ing  in-bed t e s t i n g .  The r e s u l t s  o f  
those s e t  p o i n t s  i n  which g a s i f i e r  performance was s i g n i f i c a n t l y  enhanced due t o  
sorbent i n j e c t i o n  are shown f o r  t e s t s  TP-036-3 and TP-036-4 i n  Table 6. 

Fu r the r  s tud ies  o f  r e a c t i o n  

Tests a r e  underway a t  t he  POU t o  evaluate 

TABLE 6. PILOT PLANT PERFORMANCE WITH IN-BED DESULFURIZATION 

G a s i f i e r  Carbon 
A i r /  Bed Conversion Cold Gas 
Coal Temp. E f f i c i e n c y  E f f i c i e n c y  

Coal Sorbent ( 1 b / l  b (OF) (% (%) - 
Pit tsbu rgh  -- 4.28 1846 90 
P i t t sbu rgh  Dolomite 3.39 1950 90 
P i t t sbu rgh  Dolomite 3.37 1970 91 
P i t t sbu rgh  Limestone 3.27 1830 92 
Wyoming Dolomite 3.03 1820 91 

50 
73 
72 
70 
65 
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Results from s e t  p o i n t s  w i thou t  sorbent i n j e c t i o n  are a l s o  shown f o r  comparison. 
The b e n e f i t s  o f  sorbent  i n j e c t i o n  are an increase i n  t h e  c o l d  gas e f f i c i e n c y  and a 
decrease i n  t h e  apparent f i n e s  e l u t r i a t i o n  r a t e .  

Cold gas e f f i c i e n c i e s  increased d ramat i ca l l y  du r ing  in-bed d e s u l f u r i z a t i o n  from 50 
t o  70%. 
r a t i o  may i n d i c a t e  improved g a s i f i c a t i o n .  

The c a t a l y t i c  e f f e c t  o f  ca lc ium on g a s i f i c a t i o n  r a t e s  has been documented by Walker 
(9), Freund ( l o ) ,  and Van Heek and Muhlen (11). Freund ( 9 )  found ca lc ium cata lyzed 
carbon reacted a t  a r a t e  100 t imes the r a t e  o f  uncatalyzed carbon f o r  t he  
g a s i f i c a t i o n  o f  C02. 
f ac to rs  be ing i n v e s t i g a t e d  by KRW. 

F ines  loss r a t e s  and e l u t r i a t i o n  decreased d ramat i ca l l y  w i t h  t h e  bed weight  o f  t h e  
g a s i f i e r / d e s u l f u r i z e r  as shown i n  F igure 5 Inc reas ing  bed weight  r e f l e c t s  t h e  
replacement of low d e n s i t y  char ( 2 5  l b / f t  i by h igh  dens i t y  sorbent (80 l b / f t 3 )  
and the reduc t i on  of bed voidage. Reduced f i n e s  l o s s  and e l u t r i a t i o n  r a t e s  a re  
p r i m a r i l y  the r e s u l t  o f  increased g a s i f i c a t i o n  r a t e s  and longer  f i n e s  residence 
LIIIICS. Impraveb gas i f fca t fan  is a t t r i b u t e d  t o  t h e  presence o f  t he  c a ? c i m  based 
sorbents i n  t h e  bed. 
F l u i d i z e d  bed f i l t e r i n g  o f  f i n e  ma te r ia l  increases wi th decreased gas bypassing 
(12). The f i l t e r  mechanism increases t h e  f i n e s  residence t ime i n  the  bed so t h a t  a 
l a r g e r  p o r t i o n  i s  consumed before escaping the  bed surface. 

The increase i n  c o l d  gas e f f i c i e n c y  and corresponding drop i n  a i r / c o a l  

C a t a l y t i c  e f f e c t s  a r e  one o f  several p o t e n t i a l  c o n t r i b u t i n g  

+-.".^^ 

Low bed voidage i n d i c a t e s  low gas bypassing as bubbles. 

7.0 CONCLUSIONS 

In-bed d e s u l f u r i z a t i o n  i n t e g r a t e d  with h o t  p a r t i c u l a t e  removal i s  p o t e n t i a l l y  t he  
most economical f o s s i l  energy process f o r  conve r t i ng  a l l  types of U.S.  coals  t o  
e l e c t r i c i t y  w h i l e  complying w i t h  New Source Performance Standards (NSPS) f o r  s u l f u r  
removal. 

The in-bed program for  d i r e c t  i n j e c t i o n  o f  calcium-based sorbents i n t o  t h e  KRW 
g a s i f i e r  has demonstrated 

0 

o 

o 

Future development work a t  KRW inc ludes p i l o t - s c a l e  s u l f a t i o n  o f  t h e  g a s i f i e r  
discharge and demonstrat ion of  through p u t  improvements. Laboratory sca le  
i n v e s t i g a t i o n s  of  desul f u r i z a t i o n  and t h e  e f f e c t  o f  calcium-based sorbents on char  
g a s i f i c a t i o n  w i l l  be conducted i n  p a r a l l e l  w i th  t h e  p i l o t  p l a n t  t e s t i n g  t o  
determine the  c o n t r o l l i n g  mechanisms f o r  t h e  r e l e v a n t  react ions.  

KRW i s  a l s o  developing an external  bed d e s u l f u r i z a t i o n  system u s i n g  z i n c  f e r r i t e  
sorbent which i s  capable o f  removing s u l f u r  compounds i n  a ho t  (1100°F) coal gas 
stream t o  a l e v e l  o f  lOppm. 
desu l fu r i za t i on  system i s  c u r r e n t l y  underway a t  t he  KRW Process Development Uni t .  

d e s u l f u r i z a t i o n  exceeding 90% f o r  a 4.5% s u l f u r  coal  

c o l d  gas e f f i c i e n c i e s  over 70% 

feas ib le  waste t reatment  by s u l f a t i o n  

I n s t a l l a t i o n  and t e s t i n g  o f  t he  ex te rna l  bed 
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Figure 1.  KRW Gosifier/Detulfurirer 
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MOUNTAIN FUEL RESOURCES 30 TONS PER DAY ENTRAINED 
FLOW COAL GASIFICATION PROCESS DEVELOPMENT UNIT 

Chiang-liu Chen and Ralph L. Coates 

Questar Development Corporation 
141 East First South Street 
Salt Lake City, Utah 84147 

INTRODUCTION 

Pressurized gasification of coal in experimental entrained flow gasifiers was 
studied rather extensively during the period between 1953 and 1962 at the U.S. 
Bureau of Mines MOrgantown Coal Research Center (1,2). A laboratory-scale gasifier 
with some similarity to the Bureau of Mines unit was operated by the Eyring Research 
Institute (MFI) between 1974 and 1978 (3,4). This work was followed by extensive 
process design studies carried out by Mountain Fuel Resources ( 5 )  which also led to 
the issuance of a U.S. patent (6). One of the important conclusions from this study 
was that feeding the dry coal to an entrained flow gasifier with recycle product gas 
was inherently more efficient than feeding the coal as a water slurry. 

\ 

A 30 tons per day process development unit (PDU) was designed, constructed and 
operated between 1980 and 1984 to provide data for further scale-up of system 
components. Controlled continuous dry-feeding of pulverized coal into the gasifier 
at pressures between 100 and 260 psia (600 and 1700 kPa) was achieved. The unit was 
operated for more than 2000 hours on six different feedstocks. Most of the tests 
were conducted with Utah bituminous coal, achieving above 90 percent carbon conver- 
sion without char recycle. 

DESCRIPTION OF PDU 

Coal, 2" x 0" in size, was brought to the PDU site by trucks and piled on 

pulverized to 70 percent minus 200 mesh in a roller mill. The pulverized coal was 
carried by hot gas into a cyclone where 90 to 95 percent of the coal was separated 
and dropped into a 20 ton storage bin. The remaining fine coal carried over from 

I asphalt pads. The coal was reduced to less than 1/4" in size in a hammer mill, then 

1 the cyclone was collected in a baghouse and also stored in the storage bin. 

Coal was conveyed from the storage bin to a 3 ton lock hopper with nitrogen 
and, after being filled with coal, the lock hopper was pressurized with recycled 
product gas to the same pressure as the coal feed hopper below and the coal was 
discharged into the feed hopper. From the feed hopper the coal was fed into the 
coal feed line and carried to the gasifier by recycled product gas. Approximately 8 
to 10 percent of the product gas was recycled to carry the pulverized coal. W i n  
augers located in the bottom of the coal feed tank were used to regulate the rate of 
coal flow into the feed line. Figure 1 presents a simplified process flow diagram 
of the PDU. 

, 

The gasification reactions were carried out at pressures up to 260 psia and at 
temperatures around 1565OC (2850OF) in a refractory-lined chamber approximately 2.3 
cubic feet (0.065 cubic meters) in volume. Both heated oxygen and superheated steam 
were fed to the reactor. The reactor residence time was in the range of 0.5 to 1 
second for most of the tests conducted. A radiant heat exchanger is located immed- 
iately below the gasifier in the same pressure vessel. The raw product gas leaves 
the vessel at a temperature about 670°C (124OOF). Approximately 50 to 60 percent of 
the ash in the form of slag droplets and char is collected at the base of the 
vessel. A water spray is used to cool the slag. Periodically, the slag and char 
are discharged into a slag lock hopper. Then the lock hopper is depressurized and 
the contents discharged into the slurry discharge tank where they are combined with 
fly ash, soot, and water discharged from the scrubber. This mixture is then pumped 
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to a hydroclone. 
pond and the overflow to the recycle water pond. 

The underflow from the hydroclone is discharged to the waste water 

The hot product gas from the radiant heat exchanger vessel passes through a 
section of double-wall pipe heat exchanger and into a scrubber and packed tower. 
The gas is metered and sampled on-line for analysis downstream of the scrubber and 
then is flared. 

GASIFIER 

A schematic drawing of the pressure vessel containing the gasification chamber, 
the heat exchanger internals, and slag quench section is presented in Figure 2. 
This vessel is 48 inches in diameter and 20.5 feet in length. The diameter of the 
refractory-lined reaction chamber is 16 inches. The refractory is supported by a 
water-jacketed cylinder. Coal, oxygen and steam are injected into the gasifier at 
the top of the chamber. Coal is injected through a water-cooled 1-1/2 inch feed 
nozzle and oxygen and steam mixture is injected through an annular space around the 
coal feed injector. Figure 3 shows a schematic drawing of the injector nozzle and 
head assembly. The head is fabricated from beryllium copper alloy, which is cooled 
by passing water through a slot parallel to the surface facing the reactor. 

The heat exchanger internals inside the pressure vessel consist of three 
separate sections. The first section. the radiant heat exchanger, is a cylindrical 
membrane wall manufactured from steam tubes with strips of metal welded between 
them. Saturated water from the steam drum enters the tubes from the bottom and 
flows up through the tubes producing steam. The tube wall is also equipped with 
four soot blowers. The second section is a coil that cools the lower portion of the 
pressure vessel and protects it from the hot product gas. A small amount of steam 
is generated in this coil through convective heat transfer. The third section is 
located in the bottom of the vessel and consists of the slag quench equipment. A 
spray ring is installed in the bottom of the exchanger. Cooling water from the 
recycle water pond is sprayed through nozzles on this ring to form a pool of water 
in the bottom of the vessel. 

Corrosion tests were conducted by IIT Research Institute ( 7 )  by installing test 
coupons in the slag quench pool. Test results show that at the bottom of the 
radiant heat exchanger, where corrosion coupons were submerged in the slag quench 
pool most of the time and the temperature scarcely exceeded 22OoF, materials like 
A 5 1 5  carbon steel, aluminized carbon steel, 2 1/4Cr-lMo, 1 1/4Cr-lMO. 9CR-1Mo. and 
410 SS suffered from heavy corrosion. Types 304 SS and 316 SS exhibited acceptable 
overall corrosion, but they have a tendency to pit in this environment. The Incoloy 
800 specimens showed excellent resistance to general corrosion and pitting. 

TEST RESULTS WITH UTAH BITUMINOUS COAL 

Extensive tests were conducted with Utah bituminous coal from Southern Utah 
Fuel Company's (SWFCO) Mine No. 1 located near Salina, Utah. Table 1 p:eSentS 
typical proximate and ultimate analyses of the pulverized coal. The coal received 
at the plant usually contained about 8 to 10 percent moisture. 

The range of the principal operational parameters and test results from July 
through September 1984 are presented in Table 2. Figure 4 presents product gas 
rate, and gas composition versus coal feed rate. The gas production rate averaged 
29.3 SCF/lb of coal. For the range of coal feed tested, carbon monoxide was found 
to increase and carbon dioxide to decrease slightly with coal feed rate, while 
hydrogen seemed to reach a maximum at about 1400 pounds per hour coal rate. The 
ranges of the dry volume percent of the major gas components are 51 to 60 percent 
for CO. 30 to 36 percent for H and 6 to 12 percent for CO . The cold gas effi- 
ciency and fraction carbon gas&iied increase with oxygen/coa3 ratio and coal feed 
rate for the range of conditions tested. It is obvious that the fraction of carbon 
gasified will increase toward a value of 1 with increasing oxygen to coal ratio8 
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however, the cold gas efficiency is expected to reach a maximum value then start to 
fall as hydrogen and carbon monoxide react with oxygen and reduce the heating value 
of the product gas. 

COMPUTER MODEL PREDICTIONS 

Several sets of computations were made with a theoretical gasifier model to 
assess the effect of systematic variations in reactor conditions on performance of 
the gasifier and product gas composition. Model parameters were empirically deter- 
mined from fitting the experimental data. Table 2 also presents a range of 
predicted performance by computer model. The variations examined were: 
(1) oxygen/coal feed ratio, (2) steam/coal feed ratio, ( 3 )  recycle gas/coal ratio, 
and (4) reactor heat loss. Results from these computations are presented in Figures 
5 through 8 .  The cases were run using the model parameters as optimized for the 
July-September SUFCO coal data. The predicted product gas volume and product gas 
composition are plotted versus the oxygen coal feed ratio, with other variables as 
parameters. 

It was found that the heating value of the product gas is at a maximum for an 
oxygen/coal ratio of between 0.8 and 0.9. Variations in the recycle gas to coal 
ratio were calculated to have only a weak influence on the product gas composition 
and volume. The steam/coal ratio, Figure 6, demonstrates a strong influence on the 
product gas composition with little effect in the product gas volume. The carbon 
monoxide concentration is highest for a lower steam/coal ratio. For lower oxygen 
feed rates, the temperature is a strong factor in the product gas volume. However, 
at an oxygen/coal ratio between 0 . 8  and 0.9, the cold gas efficiency is unaffected 
by the steam feed rate. 

Variations in the reactor heat loss were calculated to Significantly affect the 
product gas volume and composition, mainly through lowering the reactor temperature. 
Figure 7 shows significantly lower product gas volume and quality with a higher 
reactor heat loss. Figure 8 again presents the effect of reactor heat loss; how- 
ever, here the oxygen/coal feed ratio was adjusted to yield the desired reactor 
temperature. For a constant reactor temperature, a higher reactor heat loss dete- 
riorates the product gas quality only slightly. 

The oxygen/coal feed ratio is the controlling parameter on reactor temperature 
and performance. The effect of variations in steam, recycle gas ratio and the 
reactor heat loss on the cold gas efficiency are relatively small compared with the 
effects of varying the oxygen/coal ratio. 

Table 3 presents a direct comparison of PDU data with the design assumptions 
for a scale-up unit utilizing SUFCO Utah bituminous coal. 

CONCLUSIONS 

The dry-feed, entrained coal gasification PDU was operated successfully for a 
total of about 2200 hours. Controlled continuous dry-feeding of pulverized coal 
into the gasifier a pressures up to 2 0 psia was achieved. Reactor throughputs of 
up to 754 lbs/hr/f> or 317 lbs/hr/ft', gas yields of about 32 SCF/lb coal and gas 
heating values of 294 BTU/SCF were achieved. Carbon conversion efficiencies above 
90 percent without char recycle were achieved with Utah bituminous, Wyoming sub- 
bituminous, and North Dakota lignite coals. Cold gas efficiencies as high as 80 
percent were achieved vith SUFCO coal. Sufficient reproducible data were obtained 
for scale-up design for applications utilizing Utah bituminous coal from SUFCO Mine 
NO. 1. 
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Ihe competitive dsorpcion of fuel-type oxqxxds on =lite 1M 

G. Jean, P. (hantal, S. A k d  and H. W t Z k y  

hergy Research Iatoratorks ('XWX) 
555 Booth Street 
ot-, mtarlo, Canada 
KlA oG1 

Introducrion 
'Ihe possibility of selectively renovlng the nitrogemus ccnponents of fuels ly adsorptim m 

zeolite 13x was recently reported (1-2)- zhe prpose of this wdc is to  develop an industrial prooe~s 
to remve heteroatan components fmn synthetic crude fractions in order to decrease the oeed for 
hydrotreating o r  reduce the required severity of hydroteating. Ihe enphasis has been glwn t o  
nitrogemus capnmis since they diccate the m r i t y  of the proaess. 'Ib of the nost ioportant 
criteria determining the success of an adsorption prwess are the adsorption capacity and the degree 
of selectivity. As f a d  i n  the f i r s t  two studies using a mdel solution there is a large degree of 
discrindnation between nitmgenxs coapands; the extent of adsorption is inversely proportional to 
the size a d  t!! &ty =f the #. Ihe mrall adsorpticm capacity obrained with the nodel 
solution is 10%. Mever, when usiqg a real Mphtha the capci ty  obtained is mrh snaller, b e i q  of 
the order of 1-3. ole of the potential reasons for this laar capacity could be $e caopetitive 
adsorption of nonfiitrogenous coqcuds contained i n  the m&thas. 

'Ihe present s t d y  was d e r t a k e n  to  imrestigate the degree of mmpetitim behaen nitmgerus 
oxpmxis and other nrainly olefins and oxygeMted d s .  Very little oJnpetitim fmm 
d t -  ccmpmis was observed. Olefins e r e  able t o  ccqete with nitrogarus carpollnds only 
at  very high concentrations. 

w e h d  
AU exprinents were perform4 at rarn temperature in a c o n t ~ - f l o w  fiwd-bed adsorption 

apparatus. lhe zeolite is dry-pckd i n  a stainless steel colm 23 an long and 0.4 an ID. 'Ihe f i r s t  
series of tests =re done with a zeolite dried at 160 C . 'Ihe feed is plnped at a amstant f l a r  of 
0.5 ddn and samples of the effluent are collected every 5 mL and -y analyzed by gas 
*-tography. 

was obtained us- a 1 wtX solution in toluene 
of the desired capmxl. For the oompetitive nms a solution of 1 wt% of each caqcud in toluene 
(2 wt% total) *86 used. 

Results and disassion 
Several factors affect the roagnitude of adsorption; the adsorption capacity depeds m the 

operating axxiitions mch as inlet cmcmtration, ted depth, flow rate and mst inportantly the 
affinity of the sorbate f o r  the surface. For a ghm set of operating coodi t im the capscity 
ueasures the relative affinity of the sorbate for the solid and the solution. In the f i r s t  part of 
this s a y  the effect of the Mrnre of the solution on the adsorption of a n i l i E  is investigated 
('kble 1). Ihe rnmlmLm capacity is obtained for a toluene solution; the merit of anilirre adsorption 
decreases follaring the cdditicm of heptam, cyclotexem a d  idem. It s M d  ke mted that the 
degree of reprcdudblllty bethen paddngs gives an e m r  of 1045%. 'Iius the results indicate that 

olefhic solution might interfere with the adsorption of the nitrugemus ccopamds. muld 
-lain the results recently reported showing a large dlffe- in adsorptim capci t ies  for tw 
MPhth3.5; the lowest capacity was obrained for a naphtha atnornally hlgh in olefins (M. 1, 'M le  2; 
adsorption capacity of 1 w t X  for the mtha containing 62% olefins). 

lh? adsorption capcity of individwd 

Table 2 presents a annmry of the &sorption capcit ies of w r i w  ooopands. Ihe extent of 

inderplrdolinelndole series illustrates this point; the capacities for  these corqamds are 3.99, 
13.7 and 14.81 wtX respectiwly. At a ooncentration of 1 w t X ,  the olefins ha-e very little affinity 

adsomion seems to be pmportional t o  the polarity and the basicity of the owpound. Ihe 

262 



\ 

for the zeolite as indicated by their low capacitig; thy do interfele with the adsorption of 
aniline as shown i n  Table 3. Oxygenated ompxnds have a strong affinity for the zeolite. 'k extent 
of adsorption of pheml canpares to  those of adl i re and indole. tm of the mst retained nitrogemus -. Uder -tition, -1 is quite successful in dispLadng the nit- 
(Table 4). lhese results nggest that naphthas high in oxygenated cappands d d  be treated wing 
the adsorption proass. "h is  could be advantagews for synthetic cnde Mphthas such as Coal derived 
liquids. 

M v i & a l  azqauds is a good predictor of the adsorption process for a oopalex -. InQed the 
order of affinity indicated by the adsorption capacity of the individual cmpd is very s M l a r  t o  
the order obtained for a solution mung eighteen caqroslds (1). k p t  for a few cases the 

ShmA k t  Tables 3 7 .  15 
ut% . Ihe adsorption is not dard~ted  by a single nitmgeKw canpamd. 

Gmclusion 

cupmxk except possibly f m  olefins. Both nitrogemus and oxygenated conpd.9 have a strong 
affinity for  the zeolite. Ihe adsorption of oxygenated presents a real advantage since 
these coopamds are also problemtic. Oxygenated cmpmds are present in significant BllMts in a 
variety of synthetic cnde fractions. 

h adsorption pmcess for the d of heteroatom ccmponents. using a zeolite 13X , w d d  not 
be efficient because of the low affinity of a morber of nitrogeoous m. For instance 
phenetylpiperidine and collidine are adsorbed a t  less thm 8 a% w i t h t  any caipetiticn (Table 2) . 
'Ibis capacity w i l l  decrease in a dtisomponent solution beau% of site awpetition. FUture wdc 
SM CClIlcentrate of fkding an adsorbent that can rem- the less basic mnpamis. 

Ihe s h d y  on O.mp2tition betwal nitrogemus ampollnds show that the adsorption capacity of 

indiKbhd CaFddtieS &O PWCted the &ti= for the "tr*, cmpd C C W e t i t i o n s "  
'Ihe results indicate that the total capadty obtained is of the order of 

"e data obtained i n  this study show that there should be l i t t l e  canpetition f r m  nm-hztematm 

1) G. Jean, S. Ahoed a d  H. h t z l r j ,  'Ihe Selective M of E1Ltrogemus-w Compolrnds frOm 
lids by using zeolites", Sep. Sd. Tecln-ol. 20(7 6 8), 555-564, 1985 

2) G. Jean, E. Bomrie and H. %w&zky. "selective Remwal of NLtrogenous conpands king 
Zeolites", ACS National &Xing olicago Sep. 8-13: Reprint Fuel Division 
W1. 30(4) ,  416480, 1985 

Table 1 

Solvent effect on anil lre adsorption capacity (ut% on zeolite) 
1 ut% anillne in solwnt 

solvent C a P a d t Y  4 Capacity relative to toluene 

tOlUene 22.91 

5o:M cycl- 15.13 
50:M 1-i- 15.09 

50:M tOlUene/hep- 19.28 
- 
0.84 
0.66 
0.65 

263 



Table 2 

kisorptim capacity for indiddual c e  (wt% on zeoute) 
1 wtx in toluene 

Compound 

1.21 
3.99 
5.73 
5.98 
7.24 
8.47 
8.69 
9.04 
10.45 
11.18 

11.70 
11.91 
12.99 
13.70 
14.01 
14.45 
14.72 
14.81 
16.08 
22.91 

Qble 3 

kkorption capacity for variam rxqods in the presence of hi l im ( wt% m zeolite) 
1 wtx conpolnd ad 1 WX aniline in toluene 

Compourd Capacity x Relative Ancline Aniline Total 
Capadty capc i ty  % Fdative capadty capacity 

0.43 
1.07 
3.66 
5.43 
7.39 
7.77 
8.92 
9 .a6 

0.36 
0.28 
0.28 
0.49 
0.50 
0.74 
0.62 
0.72 

16.21 
13.64 
15.38 
15.16 
12.66 
7.67 

11.79 
16.82 

0.74 
0.59 
0.67 
0.66 
0.55 
0.34 
0.52 
0.74 

16.63 
14.71 
19.04 
20.59 
20.05 
15.44 
21.71 
26.68 

Table 4 

pdsorption capadties for d a r s  cnoponds in th? preserre of -1 (ut% on zeolite) 
1 WE% compand and 1 wtx pkml in toluene - capacity% RelatrveCapacity Rem1 Rpnol Total 

capacity% Felative capacity Capacity 

rn tmzyMne 3.57 0.28 10.59 0.66 14.11 
Qlin0uI-e 4.75 0.44 11.83 0.73 16.55 
2,2*-Rtwidyl 5.71 0.55 9.06 0.56 14.77 
hiole  7.61 0.51 13.27 0.83 20.88 
cecylalwhol 7.68 0.69 11.41 0.71 19.09 
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Table 5 

Adsorption c a e t i e s  for various mqamds in the presence of ktyhdm ( w t X  on zeolite) 
1 ut% compamd and 1 w t x  octylaudn? in toluene 

\ 

2,2’-dipy~im/l 8.21 0.79 6.62 0.56 
4-Ethylpyridine 8.59 0.77 4.41 0.37 
D.Lbenzylaudre 8.91 0.69 6.98 0.59 
cY1cloheP- 9.u) 0.80 5.68 0.48 
Qlinolh 9.70 0.90 6.89 0.56 
Indole 10.06 0.68 6.76 0.62 

14.83 
13.00 
15.89 
15.08 
16.59 
16.82 

Table 6 

Pdsorptlm qacitles for various ccqamds in the presence of 4-Ethylpyridine (wtX on zeolite) 
1 wtX compolmd ard 1 w t X  4-ethylpyrWne in toluene 

compand 

5.65 
5.74 
5.79 
6.19 
7.13 
7.90 
8.34 
13.97 

Relative 
capacity 

0.52 
0.51 
0.45 
0.45 
0.48 
0.68 
0.80 
0.61 

Total 
capacity 

5.59 
9.45 
9.06 
7.29 
6.82 
9.53 
5.89 
8.32 

0.50 
0.85 
0.82 
0.66 
0.61 
0.86 
0.53 
0.75 

11.24 
15.19 
14.85 
13.48 
13.95 
17.43 
14.23 
22.29 

Table 7 

pdsorptlcm capacities for various mqmnxk in the of @ i ~ ~ l i r ~  ( w t X  on zeolite) 
1 w t X  coopand and 1 w t %  quinoline In toluene 

~~ 

ccapamd capacity% Relativecapacity Qlinoline Qllmline Total 
capadty % Felatlve capacity capacity 

LECYlalCObl 1.78 0.16 9.35 0.87 11.13 
Mbenylaudn? 4.23 0.33 9.46 0.88 13.69 
Z-Renylpyridine 5.21 0.60 9.14 0.85 14.35 
Mole 5.85 0.43 7.11 0.65 12.% 
Mom 7.23 0.53 8.63 0.80 15.86 
2,2’-Mwridyl 8.05 0.77 4.37 0.40 12.42 
MUn? 11.19 0.52 8.92 0.62 a.11 
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BIaoGIcAL  MER AND RELATED CO~QOUN~S IN 
NATURAL AND SYNTHETIC LI(ILIID FUELS 

M.G. Strachan, R. Alexander and R.I. Kagi 
School o f  Appl ied Chemistry, Western Aus t ra l i an  I n s t i t u t e  o f  Technology, 
Bentley 6102. Western A u s t r a l i a  

m D U C T I O t j  
Molecular l e v e l  c h a r a c t e r i z a t i o n  of s y n t h e t i c  crudes using GC and GWMS 

techniques has t y p i c a l l y  invo lved i d e n t i f y i n g  t h e  major conponents present, 
i r respec t i ve  o f  chemical c lass  (1-4). Th is  approach d i f f e r s  considerably  
from t h e  a p p l i c a t i o n  o f  these methods f o r  cha rac te r i z ing  natura l  crude 
o i l s .  samples are on ly  analyzed f o r  p a r t i c u l a r  compound types whose 
d i s t r i b u t i o n s  and use i n  se lected r a t i o s  can p rov ide  use fu l  geochemical 
information. The compounds s tud ied are what are genera l ly  tenned 
f lbiological markers”, a1 i p h a t i c  components d i r e c t l y  r e l a t e d  t o  a b i o l o g i c a l  
precursor. These compounds include; n-alkanes. a c y c l i c  isoprenoids, 
diterpanes. t r i t e r p a n e s  and steranes (5,6). More recent ly ,  however, a l k y l  
aromatics such as dimethylnaphthalenes ( 7 ) .  t r imethy lnaphthalenes (8.9) and 
methylphenanthrenes (10) hae a l so  been employed i n  a s i m i l a r  manner. 

The l i t e r a t u r e  con ta ins  a pauc i t y  o f  repo r t s  o f  analyses o f  syn the t i c  
l i q u i d s  s p e c i f i c a l l y  f o r  b i o l o g i c a l  marker compounds (11-14). These 
studies, which encompass both coal- and o i l  shale-derived l i q u i d s t  suggest 
t h a t  t h e  geochemical data obtained can prov ide use fu l  in format ion about t h e  
source mate r ia l  and d i f f e r e n t  1 i q u e f a c t i o n  processes. I n te res t i ng l y .  t h e  
coal derived 1 i q u i d s  examined f o r  b i o l o g i c a l  marker compounds were almost 
exc lus i ve l y  produced from bituminous coals .  Th i s  i s  su rp r i s ing  i n  view o f  
the much repor ted l i q u e f a c t i o n  r e a c t i v i t y  o f  t h e  lower ranked, l i g n i t e s  and 
brown coals. Furthermore, as t h e  use o f  a l k y l  aromatics as geochemical 
i nd i ca to rs  i s  o n l y  a recent  innovation, t h e  extens ion o f  t h i s  a p p l i c a t i o n  
t o  syn the t i c  l i q u i d s  i s  as y e t  unreported. 

Two Aus t ra l i an  f o s s i l  f u e l  reserves whose l i q u e f a c t i o n  p o t e n t i a l  have 
been ex tens i ve l y  i nves t i ga ted  are t h e  massive L a t m b e  Val ley (V i c to r i a ,  
Aus t ra l i a )  brown coa l  deposits, and t h e  Rundle o i l  shale (Queensland, 
Aus t ra l i a )  seams. I n  fact ,  a 50 ton-per-day p i l o t  p l a n t  based o n  t h e  SFC I 
8 I1 processes, and us ing these brown coa ls  as feedstock i s  c u r r e n t l y  
nearing complet ion i n  t h e  Labrobe Val ley.  Th is  paper repo r t s  on  a study o f  
syn the t i c  l i q u i d s ,  produced from these two sources, t h a t  have been 
character ized by GC and GC/MS i n  an anologous fash ion  t o  natura l  crudes. 
For comparative purposes, t h e  data obta ined from a t e r r e s t r i a l  crude o i l  
and a marine crude o i l  are a l s o  included. I n  addi t ion.  t h e  e f f e c t  o f  
l i q u e f a c t i o n  process on t h e  respec t i ve  data i s  i l l u s t r a t e d  by t h e  d i f f e r e n t  
coal derived l i q u i d s .  

These 

EXPERIMENTAL 
Smphs. The coa l  der ived l i q u i d s  were a l l  produced from a medium-light 

l i t h o t y p e  V i c t o r i a  brown coal from t h e  Loy Yang F i e l d  (bore 1277, depth 
67-68m). The 1 i q u e f a c t i o n  prgcessea employed were:-lsol ven t  e x t r a c t i o n  
(CH C1 1; slow p y r o l y s i s  (80 -1000 C a t  3 C m in  1; hydrogenation 
(te?ra?in/H (10.3 mPa). 375 C, 2hrs)  and CO/H 0 (bed mois t  coal/CO (6.8 
MPa), 350’8, 2hrs) .  More de ta i l ed  i n fo rma t ios  on  t h e  l i q u e f a c t i o n  
cond!tions and t h e  product  y i e l d s  and analyses a re  g i ven  elsewhere (15,16). 

shale der ived l i q u i d s  were produced from t h e  Rundle o i l  shale 
by so l ven t  e x t r a c t i o n  (CH C1 1 and by t h e  Lurgf-Ruhrgas r e t o r t f n g  process 
( 1 7 ) .  I n  a l l  casesI t h e  zyn$.hetic l i q u i d s  are o p e r a t i o n a l l y  def ined as t h e  
methylene d i c h l o r i d e  so lub le p o r t i o n  o f  t h e  l i q u e f a c t i o n  product. 

The two natura l  crude o i l s  represent  o i l s  sourced from t e r r e s t r i a l  
organic ma t te r  and marine organic  matter, respec t i ve l y .  The formsr i s  from 
the off-shore Gippsland Basin. A u s t r a l i a  ( t h e  Lat robe Val ley coals  a r e  p a r t  
of t h e  on-shore Gippsland Basin) and t h e  l a t t e r #  t h e  Nor th Sea, Dermark. 

The o i l  
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3 --. The sample (30mg) i n  methylene d i c h l o r i d e  (Zcm 
was preadsorbed onto s i l i c i c  a c i d  using t h e  method o f  Middleton (18). Upon 
removal o f  t he  so lvent  by r o t a r y  evaporation. t h e  preadsorbed sample was 
placed on t o p  o f  a column of s i l i c i c  a c i d  (39). Successive e l u t i o n  w i t h  
*pentane; n-pentane/diethyl e t h e r  (95:5) and methylene d i c h l o r i  ddmethanol 
(9O:lO) gave t h r e e  f ract ions:  (1) a1 i p h a t i c  hydrocarbonsr ( 2 )  aromatic 
hydrocarbons and ( 3 )  heteronuclear compounds. 

An a l i q u o t  o f  t h e  a l i p h a t i c  hydrocarbons f rac t i on .  i n  benzenes was 
subsequently t r e a t e d  w i t h  ac t i va ted  SA molecular sieves t o  separate t h e  
n-alkanes from t h e  branched and c y c l i c  alkanes (19). S im i la r l y ,  t h e  
aromatic hydrocarbons f r a c t i o n  was subjected t o  t h i n  l a y e r  chromatography 
on alumina, w i t h  n-hexane as eluant, t o  y i e l d  a d i -  and t r i n u c l e a r  aromatic 
f r a c t i o n  (9). These f r a c t i o n s  a f t e r  appropr ia te reported workup procedures 
(19,9), and so lvent  removal were amenable f o r  ana lys i s  by GC and GC/MS. 
E and GC/MS m. Gas chromatography was performed us ing a 

Hewlett-Packard (HP) 5880A chromatograph. f i t t e d  w i t h  a 50m x 0.2mm i.d. 
WCOT fused-si1 i c a  column coated w i t h  5% c ross l i nked  s i 1  icone 
(bp-5, SGE Aus t ra l i a ) .  For a l l  anglyses, hydrogen was used as c a r r i e r  gas 
a t  a l i n e a r  v e l o c i t y  8 f  30 cm sec , and detector  (FID) and i n j e c t o r  
temperatures were 300 C and 280°C. respect ive ly .  I n  a t y p i c a l  ana lys i s  o f  a 
t o t a l  a l i p h a t i c  hydrocarbon f rgct ion,  t h g  oven o f  t h e  chrpmatograph was 
temperature programmed from 65 C t o  280 C a t  4OC min- then  held 
isothermal f o r  10 minutes. The oven temperature 8rogramm f o r  ana lys i s  o f  
t h g  d i -  and tg inuc leag  aromatics f r a c t i o n s  wash 70 C f8r 1 mdnute;-lthen 
70 C t o  190 C a t  1 C min- ; fo l lowed by 190 C t o  300 C a t  10 C min and 
f i n a l l y .  held isothermal f o r  10 minutes. A l l  GC analys is  were i n teg ra ted  
us ing t h e  associated HP data terminal .  Component i d e n t i f i c a t i o n  was, i n  
both cases, by comparison o f  t h e  r e t e n t i o n  t imes w i t h  those o f  authent ic  
isomers (8,10.19.20). 

Only branched/cycl i c  alkane f r a c t i o n s  were analyzed by GC/MS. The 
analyses were performed us ing a HP 58958 c a p i l l a r y  GC-quadrupole 
MS-computer data system, f i t t e d  w i t h  a 50m x 0.22mm i.d. WCOT fused-s i l i ca  
cross-1 inked m e t h y l s i l  icone column (Hewlet t  Packard). Samples f o r  analyses 
wege d i l u t e d  t o  a 1% w/w s o l u t i o n  i n  n-hexane and i n j e c t @  on-cojumn a t  
50 C. The oven was then  temperature programmed t o  3OO0C a t  4 C min- t and 
held isothermal f o r  20 mjfutes. Hydrogen was used as c a r r i e r  gas a t  a 
l i n e a r  v e l o c i t y  o f  28 cm sec . The samples were analyzed i n  t h e  selected 
i o n  monitor ( S I M )  mode, us ing dwell  t imes o f  10 msec f o r  each i o n  
monitored. Typica l  MS operat ing cond i t i ons  were: EM vo l tage  22OOV; 
I o n i z a t i o n  energy 70eV; source temperature 25OoC. 

The ions monitored were t y p i c a l  o f  those used f o r  crude o i l  b i o l o g i c a l  
marker studies. For example. m/z 217, 218, 259 (s teranes and diasteranes); 
dz 177,191,205 ( t r i t e r p a n e s )  and m/z 123, 193 ( b i c y c l i c s  and 
t e t r a c y c l i c s ) .  S p e c i f i c  compounds were i d e n t i f i e d  by comparison o f  t h e i r  
r e t e n t i o n  t imes w i t h  1 i t e r a t u r e  data. (21-23). 

F igure 1 shows gas chromatograms o f  t h e  t o t a l  a l i p h a t i c  hydrocarbon 
f r a c t i o n s  o f  t h e  syn the t i c  l i q u i d s  and natura l  crude o i l s .  The compound 
d i s t r i b u t i o n s  ev iden t  i n  these chmmatcgrams f o r  t h e  coal der ived l i q u i d s  
d i f f e r  markedly f o r  t h e  var ious l i q u e f a c t i o n  processes. The so l ven t  e x t r a c t  
is overwhelmingly dominated by t r i t e r p e n o i d s  ( cons is ten t  w i t h  t h e  h igher  
p lan t  input  o f  t h e  source ma te r ia l ) .  whi le  t h e  hydrogenation product and 
pyro lysate have t h e  n-alkanes i n  t h e  h ighes t  r e l a t i v e  abundance. It i s  
fn te res t i ng  t o  note t h a t  t h i s  observat ion c o n f l i c t s  w i t h  t h a t  o f  Youtcheff 
and coworkers (12) who found no d i f f e rence  i n  t h e  d i s t r i b u t i o n s  o f  sa tu ra te  
hydrocarbons from several bituminous coal so l ven t  e x t r a c t s  and t h e i r  
corresponding hydrogenation products. I n  addi t ion,  t h e  py ro l ysa te  a1 SO 
contains a homologous se r ies  o f  n-alkanes. The CO/H 0 product  i s  q u i t e  
d i s t i n c t i v e  i n  t h a t  it has a bimodal n-alkane d i s t r ? b u t i o n  and appears t o  

phenylmethyl 
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con ta in  a major group o f  components which have r e t e n t i o n  t imes between 
n-CZ2 and n-CB. The o i l  shale der ived l i q u i d s  can a l s o  be d i f f e r e n t i a t e d  
f rom each other. The so l ven t  e x t r a c t  i s  predominantly n-alkanes# having t h e  

member as t h e  most abundant component; wh i l e  t h e  r e t o r t  o i l  i s  much 
k e  complex. Although it has t h e  n-alkanes as t h e  most abundant homologous 
series, it a l s o  con ta ins  a se r ies  o f  n-alkenes. However. it d i f f e r s  from 
t h e  coal py ro l ysa te  i n  having i t s  n-alkane and n-alkene d i s t r i b u t i o n s  
maximising a t  lower  carbon numbers. I n  fact. t h e  general shapes o f  t h e  
n-alkanes d i s t r i b u t i o n s  f o r  t h e  coal py ro l ysa te  and o i l  shale r e t o r t  a re  
ve ry  s i m i l a r  t o  those f o r  t h e  t e r r e s t r i a l  and marine crudesr respect ive ly .  
T h i s  may suggest t h a t  t h e  geochemical processes generat ing natura l  crudes 
a re  p y r o l y t i c  i n  nature. 

Two geochemical i n d i c a t o r s  determined from chromatograms o f  t h e  t o t a l  
a1 i p h a t i c  hydrocarbons are t h e  Carbon Preference Index (CPI) and 
Pristane/Phytane r a t i o  (Pr/Ph). The former i s  based on  t h e  n-alkanes, and 
t h e  l a t t e r ,  t h e  C and C a c y c l i c  isoprenoids. The CPI values f o r  t h e  o i l  
shale der ived l i qbeds  are lzuch h igher  than those f o r  both t h e  coal der ived 
l i q u i d s  and natura l  crudes. Except f o r  t h e  so l ven t  ex t rac t ,  t h e  CPI values 
f o r  the coal  der ived l i q u i d s  a re  a l l  l e s s  than uni ty ,  w i t h  t h a t  f o r  t h e  
CO/H20 product  be ing apprec iab ly  so. I n te res t i ng l y ,  t h e  CPI values f o r  t h e  
two natura l  crudes a r e  almost i d e n t i c a l .  However. it i s  t h e  Pr/Ph r a t i o  
values t h a t  c l e a r l y  d i s t i n g u i s h  t h e  coal derived-from t h e  o i l  shale der ived 
!!quidst and t h e  t o r r e s t r l a l  from t h 6  inarine cruda. Both t h e  coal der ived 
l i q u i d s  and t h e  t e r r e s t r i a l  crude have considerably  h ighe r  values o f  t h i s  
r a t i o  than t h e i r  corresponding counterparts. The s i m i l a r i t i e s  o f  values f o r  
t h e  coal der ived l i q u i d s  and t h e  t e r r e s t r i a l  crude, and t h e  shale der ived 
l i q u i d s  and t h e  mar ine crude i s  no t  s u r p r i s i n g t  cons ider ing t h e i r  
respec t i ve  source organic  matter. The combined use o f  CPI and Pr/Ph does, 
hence, suggest t h a t  coa l -  and o i l  shale-derived l i q u i d s  can be 
d i f f e r e n t i a t e d  from each o the r  and t h e i r  respect ive na tu ra l  counterparts. 

Fur ther  con f i rma t ion  o f  t h i s  p o s s i b i l i t y  i s  a f fo rded  by GC/MS analyses 
o f  t h e  respect ive branched/cyc l ic  f rac t i ons .  Table 1 presents  t h e  data f o r  
se lected geochemical i n d i c a t o r s  based on  severa l  b i o l o g i c a l  marker 
compounds. Typica l  mass fragmentcgrams o f  steranes (m/z 217) and 
t r i t e r p a n e s  (m/z 191) are i l l u s t r a t e d  i n  F igure 2, f o r  t h e  coal pyro lysate 
and t e r r e s t r i a l  crude o i l .  Component i d e n t i f i c a t i o n  i s  g i v e n  i n  Table 2. 
The mass fragmentograms show t h a t  t h e  samples genera l l y  con ta in  t h e  same 
componentsr w i t h  d i f f e r e n c e s  being main ly  i n  i n d i v i d u a l  r e l a t i v e  
abundances. However, t h e  m/z 191 mass fragmntograms do prov ide a ready 
means o f  d i s t i n g u i s h i n g  syn the t i c  from natura l  crudes. The d i f f e rences  a re  
most apparent i n  t h e  h igh  r e l a t i v e  abundances o f :  1) CZ9 t o  C wp-hopanes 
(peaks F and D, respec t i ve l y .  i n  Fig. 2a) and 2) t h e  C P-hop8e (peak C 
i n  Fig. 2a) for  t h e  s y n t h e t i c  l i q u i d s  compared w i t h  t h a  natura l  crudes. 

Kaurane i s  an unequivocal b i o l o g i c a l  marker f o r  h ighe r  p l a n t  ma te r ia l  
i n  f o s s i l i z e d  organic  mat ter  (24) .  The epimer r a t i o  (Table 1) i s r  
therefore. usefu l  f o r  d i s t i n g u i s h i n g  t h e  o i l  shale der ived l i q u i d s  and t h e  
marine crude from t h e  coa l  der ived l i q u i d s  and t h e  t e r r e s t r i a l  crude. I n  
fac t r  t h e  respect ive values f o r  t h e  coal der ived l i q u i d s  and t h e  
t e r r e s t r i a l  crude suggest, they t o o  can be d i f f e r e n t i a t e d  from each other. 

The va lues f o r  t h e  drimane epimer r a t i o s  a re  s i m i l a r  f o r  a l l  t h e  
s y n t h e t i c  l i q u i d s ,  b u t  a re  s i g n i f i c a n t l y  lower than  those f o r  t h e  natura l  
crudesr whose respec t i ve  values a re  almost i d e n t i c a l .  Conversely. t h e  BpW 
hopane r a t i o s  and t h e  moretane/hopane r a t i o s  are considerably  h ighe r  f o r  
t h e  syn the t i c  l i q u i d s  than f o r  t h e i r  natura l  counterparts. Again. it i s  
d i f f i c u l t  t o  d i s t i ngu ish ,  unambiguously~ between t h e  o i l  shale and coal 
der ived l i q u i d s .  However, these drimane and hopane (moretane) based 
parameters do pe rm i t  unequivocal d i s t i n c t i o n  between t h e  na tu ra l  and 
syn the t i c  crudes. S im i la r l y .  t h e  s terane epimer r a t i o s  are s i g n i f i c a n t l y  
d i f f e r e n t  between t h e  s y n t h e t i c  l i q u i d s  and t h e  na tu ra l  crudes; t h e  values 
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f o r  t h e  r a t i o  being much h ighe r  i n  t h e  l a t t e r .  However, i n  na tu ra l  crudes 
t h e  above parameters have been shown t o  be m a t u r i t y  therefore.  
s y n t h e t i c  l i q u i d s  produced under more severe thermal cond i t l ons  may show 
values approaching those observed f o r  t h e i r  natura l  counterparts. T h i s  i s  
i n  f a c t  observed w i t h  t h e  coal hydrogenation product  and t h e  marine Crude. 
This  suggests t h a t  t h i s  parameter should no t  be used i n  i so la t i on .  although 
genera l l y  most natura l  crude O i l 5  are generated from mature source rocks 
and have epimeric r a t i o s  o f  1.1. 

I n  contrast ,  t h e  C /C sterane r a t i o  can be used t o  d i f f e r e n t i a t e  t h e  
coal der ived l i q u i d s  a8d 1718 t e r r e s t r l a l  crude, from t h e  o i l  shale der ived 
l i q u i d s  and t h e  marine crude. The va lues are much h ighe r  f o r  t h e  former, 
than f o r  t h e  l a t t e r  samples. Actual ly ,  t h i s  r a t i o  could no t  be determined 
f o r  t h e  shale r e t o r t  o i l  as t h e  C sterane was immeasurable. Again t h e  
hydrogenation product  appears an%alousr w i t h  the  va lue f o r  t h i s  parameter 
being much lower than f o r  t h e  o t h e r  coal  der ived l i q u i d s .  

Indeed. t h e  values f o r  t h e p / G  hopane r a t i o  and t h e  sterane-based 
parameters, f o r  t h e  hydrogenation product  a re  o f  geochemical i n t e r e s t .  The 
low r e l a t i v e  abundance o f  t h e  C R-hopane, and i t s  s i m i l a r i t y  t o  those i n  
natura l  crudes suggests t h a t  ce??ain maturat ion processes can be r e p l i c a t e d  
under l abo ra to ry  condi t ions.  Th is  i s  f u r t h e r  shown by t h e  va lue o f  s terane 
epimer ra t i o ,  which u n l i k e  those f o r  o the r  syn the t i c  l i q u i d s t  i nd i ca tes  a 
s i g n l f l c a n t  degree o f  c o n f i g u r a t i o n  i saner i za t i on .  I n  addi t ion,  t h e  low 
value f o r  t h e  C /C sterane va lue i s  cons i s ten t  w i t h  d e a l k y l a t i o n  o f  t h e  
C sterane as a2?esPTt o f  increased thermal s t ress.  These observat ions 
t # s  suggest t h a t  hydrogen t r a n s f e r  processes may be impor tant  I n  t h e  
geosphere f o r  crude o i l  formation. 

I nspec t l on  o f  t h e  a l k y l  aromatic-based parameters, which a re  presented 
i n  Table 3,  shows t h a t  they t o o  can be employed t o  d l s t l n g u i s h  s y n t h e t i c  
from natura l  crudes. and coal  der ived from shale der ived l i q u i d s .  F igu re  3 
shows a t y p i c a l  gas chromatogram o f  a d inuc lea r  and t r i n u c l e a r  aromat ics 
f r a c t i o n  f o r  t h e  coal py ro l ysa te  and t e r r e s t r i a l  crude. The numbered peaks, 
which r e f e r  t o  those used i n  d e f i n i n g  t h e  parameters, are def ined i n  Table 
4. The parameters DNR-2, TNR-1 and MPI-1 a l low d i f f e r e n t i a t l o n  o f  t h e  
syn the t i c  from t h e  natura l  crudes. The values f o r  CNR-2 i n  t h e  s y n t h e t i c  
l i q u i d s  are normally much lower  than  those observed i n  na tu ra l  crudes. The 
va lue f o r  t h e  marine crudes. presented here (1.e. 72.6) i s  anomalously low 
f o r  o i l s  sourced from t h i s  t y p e  o f  organic  matter, and I s  a d i r e c t  r e s u l t  
o f  t h e  Immaturi ty o f  t h i s  p a r t i c u l a r  sample. For TNR-1 and MPI-1. t h e  
syn the t i c  l i q u i d s  genera l l y  have h igher  values than  t h e  na tu ra l  crudes. 
However. both t h e  coa l  py ro l ysa te  and t h e  o i l  shale r e t o r t  have s i m i l a r  
values t o  those observed f o r  t h e  t e r r e s t r i a l  and marine crudes. Th is  may be 
f u r t h e r  evidence t h a t  p y r o l y t i c  processes p l a y  a r o l e  i n  o i l  generation. 

The coal der ived l i q u i d s  and t e r r e s t r i a l  crude have considerably  h ighe r  
values o f  DNR-6 and TDE-1 than t h e  o i l  shale l i q u i d s  and marine crude. 
Thus. these groups o f  samples may be d i s t i ngu ished  from each other using 
these parameters. Hence, appropr ia te combinations o f  parameters pe rm i t  t h e  
o r l g i n  and source t ype  o f  a l l q u i d  f u e l  t o  be ascertained. For exanple. 
h igh  DNR-2 and TDE-1 values i n f e r  t h e  o i l  i s  a natura l  t e r r e s t r i a l  crude. 
whereas low values f o r  these two parameters suggest It i s  an o i l  shale 
der ived 1 iqu id.  

I n  conclusion. t h e  approach o u t l i n e d  here shows tha t :  1) natura l  and 
syn the t i c  crudes can be f i n g e r p r l n t e d  us lng known geochemical parameters; 
2) t h e  choice o f  l i q u e f a c t i o n  process can considerably  a l t e r  t h e  
d i s t r i b u t i o n  o f  t o t a l  a l i p h a t i c  hydrocarbons f o r  a g i ven  source mater ia l ;  
3 )  natura l  and syn the t i c  crudes can be d i s t i ngu ished  from each other. as 
can be t h e i r  source types, us ing  appropr ia te combinations o f  b i o l o g i c a l  
marker and/or a l k y l  aromatic-based paramters: 4)  geochemical processes such 
as t h e  ep lmer l za t l on  o f  steranes and t h e  dep le t i on  o f  p-hopanes can be 
r e p l i c a t e d  i n  t h e  l abo ra to ry  and 5 )  py ro l y t i c - ,  t oge the r  w i t h  hydrogen 
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t r ans fe r  processes may be impor tant  i n  t h e  format ion o f  na tu ra l  crude o i l s .  
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T.G. Harvey, CSIRO Mate r ia l s  Science Laboratory, Me1 bourne f o r  t h e  r e t o r t e d  
o i l  shale sample. Th is  work was c a r r i e d  out  as p a r t  o f  t h e  Nat ional  Energy 
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Table 1. Geochemical Parameters based on B io log i ca l  Marker Compounds. 

Kauranel orinnneb c3oc '2; C29/C27f 
SAMPLE 11;;;;s mre taner  Steranes Steranes 

tlopanes ZOS120R 

Coal 

Solvent Extrac t 0.07 
PyrolysatC 0.24 
Hvdrooena t i on  0.65 

- 

.... 
Cb/H20 0.20 

0.56 2.00 1.50 N.D. N.O. 
0.50 0.55 1.53 0.20 10.8 
0.55 '0.05 1.38 0.58 0.8 
0.59 0.71 1.48 0.13 17.6 

O i l  Shale 

Solvent Ex t rac t  N.D. 0.78 4.70 0.77 0. IO 0.89 
Retort  N.O. 0.50 1.01 1.82 0.11 N.O. 

Crude O i l s  

T e r r e s t r i a l  0.99 0.99 <0.05 0.10 0.84 5 . 1 1  
h r i n e  N.O. 1.00 r0.05 0.13 0.57 0.64 

a -  

b -  

c -  

d -  
e -  

f -  

N . O .  

168(H)-kaurane/l6o(H)-kaurane t 168(H)-kaurane 

8a(H) -dr i~ne lBa(H) -dr imane  + 88(H)-drimane 

17U( H) . 21 0(  H) -hopanell 7a( H ) . 218(H) -hopam 

17B(H). Zla(H)-moretane/l7o(H), 218(H)-hopane 
(20S)-5o(H).  14a(H), 17~(H)-ethylcholestane/(20R)-5~(H). 14o(H). I7m(H)-ethylcholertane 
(ZOR)-So(H). 1 4 o ( H ) ,  1 7 ~ ~ H ~ - e t h y l c h o l e s t a n e / o - i . ( H ) .  14o(H), 17o(H)-cholestane 
Not  de ternina b l  e 

Table 2. I d e n t i f i c a t i o n  o f  the Tr i terpanes ( m l z  191) and Steranes (ntz217) present i n  the 
Mass Fraqmentogramr shown i n  Figs. 2a and 2b. 

Tri terpanes (Fig.  2a) Stcraner (Fig. Zb) 
Peak Compound Peak Compound 

A l 7 d H ) .  22. 29, 30-trisnorhopane A 205-138. 17o-dlacholertane 
B l8a(H). 22, 29. 30-trlsnorneohopane 8 ZOR-138. 17o-diacholertane 
C 178(H), 22. 29. 30-trisnorhopane C 205-24 ethyl-130. 170-diacholestane 
D 17o(H), 218(H)-lO-norhopane 0 20R-5a. 140. I7o-cholestane 
E 170(H). 2 la (H) -30 -nomre tane  E ZOR-24-ethyl-138. 17.-diacholertane 
F I7m(H), Zls(H)-hopane F ZOS-24-ethyl-Sa. 140. 17.-cholestane 
G 178(H), ZlB(H)-3O-horhopane G ZOR-24-ethyl-50. 140. 178-cholestane 
H 178(H). Zlo(H)-moretane H ZOS-24-ethyl-5n. 148, 178-cholestane 
I ZZS-lI.(H). ZlB(H)-homhopane I 20R-24-ethyl-5a. 140.  I7.z-cholestane 
J 22R-I7dH), ZlB(H)-homhopane 
K 178(H). 218(H)-hopane 
L 225 and R-l78(H), tla(H)-homomretane 
M ZZS-l7o(H), Zl0(H)-bishomhopane 
N 22R-I7o(H). ZlB(H)-birhomohopane 
0 Unknown 
P I l e (H) ,  218(H)-homhopane 
0 22S-l7o(H), 2l8(H)-trirhomohopane 
R 22R- I l o (  H) , 210( H) - tri shomohopane 
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Table 3. Geochemical Parameters based m Dimethylnaphthalenes, 
Trimethylnaphthalenes and kthylohenanthrenes. 

SAMPLE DNR-2' O!i2-Sb TIIR-1' TDE-ld MPI-le 

Coal 

Solvent E x t r a c t  48.3 4.8 1.3 0.9 2.30 
Pyrolysate 23.3 2.3 0.5 6.3 0.73 
Hydrogenation 44.3 4.1 1.1 4.8 1.12 

CO/HZO 9.3 9.3 0.7 2.1 1I.D.  

O i l  Shale 

Solvent E x t r a c t  23.1 1.9 1.3 1.6 1.08 

- 

Retor t  26.1 1.2 0.8 0.3 0.80 

Crude O i l s  

T e r r e s t r i a l  279.0 2.7 0.1 4.9 0.78 
b r i n e  12.6 2.0 0.5 0.3 0.74 

a - 2,7-dimethylna~Htha1ene/l.8-dimethyI~phthalene 

b - 2.6- + 2,7-dimethylnaphthclenesll.(- +2.3-dimethyloaphthalenes 

c - 2.3.6-trimethylsaphthalene11.4.6- t 1,3,5-trimthylnaphthalenes 

d - 1,2.5-tr imethylnaphthalenel l .2 .1- tr inethyl~~phthalene 

e - 1.5 x (2- + 3-methylphenanthrenesy(~~enanthrene)+ 1-methylphenanthrene 
+ 9-methylphenanthrene 

N.D. Not  determinable 

Table 4. i d e n t i f i c a t i o n  o f  chc Aronut ic Conpounds used i n  the Parameters defined i n  
Table 2 and shown in thc Gas C h r m 1 q i r . m  i n  f i g .  3. 

I 

Peak Compound Peak Compound 

1 2 ,B-dime thy1 ~ p h  tha 1 ene 9 1,2,4-trimethylnaphthalene 

2 2,l-dimethylnaphthalene 10 l,Z,S-trlmethylnaphthalene 

3 1,4- and 2,3-diaethylnaphthaIenes 11 phenanthrene 

4 1.8-dimethylnaphthalene 12 3-methylphenanthrene 

5 1.4.6- and 1.3.5-trimthylnaphthalenes 13 2-methyl phenanthrene 

6 2.3.6-trimethylnaphthalene 14 9-methylphenanthrene 

1 1.2.7-trimthylnapnthalene 15 1-methyl phenanthrene 

8 1,2,6-trimethylnaphthalene 
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Figure 1. Gas chromatograms of the to ta l  a1 iphatic hydrocarbon f rac t ions  
of the  synthetic and natural crudes. 
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Figure 2. Mass fragmentograms for  ( a )  t r i t e rpanes  and (b) steranes from t h e  
coal pyrolysate and t e r r e s t r i a l  crude. 'run 
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Figure 3.  Gas chromatograms of the dinuclear and t r inuc lear  aromatic 
f r ac t ions  from the coal pyrolysate and t e r r e s t r i a l  crude. 
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Ottawa, Ontario, Canada 

KlA oG1 

ABSTRACT 

The increasing use of distillate fuel oils processed from 
synthetic crudes has caused concern for deteriorated performance 
due to increased levels of aranatic canpunds and increased viscosity 
of these fuels. The performance characteristics of middle distillate 
fuels of varying physical and chemical properties, derived from both 
conventional and synthetic crudes, are being determined on 
residential combustion systms at the Canadian Combustion Research 
Laboratory. 

range of techniques: the fluorescent indicator absorption method 
(FIA) for total aromatics; the proton nuclear magnetic resonance 
method (PNMR) for aromaticity and hydrogen distribution; the gas 
chrcmatographic/mass spectrometric (Gc/Ms) method and column 
chromatographic method for aranatic canpund types; the mass 
spectrometric (MS) method for paraffins, olefins, naphthenes and 
aromatics (PCNA); theoretical calculations based on physical 
properties for total aromatics; and aniline point measurements. 

In this study 22 fuels were examined, and observations 
correlating the fuel aromatic properties with transient particulate 
missions are presented. 

The aromatic properties of the fuels are determined using a 

INTRODUCTION 

An increased awareness of dependency on the oil exporting 
nations and the volatility of the world oil price market has changed 
the outlook of the oil industry. 
the 1970's, industry and consumers have come to realize the potential 
savings of implementing energy conservation measures. The North 
American petroleum industry has reduced energy consumption 
significantly in recent years and according to a 1985 survey.(l) 
an additional 14% reduction is technically feasible. 
taken by refiners, is to reduce the manufacturing cost by maximizing 
the use of lower cOst components. 

Ever since the energy crisis of 

One approach, 

At the present time, this approach 
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is highly attractive since good quality conventional resources are 
being depleted rapidly all over the world, while the global denand 
for middle distillates is expected to increase (2). The d i n e d  
effects of energy conservation measures and the natural decline of 
good quality conventional feedstocks have created new concerns for 
refiners over fuel oil quality. 

the largest per capita users of oil in the world (3). 
these "hardships", Canadian industry and consumers face greater 
energy conservation challenges than almost anywhere else in the 
world. In addition to an overall reduction in energy consumption by 
the population, innovative solutions have to be considered to extend 
the life of the conventional resources. Such efforts include 
replacent of oil with alternate energy sources and developnent of 
alternate oil supplies such as those frm frontier reserves, heavy 
oils and tar sands from western Canada. 
frm -qmthetic crudes derived from the heavy oils and tar sands o f  
Alberta and Saskatchewan are already on the Canadian market and 
their production is increasing. By 1990, Canadian tar sands 
developnent is expected to increase production capacity from the 
current 12% to 23% of Canadian crude oil denand with a future 
increase to 39% in the year 2005 ( 4 ) .  Regardless of fluctuating 
world oil prices, which depend on numerous unpredictable events and 
circumstances, it is in the industry's best interest to have at hand 
the technology which will best utilize the available indigenous 
resources. 

Middle distillates processed from tar sand crudes contain 
higher proportions of arcmatic and naphthenic canpounds which can 
degrade combustion quality (5). The problems associated with the use 
of highly armtic fuels are well known and widely docmented (6 - 
11). 
and their performance could help refiners to better handle such 
problens and allow more blending flexibility. In the case of heating 
oils, possible use of lower grade fractions will reduce manufacturing 
costs and allow diversion of more quality components into diesel fuel 
and gasoline. with these objectives in mind, an experimental program 
to study the effects of oil quality on residential oil combustion 
characteristics is being carried out at the Canadian Canbustion 
Research Laboratory. 

amurate and reliable analytical techniques for fuel property 
determinations are critical in order to achieve accurate correlation 
with performance characteristics. 
techniques for use in petroleum refineries is also an important 
consideration. 
are numerous mthods available, but limitations associated with each 
technique restrict its use to certain areas. This paper describes the 
approaches taken to determine the aromatic content of middle 
distillate fuels, and presents the correlations observed between fuel 
aromatics and particulate emissions. 

Due to cold climate and imnense distances, Canada is one of 
As a result of 

Middle distillates processed 

A better understanding of the relations between oil properties 

In the course of this study, it has become apparent that 

The suitability of the various 

For example, in the determination of aranatics there 

/ 
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EXPERIMENTAL 

Exper imental faci 1 i ty . 
Detailed descriptions of the experimental equipnent and 

procedures developed for the fuel quality evaluation program have 
been reported elsewhere (12). Figure 1 is a schematic diagram of the 
equipnent used in the combustion experiments. 
includes a comrcial warm air furnace, a chilled air distribution 
systm, fuel conditioning unit, continuous mission analyzers, and 
data acquisition and processing equipment. 
given to the design of the test rig so that experimental conditions 
would simulate those of a "real life" residential environment. 

The experimental rig 

Special mphasis was 

Fuel variety. 

The middle distillate oils selected for this study =re 
obtained from six major Canadian oil companies and from the National 
Research Council of Canada. The oils include comnercial No. 2 fuels, 
No. 2 fuels processed from synthetic crudes, light gas oils, light 
cycle oils, jet fuels, diesel fuels from conventional crudes, 
laboratory-blend synthetic diesels and oil blends prepared for 
specific properties. 

Experimental procedure. 

A typical experimental run required 40-60 minutes of 
preparation to set the control conditions in the test rig and to 
calibrate the analyzers. The actual test procedure started with an 
initial burner start-up (cold start), followed by a continuous one 
hour run, off for 10 minutes, follow& by five 10 minute on/l0 minute 
off cycles operations. A complete experimental run lasted a total of 
170 minutes. The control conditions selected for evaluation of all 
the test fuels included the following: fuel temperature of 7% and 
15%, oil p p  pressure of 689 K pascal (100 psi), furnace exit draft 
of 0.1 an (0.04 in) water column, cold air return tenperature of 15% 
and fuel firing rate of 2.6 litres per hour (0.65 U.S. GPH). The oil 
nozzle used was of the hollow type (NS) with 800 spray angle. The 
combustion air supply was set independently for each fuel to obtain a 
steady-state snoke number of 2 when tested with a Bacharach smoke 
test instrument prior to the run. 

Gaseous enissions of 02, CO2, CO, NO,, and hydrocarbons, 
along with selected temperatures were continuously monitored during 
the entire run. Data acquisition was carefully planned at selected 
intervals so that the critical start-up and shut-down transient 
emissions were recorded. 
the start-up transient period using calibrated diesel exhaust smoke 
opacity meter (Celesco model 107, Berkeley Instruments) which had 
been previously modified for these tests. 

Particulate emissions were measured during 
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Fuel characterization methods. 

The analytical techniques used to characterize the fuels 
include ASTM standard methods for density, viscosity, distillation, 
flash point, pour point, analine point and aranatic components. 
Additional techniques used for the determination of aranatics are 
proton nuclear magnetic resonance ( ~ m )  for aranaticity and gas 
chranatography/rnass spectrometry (GCm) for hydrocarbon canpound 
types. 

' I  

Proton nuclear magnetic resonance spectroscopy. 

Two laboratories were utilized for this analysis. Laboratory 1 
used 2 Variar! ET-20 .  
spectrometer. 
used to record the spectra. 
used as solvent. 

Laboratory 2 applied a 90 MHz Varian M-390 

Chloroform -dl (99.9%) with ME4Si was 
Sample to solvent concentration ratios of 50/50 were 

Mass spectroscopy. 

A Finnigan 4500 quadropole mass spectrometer was used for 
MS and GC/MS determinations of PONA and mono-, di-, and poly- 
arcmatic fractions. 
(3% &xi1 300 on acid washed Chranosorb W) heated from 60oC to 300% 
at a progrmed rate of 80C/min. Chenical ionization (methane) mass 
spectra were acquired continuously during the gas chranatographic 
separation on a 3 second cycle. 
of each given class of compounds - paraffin, naphthenes, and 
arcanatics - were sumned continuously throughout the run in 
characterizing the compound type classes. The olefin content was 
determined using the FNMR method and any interfering peaks in the 
mass spectra were corrected. 
in the published literature(l3). 

The samples were separated using a 1.83 m column 

The series of peaks characteristic 

The detailed PONA method is available 

RESULTS AND DISCUSSIONS 

Determination of aranatic components in test fuels. 

While it is well known that armtic hydrocarbons increase 
particulate missions and cause related problens in combustion, the 
method for determining aranatics is not straightforward. The FIA 
(fluorescent indicator absorption) method is the most widely used 
standard method (ASTM D 1319) in the oil industry, although it is 

light distillate oils. 
and precision but are labour and cost intensive. 

- known to have mor accuracy. Its application is also limited to 
OC/W and bPC? methods provide better accuracy 

The industry has 



L 
\ 

not completely accepted these sophisticated instrumental techniques 
since they require specially trained operators and temperature 
controlled environments. 
(HPF),  with its efficient chromatographic column, is known to 
provide good separation of hydrocarbons but its detection technique 
is sanewhat limited. The two most c m n  detection systems, 
ultraviolet (W) and refractive index (IR), are very compound 
specific to hydrocarbon compound types and require extensive 
calibration for all compounds present in oils. 
method is not practical for refinery applications although the 
instrumentation is less costly and less sophisticated than for G C h S  
and NMFL "WJ detectors considered to be preferable to the W and IR 
are the flame ionization detector (FID) and the dielectric constant 
(E) detector. As part of the research program described herein, 
further work is being carried out to develop a nonconventional simple 
method for determining the aromatics in oils by HPLC with FID 
detection. 

in aromatic analysis, it was decided to apply several different 
techniques to determine the aromatic components of the test fuels 
evaluated in this study. Table 1 shows the aromatic data of 22 
test fuels as determined by different techniques. 
critical to have accurate fuel property data in establishing the fuel 
quality/performance characteristics, attempts were made to have 
duplicate analyses done by independent laboratories whenever 
possible. Aromatic content is gathered from FONA data using the 
G C h S  technique. It is defined as the percent of arcmatic type 
hydrocarbons determined on a molecular basis. Aromaticity as 
described herein represents the percent carbon in aromatic rings or 
the ratio of aromatic carbons to the total number of carbons (14). It 
can be determined by proton NMR or carbon 13 NMR methods. 
Aromaticity data were chosen for duplicate independent analysis since 
NMR is less dependent on the instrment, operator, and method than 
GC/MS. 
standard method. 

in Figures 2 and 3. 
good agreement and have a linear correlation coefficient of 0.958. 
The aniline pint data show greater spread (Figure 2) which could be 
due to the fact that aniline point is not an absolute parameter but 
only provides a measure of aromatics. 
known to give poor accuracy in the analysis of heavy fuels. 
correlation coefficient for the aniline point data is 0.928. 

data. 
coefficient of 0.963. However, the method cannot provide data for 
scme heavy fuels due to incanplete separation in column 
chromatography. 

laboratories. 
manipulation methods used by the two laboratories. 

High performance liquid chromatography 

Therefore, this 

Due to the above discussed variations and limitations involved 

Since it is 

Aniline pint measurements were made using the ASTM D 611 

The correlation between different analysis methods can be seen 
The aromatic content and aromaticity data are in 

As well, aniline point is 
The 

Figure 3 is the regression plot of the FIA and aromatic content 
It shows a positive linear correlation with a correlation 

Figure 4 compares the aromaticity data from two independent 
The slight variation is due to the difference in data 

Laboratory 1 used 
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the Brown and Ladner method which assumes that the paraffinic 
hydrogen to carbon ratio is exactly 2.0 (15). 
assumption that the hydrogen to carbon ratio is larger than 2.0 and 
also incorporated corrections associated with other physical 
properties such as density and refractive index (16). The d i n e d  
data show god agr-nt with a correlation coefficient of 0.971. 

reported in Table 2. 
e.g. fuel density, and aromatic properties was also studied as 
illustrated in Figure 5. 
linear relation with a correlation coefficient of 0.942. Aniline 
point data show wide variation which can be attributed to the reasons 
previously discussed. 

Significant improvement can be seen in aniline point data 
correlation when it is related to the K factor of the fuels. K 
factor, also known as the Watson characterization factor, is defined 
as 

Laboratory 2 took the 

The physical and chmical properties of all the test fuels are 
The correlation between physical properties, 

Aromaticity and density exhibit a good 

(B,  R)  ''3 
K = I---___ 

S 

where Q,R = molal average boiling point, OR 

s = specific gravity at 60/60 F (17) * 

K factor is the most widely used index of composition in the 
characterization of petroleum crude oils. 

for aromaticity-K factor and aniline point-K factor respectively. 
The improvement is due to the incorporation of boiling points rather 
than considering only one parameter: density (specific gravity). 
K factor is the most pranising parameter for refinery use since it 
can be easily calculated frm the boiling points and specific gravity 
data, which are readily available from fact sheets. 
research stEdy, correlations are being developed to use K factor in 
place of fuel aromaticity to predict fuel performance. 

From Figure 6, the improved correlations are 0.979 and 0.963 

As part of this 

Effect of fuel aromatics on soot production. 

The effects of fuel aromatic canpounds on cixnbustion processes 
have been widely studied and are well documented in the literature. 
The impact of aromatics on residential oil canbustion, especially on 
the increased generation of incomplete combustion products (e.g. 
particulates, carbon monoxide and hydrocarbons) have been examined 
under the research program described herein. Discussion in this 
paper is limited to soot production. 

In the literature on solid particle missions from canbustion 
processes measurgnents for parameters such as smke, particulates, 
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opacity and soot are reported based on the specific methods and 
instrunentation used. 
for regulatory prpose as "any material with the exception of water 
that collects on a filter operated in an air-diluted exhaust stream" 
require multi-step, time consuming and expensive operations. Soot or 
carbon is defined as the nonvolatile portion of particulates and can 
be measured by thermgravimetric analysis or by the removal of 
condensed hydrocarbons from the particulates. 
meters provide smke opacity or transmittance readings and snoke 
testers such as Bosch and Bacharach (AS'IM snoke nmber) offer m k e  
numbers. 
combustion solids", conversion between the various methods is 
difficult if not impossible. 
Hanan(17) who reports conversion factors among 11 smke measurements; 
Alkidas (18) reported on the relationship between smoke measurements 
and particulates. 

measured with a Celesco smoke opacity meter and a Bacharach smoke 
number tester. The calibration of the snoke meter, and correlation 
with particulate mass concentration, has been carried out and 
reported elsewhere (20). Analytical data are reported in terms 
of percent opacity for ease of discussion; each reading represents 
opacity p r  transient phase or per cycle. 
data reported is the mean of a 5 cycle test. 

of all test fuels has been discussed in a previous publication(l2). 
Each value represents the mean of data from a minimum of 3 runs, with 
precision expressed as the coefficient of variation. For regular 
cmrcial No 2 fuels, transient emissions show variation of less 
than 7%. 
combustion problems, show poor precision with errors usually higher 
than 20%. The error increases with decreasing oil quality. The 
regression plots in this paper show data from both a wide range of 
fuels. 
the right hand of the graph) are much larger than for the better 
quality oils (data on the left hand side). 

The precision of the data is also affected by the run type. 
Transient opacity readings fran cyclic operations show better 
precision than for cold start trials. This is a direct reflection of 
the effect of oil temperature on combustion. 
are subject to cold fuel and environment, whereas the subsequent 
cyclic starts experience more favourable conditions. 
even though for all the experiments reported herein the fuel tank 
temperature was maintained at 15%, the oil tenperature at the nozzle 
adapter at the beginning of a cold start averaged 17 - 20 % as 
canpared to 40 - 75 OC for cyclic runs. 

from combustion tests of 22 fuels are reported in Table 4. 
graphically canpares cold start and cyclic data. 
the most reliable among 4 different parameters, is used as the 
measure of fuel aromatic canponents. 

Particulates, which are generally defined 

C-rcial smoke 

Although these methods all measure sane sort of "unburnt 

Attempts at this have been made by 

In this study, solid particles from furnace exhaust are 

For cyclic operations, 

The analytical precision of the data from opacity measurements 

Heavy and highly arcmatic fuels which usually experience 

The errors associated with the lowr grade fuels (usually on 

Cold start operations 

For example, 

Opacity readings fran cold start and cyclic transient phases 
Figure 7 

Arcmaticity, being 

The current data indicate an 
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exponential increase in smoke opacity at cold start ignition for an 
increase in aromatic components. 
aromaticity suggests the upper limit which the fuels can tolerate 
without excessive mission levels. 
observed from domestic furnaces firing with cmrcial No. 2 fuels 
are 1.5% to 2.5% at the cold start transient phase. 
operations generate much lower smoke due to a more favourable 
combustion enviroment. The effect of aromatics during normal 
furnace on/off operation is less pronounced even when oils with 
considerably high aromatic content are used. 
cyclic start for comercial furnace fuels is between 0.3% to 0.7%. 
The worst case observed (1.8% opacity) is for fuel with aromaticity 
of 59%. 

prime factor causing soot production from residential burners. In 
reality, the observed combustion characteristics including gaseous 
afi4 particulate missions and burner ignition behavinur are caused by 
several physical and chemical properties, interrelated in a complex 
manner. For example, the breakaway pint at 45% aromaticity, as 
seen in Figure 7, coincides with the following breakaway pints in 
the applicable plots: 60% aromatic content, 4 c St fuel viscosity 
and cetane index of 25. Results describing the overall effects of 
aromatics, viscosity, and other physical and chanical properties on 
soot production have been reported elsewhere (18). It should be 
noted that in the opacity - aromaticity regression plots data from 
fuels with viscosity higher than 3.5 c St are omitted in order to try 
and isolate viscosity effects. 
the effect of any one parameter on combustion performance, however a 
general indication of its importance may be drawn. 

with the objective of incorporating all of the significant fuel oil 
properties into a mathematical d e l  which predict combustion 
performance based on oil properties. 

The breakaway point at 45% 

Opacity readings normally 

Cyclic 

The average opacity per 

From these observations, it appears that aromaticity is the 

It is impossible to totally isolate 

The research program described in this paper is continuing 
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Fuel 

C 
D 
E 
F 
L 
M 
N 
0 
P 

R 
V 
W 
X 
Y 
z 
AA 
BJ3 
cc 
DD 
EE 
w 

Q 

Table 1. Aromatic Properties of Fuels. 

FIA 
% 

A O S  

45 3 53 
na na na 
23 11 66 
na M na 
38 1 61 
71 1 28 
29 1 70 
78 2 21 
78 1 22 
28 1 71 
20 0 82 
32 1 31 
30 1 70 
42 1 57 
55 2 44 
34 1 66 
33 1 67 
45 4 52 
59 1 39 
69 3 28 
62 2 36 
31 2 67 

MS 
% 

P O  N A 

24 0 34 42 
29 0 38 33 
32 0 43 25 
21 0 26 42 
29 0 36 35 
15 0 20 65 
33 0 37 30 
1'2 0 14 76 
13 0 13 74 
32 0 41 27 
37 0 40 23 
31 0 46 28 
33 0 42 30 
27 2 28 48 
23 1 30 50 
31 0 46 27 
28 0 51 26 
31 0 35 39 
25 0 27 54 
19 0 21 64 
14 0 17 68 
35 1 35 29 

Armticity Aniline 
% point 

Laboratory1 Laboratory2 OC 

31 
24 
21 
42 
21 
40 
16 
51 
48 
15 
9 
14 
15 
32 
34 
18 
18 
28 
36 
46 
45 
20 

31 
22 
19 
44 
27 
48 
22 
59 
54 
19 
16 
17 
22 
42 
43 
21 
23 
38 
44 
53 
49 
25 

45 
60 
61 
31 
55 
26 
57 
5 
7 
61 
56 
46 
50 
29 
36 
57 
56 
41 
30 
14 
25 
56 

A, 0, S denotes aromatics, olefins, saturates 
P,O, N,A denotes paraffins, olefins, naphthenes, aromatics 
na denotes not available 

r 

I 

/ 

r 
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Table 2. Physical and Chemical Properties of Fuels. 

Fuel Density Viscosity Heat of Simulated 
kg/l c St @ combustion distillation 
15% 40W MJ/Kg 

C 0.88 2.91 44.8 
D 0.86 3.04 46.2 
E 0.86 3.26 46.8 
F 0.92 3.42 44.6 
L 0.86 2.68 44.0 
M 0.93 3.60 42.9 
N 0.85 2.09 44.3 
0 0.95 2.82 42.4 
P 0.94 2.82 43.2 
Q 0.85 2.59 45.5 
R 0.80 1.28 46.2 
V 0.84 1.74 45.3 
W 0.84 1.88 45.3 
X 0.86 1.35 44.2 
Y 0.91 3.26 43.7 
Z 0.87 4.09 44.8 

?!.A 0.88 5.12 44.7 
!3B 0.88 2.65 44.5 
02 0.90 2.70 43.9 
DD 0.94 2.77 42.7 
EE 0.92 2.90 43.2 
FF 0.86 2.52 45.1 

* na denotes not available 

% 5% 

160 
188 
211 
189 
190 
221 
196 
179 
184 
172 
121 
94 
134 
127 
207 
204 
211 
206 
213 
224 
185 
200 

W 95% 

387 
357 
351 
421 
404 
359 
3 57 
309 
316 
363 
220 
414 
356 
376 
380 
378 
386 
332 
329 
330 
380 
325 

Flash 
point 
oc 
62 
64 
88 
67 
62 
114 
62 
87 
101 
63 
‘48 
11 
21 
10 
70 
72 
14 
73 
78 
83 
65 
70 

Pour 
point 
W 

-39 
-29 
-26 
-52 
-18 
-13 
-30 
-24 
-27 
-29 
-51 
-60 
-36 
-60 
-33 
-33 
-42 
-24 
-36 
-27 
-51 
-30 

Refractive 
index 

1.50 
1.48 
1.48 
1.49 
1.49 
1.53 
1.47 
1.55 
1.54 
1.47 
1.45 
1.47 
1.47 
1.51 
1.52 
1.49 
1.49 
1.50 
1.51 
1.54 
1.53 
na 

\ 

\ 
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Table 3. Correlation of Fuel Properties and Particulate Emissions. 

Fuel Arana- 
tic i ty% 

C 31 
D 22 
E 19 
F 44 
L 27 
M * 48 
N 22 
0 59 
P 54 
Q 19 
R 16 
V 17 
w 22 
X 42 
Y 43 
z * 21 
?iA * 23 
BB 38 
cc 44 
DD 53 
EE 49 
ET 25 

Armtic 
content% 

42 
33 
25 
42 
35 
65 
30 
76 
74 
27 
23 
28 
30 
48 
50 
27 
26 
39 
54 
64 
68 
29 

Analine Diaromatics K factor Opacity% 
pointOC %(K/Ms) (cs) (cy) 

45 12 11.29 1.3 0.7 
60 12 11.56 1.6 0.5 
61 6 11.64 1.8 0.6 
31 
55 
26 
57 
5 
7 
61 
56 
46 
50 
29 
36 
57 
56 

12 
13 
19 
8 
44 
30 
5 
3 
2 
5 
18 
22 
7 
6 

11.01 
11.45 
10.81 
11.55 
10.46 
10.62 
11.68 
11.79 
11.54 
11.58 
11.21 
11.03 
11.52 
11.43 

1.5 
1.9 

* 52.3 
0.7 
16.8 
9.1 
1.: 
0.3 
1.6 
2.0 
2.1 
10.4 

* 2.4 
*14.8 

2.2 
1.3 
1.8 
0.2 
1.9 
2.1 
0.4 
0.1 
1.2 
0.6 
1.8 
1.2 
1.0 
0.6 

41 13 11.22 3.0 1.2  
30 19 11.01 5.0 2.3 
14 34 10.61 15.4 1.8 
25 na 10.81 20.9 2.9 
57 10 11.57 2.3 0.6 

cs denotes cold start 
cy denotes cyclic start 

Smoke # 
(CS) (cy) 

6 6  
8 6  
7 6  
9 7  
7 7  
>9 7 
6 6  
>9 7 
8 7  
7 6  
6 4  
8 7  
7 6  
7 6  

>9 7 
>9 6 
9 5  
8 6  
8 7  
>9 7 
>9 7 
5 4  

data not a w e 3  in regression plots as fuel viscosity was higher than 
3.6 c St. 
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Figure 1. Schematic of the  laboratory equipnent facility used 
in the fuel quality evaluation experimental program. 
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/ ABSTRACT 

The bitumen of Chattanooga oil shale has been extracted with 
benzene. The benzene-soluble material was separated into acid, base 
and neutral fractions with ion exchange chromatography. This I 

separation scheme has been used extensively to separate the organic 

with BF fMeOH. A large portion of the acid fraction was not 
esterifisd and this material was considered to be phenolic. The 
bases were separated into two fractions using alumina. The esters, 
the two base fractions and the total neutral fraction were analyzed 
using gas chromatography coupled to mass spectrometry. Two series 
constituting the methyl esters of normal carboxylic acids and 
carboxylic acids containing one double bond were identified. No 
homologous series were indicated in the base fraction. The base 
fraction was highly aliphatic. The major components in the neutral 
fractions were two series constituting normal and isoprenoid 
alkanes. A series of cycloalkanes and a series of alkenes were also 
indicated. The analysis scheme employed functions well for the 
separation and identification of aliphatic materials. 

material in Green River oil shale. The acid fraction was esterified I 

/ 

INTRODUCTION 

Several cores of Chattanooga Shale from Tennessee have been 
extracted with benzene. The benzene-soluble bitumens have been 
further separated into acid, base and neutral fractions (1). In that 
study, the bitumen was dissolved in benzene and the acid fraction 
was absorbed on IRA 904 anion exchange resin. The acids were 
stripped from the resin by Soxhlet extraction with five percent 
acetic acid in benzene. In a similar fashion, the bases were 
absorbed on A-15 cation exchange resin and stripped by Soxhlet 
extraction with five percent isopropyl amine in benzene. The 
unabsorbed material constituted the neutral fraction. This 
separation scheme was adapted from the scheme proposed by Jewel1 et 
al. ( 2 )  and has been used to separate organic material associated 
with Green River oil shale (3.4.5). This scheme has been very 
successful in separating the mostly aliphatic material in Green 
River oil shale. Chattanooga oil shale, however, has been shown to 
be highly aromatic ( 6 ) .  "he work presented in this paper was 
performed to identify components of the bitumen of Chattanooga oil 
shale and to make a comparison of the results to corresponding 
results for Green River oil shale. 

Cooper (7) has extracted a Chattanooga oil shale outcrop in 
Texas and identified the presence of normal carboxylic acids from C 
to c with a maximum at C The ratio of even numbered carboxyd 
acidg'to odd numbered acid&%as measured at 1.56. Leddy et al. ( 8 )  
extracted Antrim oil shale (a similar formation of the same age in 
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Michigan) with toluene and identified a series of normal alkanes and 
porphyrins. 

EXPERIMENTAL 

The acid fractions were esterified using boron trifluoride in 
methanol as described by McGowan and Diehl ( 9 ) .  Approximately 0.1-9 
samples of the acid fraction were boiled for five minutes in five mL 
of 14 percent boron trifluoride in methanol. The esters were 
extracted with two five-mL portions of pentane. Not all of the 
organic material was extracted into pentane. The base fraction was 
placed on an activated alumina column and eluted with hexane 
followed by benzene thus producing two fractions. The neutral 
fraction was not separated further. 

The esters, the total base fraction and the neutral fraction 
were initially separated by gas chromatography on a six-foot, 1/8-&n 
Tenax column which was temperature programmed from 100°C to 350 C 
with a flame ionization detector (FID). The esters the two base 
fractions and the neutral fraction were later separated on a 30- 
meter DB-5 fused siAica capA1lat-y column which was temperature 
programmed from 50 C to 310 C with FID detection. Finally the 
separation was performed using the capillary column coupled to a 
mass spectrometer. A Finnegan 4000 GC/MS system was used. Mass 
spectra were recorded for the major peaks in each fraction. 

RESULTS AND DISCUSSIONS 

The pentane-insoluble organic matter remaining after the 
esterification process represented a highly polar material. This 
material was considered to be phenolic. However highly polar 
esters could also have been present. The presence of inorganic 
salts in the residue and the high volatility of the produced esters 
made quantitation of this polar material difficult. Attempts were 
made to quantitate the amount of weak acids (phenols) in the acid 
fraction by extraction of the carboxylic acids with NaHCO solutions 
and back extraction after acidification. The extracted3 materials 
and residues were very gelatinous and difficult to work with. No 
conclusive results were obtained. This material was not analyzed 
further . 

The gas chromatograms resulting from the DB-5 column and flame 
ionization detector for the esters, the hexane-soluble base fraction 
and the neutral fraction appear in Fig. 1. Three homologous series 
account for all of the major peaks in the esters of the acid 
fraction. One of the series was composed of normal alkanes ranging 
from C to C with a maximum at C The alkanes were absorbed by 
the later 
stripped by the acetic acidlbenzene solvent. The major series in 
the ester fraction was composed of the methyl esters of normal 
carboxylic acids. Normal saturated carboxylic acids from C to C 
were identified with a maximum at C There was a fiefini2g 
predominance of the even numbered c&oxylic acids to the odd 
numbered carboxylic acids. The methyl esters of the even numbered 
normal acids constituted 36 percent of the fraction while the methyl 
esters of the odd numbered normal acids constituted only five 
percent. A second series was composed of the methyl esters of 
normal carboxylic acids containing one double bond. Unsaturated 
acids from Cl0 to Cz0 were identified with a maximum at C18. The 

ph?yvinyfO benzene portion of & ion exchange resin and 
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position of the double bond was not identified in this study. 
However, the mass spectrum of the methyl ester of the C 
unsaturated acid was almost a perfect match with the librah# 
generated mass spectrum for methyl oleate. Although not as 
pronouced as for the saturated acids, there was also a definite 
predominance of the even numbered unsaturated acids to the odd 
numbered unsaturated acids. The methyl esters of the even numbered 
unsaturated acids constituted eleven percent of the fraction while 
the methyl esters of the odd numbered unsaturated acids constituted 
four percent. Methyl esters of isoprenoid carboxylic acids were not 
identified. Methyl esters of aromatic carboxylic acids were not 
identified. 

NO clear homologous series of bases were identified. No base 
was unambiguously identified. The mass spectrum of most the 
components of the base fraction indicated the presence of alkyl 
amines. Alkyl amines from C to C containing from zero to three 
degrees of unsaturation wer&'indic@ed. Five components had mass 
spectra which indicated highly aromatic systems. One of these was 
tentatively identified as a Cle quinoline (10). 

The major series in the neutral fraction was composed of normal 
alkanes ranging from C to C with a maximum at C A second 
homologous series was ch&osed3hf isoprenoid alkanes 'Zanging from 
C to C with a maximum at C Both phytane and pristane were 
ilhtif iei? Two other homoi&ous series. together equal in 
concentration to the isoprenoid series, were composed of 
hydrocarbons containing one degree of unsaturation. The mass 
spectra of these compounds indicated a series containing rings and a 
series containing double bonds. A C alkane containing a 
cyclohexyl ring was identified. Cycloalkaaes from C to C were 
indicated with a maximum at C alkene wA2 ide&!if ied. 

other h o m o l ~ g o u ~ ~ s e r i e ~ ?  in very low concentration, were lddicated 
by the gas chromatograms but were not identified by mass 
spectrometry. There was no even to odd predominance in either of 
the alkane series, the cycloalkane series or the alkene series. No 
aromatic compounds were indicated as major components of the neutral 
fraction. 

The major compounds identified in this study were essentially 
the same as the major compounds identified in Green River oil shale 
(11,12.13,14,15). The notable exceptions were the presence of 
isoprenoid carboxylic acids and dicarboxylic acids in Green River 
oil shale; and the presence of unsaturated carboxylic acids and 
alkenes in Chattanooga oil shale. The presence of unsaturated acids 
and alkenes was unexpected and has not been noted previously for 
Chattanooga oil shale. Unsaturated essential fatty acids, such as 
Oleic acid, were probably present at the time of deposition of both 
Chattanooga and Green River oil shale. However the conditions of 
lithification have apparently destroyed the double bonds in the case 
of Green River oil shale while preserving the double bonds in the 
case of Chattanooga oil shale. 

The major components identified in each fraction in this study 
were aliphatic in nature. Only a few aromatic bases were indicated. 
The infrared spectra of each fraction (1) indicated the presence of 
aromatic material. The separation scheme employed in this study 
including the fractionation, derivatization and gas chromatography 

Alkenes from C to C were in&at::alth a maximum at C TWO 
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did an excellent job of identifying aliphatic material. While this 
scheme works well in identifying the primarily aliphatic components 
in Green River oil shale, the scheme falls short in identifying all 
the major components of Chattanooga oil shale. The aromatic material 
present in Chattanooga oil shale was not identified. Some of the 
aromatic material may have been present in the pentane-insoluble 
portion of the esterified apids. It is possible that the aromatic 
material in Chattanooga oil shale is present primarily in the 
kerogen and not in the soluble bitumen. However this seems 
unlikely. 

CONCLUSIONS 

A series of normal alkanes and a series of normal carboxylic 
acids have been identified in the acid fraction of the bitumen of 
Chattanooga oil shale. An unexpected series of normal carboxylic 
acids containing one dodle bond has also been identified. There 
was a definite predominance of even numbered acids to odd numbered 
acids. The base fraction was primarily aliphatic. A series of 
normal alkanes, a series of isoprenoid alkanes and a series of 
cycloalkanes have been identified in the neutral fraction. A n  
unexpected series of alkenes was also identified. The separation 
scheme employed does not identify any aromatic materials as major 
components of the bitumen. 
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Fig.  1. Gas chromatograms of A. methyl esters 
of ac id  f r a c t i o n  B. hexane-soluble f r a c t i o n  
C. neu t ra l  f r a c t i o n  
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SOLVENT SWELLING OF C O A L  AND COAL MACERALS 

D a v i d  M .  B o d i l y ,  J y i - P e r n g  Wann and  Vance Kopp 

D e p a r t m e n t  o f  F u e l s  E n g i n e e r i n g ,  U n i v e r s i t y  o f  Utah 
S a l t  Lake  C i t y ,  Utah 84112 

I N T R O D U C T I O N  

C o a l  is c o m p o s e d  o f  o r g a n i c  m a c e r a l s ,  i n o r g a n i c  m i n e r a l  m a t t e r ,  
p o r e s  and p o r e - f i l l i n g  f l u i d s .  C o a l  n o r m a l l y  d i s p l a y s  t h e  p r o p e r t i e s  
of an  amorphous s o l i d ,  b u t  u n d e r  a p p r o p r i a t e  c o n d i t i o n s ,  c o a l  d i s p l a y s  
b o t h  p l a s t i c  a n d  e l a s t i c  b e h a v i o r ( 1 - 3 ) .  A m o d e l  t o  d e s c r i b e  t h e  
s t r u c t u r e  of t h e o r g a n i c  c o n s t i t u e n t s  o f  b i t u m i n o u s  c o a l  is  t h a t  of a 
b r a n c h e d / c r o s s l i n k e d  po lymer .  T h e r e  is no r e p e a t i n g  monomer u n i t ,  b u t  
a u n i t  s t r u c t u r e  w h i c h  is c o v a l e n t l y  bonded by b r i d g i n g  g roups .  The  
u n i t  s t r u c t u r e s  a r e  composed o f  c o n d e n s e d - r i n g  a r o m a t i c  g r o u p s  of f r o m  
2-4 r i n g s ,  w i t h  m o l e c u l a r  w e i g h t s  of a r o u n d  300.  The a r o m a t i c  r i n g s  
a r e  s u b s t i t u t e d  by n a p h t h e n i c  r i n g s ,  a l k y l  g r o u p s  and p h e n o l i c  g roups .  
The b r i d g i n g  g r o u p s  c o n t a i n  C - 0  and C-C bonds wh ich  a r e  b roken  d u r i n g  
d e p o l y m e r i z a t i o n  and  o t h e r  l i q u e f a c t i o n  p r o c e s s e s .  The u n i t  s t r u c t u r e s  
c l u s t e r  i n  g r o u p s  w h i c h  g i v e  r i s e  t o  X-ray d i f f r a c t i o n  p a t t e r n s  s i m i l a r  
t o  t h o s e  o b s e r v e d  fcr  g r a p h i t e .  The t h r e e - d i m e n s i o n a l  a r r a n g e m e n t  of 
t h e  s t r u c t u r a l  u n i t s  p r o d u c e s  a s i g n i f i c a n t  m i c r o p o r e  volume. I n  
a d d i t i o n  t o  t h e  c o v a l e n t  b r i d g e s ,  p o l a r  i n t e r a c t i o n s  a l s o  s e r v e  a s  
c r o s s  l i n k s .  

T h e  c o n d e n s e d - r i n g  a r o m a t i c  u n i t s  a r e  r i g i d ,  b u t  t h e  c o v a l e n t  
b r i d g e s  s h o u l d  p r o v i d e  some f l e x i b i l i t y .  However,  t h e  bond ing  w i t h i n  
c l u s t e r s  o f  u n i t  s t r u c t u r e s  a n d  t h e  p o l a r  i n t e r a c t i o n s  r e d u c e  t h e  
m o b i l i t y  o f  t h e  c o a l  u n i t s  a n d  u n d e r  n o r m a l  c o n d i t i o n s ,  c o a l  is a 
g l a s s .  A t  t e m p e r a t u r e s  i n  t h e  s o f t e n i n g  r a n g e ,  c o v a l e n t  bonds i n  t h e  
b r i d g i n g  g r o u p s  a r e  b r o k e n  a n d  t h e  p o l a r  i n t e r a c t i o n s  d i s r u p t e d ,  
p r o v i d i n g  f l u i d i t y  t o  t h e  c o a l  m a s s .  When c o n t a c t e d  a t  room 
t e m p e r a t u r e  w i t h  a s u i t a b l e  p o l a r  s o l v e n t ,  c o a l s  s w e l l  a n d  e x h i b i t  
p l a s t i c  a n d  e l a s t i c  p r o p e r t i e s ( 1 - 3 ) .  Under  t h e s e  c o n d i t i o n s ,  t h e  p o l a r  
b o n d s  a r e  b r o k e n  a n d  t h e  s o l v e n t  a c t s  a s  a p l a s t i c i z e r  f o r  t h e  
m a c r o m o l e c u l a r  n e t w o r k  of t h e  c o a l .  C o a l  p a s s e s  t h r o u g h  a s i m i l a r  
s t a t e  i n  b o t h  c a r b o n i z a t i o n  a n d  l i q u e f a c t i o n  p r o c e s s e s ,  w i t h  t h e  
s o l v e n t  b e i n g  e i t h e r  a d d e d  v e h i c l e  o i l  o r  d e c o m p o s i t i o n  p r o d u c t s  of t h e  
c o a l  i t s e l f .  S o l v e n t s  w i t h  H i l d e b r a n d  s o l u b i l i t y  p a r a m e t e r s  i n  t h e  
r a n g e  of 9-15 ( c a l / c r n 3 ) 1 I 2  a r e  e f f e c t i v e  i n  s w e l l i n g  c o a l s  and ,  i n  some 
c a s e s ,  i n d u c i n g  s p o n t a n e o u s  f r a c t u r i n g ( 4 ) .  T h e  i n t e r a c t i o n  o f  c o a l  
w i t h  o r g a n i c  s o l v e n t s  i s  of i n t e r e s t  b e c a u s e  o f  t h e  p o t e n t i a l  f o r  
r e a c t i n g  s w o l l e n  c o a l s  u n d e r  r e l a t i v e l y  m i l d  c o n d i t i o n s  and because  of 
t h e  p o t e n t i a l  f o r  c h e m i c a l  comminu t ion  and  c h e m i c a l  c l e a n i n g  of c o a l s .  
Changes i n  t h e  p h y s i c a l  p r o p e r t i e s  o f  c o a l s  i n  the  p r e s e n c e  of o r g a n i c  
s o l v e n t s  a r e  d i s c u s s e d  i n  t h i s  p a p e r .  

EXPERIMENTAL 

Four c o a l s  f r o m  t h e  P e n n s y l v a n i a  S t a t e  U n i v e r s i t y  C o a l  Sample Bank 
a n d  f i v e  b i t u m i n o u s  c o a l s  f r o m  Utah  were  s t u d i e d .  The c o a l s  i n c l u d e d  
o n e  a n t h r a c i t e  a n d  s a m p l e s  r i c h  i n  s p o r i n i t e ,  r e s i n i t e ,  v i t r i n i t e  and  
s e m i f u s i n i t e .  The  Utah  c o a l s  cover a r a n g e  of r e s p o n s e  i n  f l o t a t i o n  
e x p e r i m e n t s  f r o m  e a s i l y  and q u i c k l y  f l o a t e d  t o  d i f f i c u l t  t o  f l o a t .  

The method o f  G r e e n  e t  a 1 . ( 5 )  was u s e d  t o  m e a s u r e  t h e  s w e l l i n g  
P r o p e r t i e s  of t h e  c o a l s .  T h e  c o a l  s a m p l e  was c e n t r i f u g e d  i n  a narrow 
t u b e .  S o l v e n t  is a d d e d  a n d  t h e  c o a l  i s  a l l o w e d  t o  swe l l .  A f t e r  
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e q u i l i b r i u m  is a c h i e v e d ,  t h e  c o a l  and  s o l v e n t  a r e  a g a i n  c e n t r i f u g e d .  
The i n c r e a s e  i n  h e i g h t  o f  t h e  column o f  c o a l  i s  t a k e n  a s  t h e  v o l u m e t r i c  
s w e l l i n g  of t h e  c o a l .  T h i s  method i s  r e p o r t e d  t o  be more r e l i a b l e  t h a n  
g r a v i m e t r i c  methods and  d o e s  no t  r e q u i r e  c o r r e c t i o n s  f o r  p o r e s .  

S u r f a c e  a r e a s  o f  c o a l s  and s o l v e n t - t r e a t e d  and  h e a t - t r e a t e d  c o a l s  
were  measured by c a r b o n  d i o x i d e  a d s o r p t i o n  a t  - 7 7 O C .  The s a m p l e s  were 
p l a c e d  i n  a vacuum s y s t e m  and any s o l v e n t  was removed. The amount o f  
C02 a d s o r b e d  was  d e t e r m i n e d  a s  a f u n c t i o n  o f  t h e  p r e s s u r e  and t h e  
D u b i n i n - P o l a n y i  e q u a t i o n  was u s e d  t o  d e t e r m i n e  t h e  s u r f a c e  a r e a / p o r e  
v o l u m e 6 .  X - r a y  d i f f r a c t i o n  m e a s u r e m e n t s  were p e r f o r m e d  a t  room 
t e m p e r a t u r e  a f t e r  s o l v e n t s  w e r e  removed a t  l o w e r  t e m p e r a t u r e s .  T h e  
a s s i g n m e n t  o f  t h e  002 peak i n  t h e  d i f f r a c t i o n  p a t t e r n  was by compar i son  
w i t h  t h e  d i f f r a c t i o n  p a t t e r n  of g r a p h i t e .  

M a c e r a l  f r a c t i o n s  were  p r e p a r e d  by t h e  d e n s i t y  g r a d i e n t  c e n t r i f u -  
g a t i o n  method o f  Dyrkacz and  H o r w i t z ( 7 ) .  The  c o a l  was g r o u n d  i n  a 
f l u i d  e n e r g y  m i l l  t o  an  a v e r a g e  p a r t i c l e  d i a m e t e r  of s e v e r a l  mic rons .  
The s a m p l e  was t h e n  i n t r o d u c e d  i n t o  a d e n s i t y  g r a d i e n t  o f  C s C l  i n  w a t e r  
i n  a c e n t r i f u g e  and  d i s p e r s e d  t h r o u g h o u t  t h e  g r a d i e n t .  The  g r a d i e n t  is 
d i s p l a c e d  f r o m  t h e  c e n t r i f u g e  a n d  f r a c t i o n s  o f  d i f f e r e n t  d e n s i t y  
c o l l e c t e d .  The s a m p l e  is r e c o v e r e d  a n d  a p l o t  o f  y i e l d  v e r s u s  d e n s i t y  
p r o v i d e s  a d e n s i t y  d i s t r i b u t i o n  f o r  t h e  s a m p l e .  F r a c t i o n s  of s i m i l a r  
d e n s i t y  were  combined f o r  f u r t h e r  measu remen t s .  

RESULTS A N D  DISCUSSION 

T h e  s w e l l i n g  r a t i o  f o r  c o a l  PSOC-297 i s  shown i n  f i g u r e  1 a s  a 
f u n c t i o n  of t h e  s o l u b i l i t y  p a r a m e t e r  o f  t h e  s o l v e n t  u s e d  t o  c a u s e  
s w e l l i n g .  T h i s  c o a l  i s  63% v i t r i n i t ' e  and  16% s p o r i n i t e .  The  s w e l l i n g  
b e h a v i o r  i s  s i m i l a r  t o  t h a t  o b s e r v e d  f o r  t h e  o t h e r  b i t u m i n o u s  c o a l s ,  
a l t h o u g h  t h e  m a g n i t u d e  o f  t h e  s w e l l i n g  v a r i e s  f rom s a m p l e  t o  sample .  
T h e  s w e l l i n g  i s  e x p e c t e d  t o  b e  a maximum f o r  s o l v e n t s  t h a t  h a v e  
s o l u b i l i t y  p a r a m e t e r s  s i m i l a r  t o  t h a t  o f  t h e  c o a l .  The c u r v e  shows two 
maxima. P y r i d i n e  c a u s e s ' t h e  most s w e l l i n g  o f  t h e  s o l v e n t s  t e s t e d .  The 
e f f e c t i v e n e s s  o f  p y r i d i n e  i n  s w e l l i n g  t h e  c o a l s  is t h o u g h t  t o  be due  t o  
t h e  d i s r u p t i o n  o f  p o l a r  bonds between s e g m e n t s  o f  t h e  c o a l  m o l e c u l e ,  
r e p l a c i n g  t h e m  w i t h  H-bonds be tween  t h e  p y r i d i n e  and t h e  c o a l .  The  
s e c o n d  maximum i n  t h e  s w e l l i n g  c u r v e  i s  o b s e r v e d  f o r  THF a s  t h e  
s o l v e n t .  The s o l u b i l i t y  p a r a m e t e r  f o r  c o a l s  is e x p e c t e d  t o  be c l o s e r  
t o  t h a t  f o r  THF t h a n  f o r  p y r i d i n e .  The l e s s  p o l a r  s o l v e n t s  may be 
c a u s i n g  t h e  c o a l  t o  s w e l l  w i t h i n  t h e  c o n s t r a i n t s  o f  t h e  hydrogen  bond 
c r o s s  li n k s ,  w i t h o u t  a p p r e c i a b l y  b r e a k i n g  t h e  cross li nks.  

The s w e l l i n g  is  g r e a t e s t  f o r  c o a l s  w i t h  h i g h e r  v i t r i n i t e  c o n t e n t  
among c o a l s  o f  s i m i l a r  r a n k .  T h e  c o a l s  w i t h  h i g h  i n e r t i n i t e  a n d  
e x i n i t e  c o n t e n t s  show r e d u c e d  s w e l l i n g ,  a l t h o u g h  t h e  b e h a v i o r  w i t h  
r e g a r d  t o  s o l u b i l i t y  p a r a m e t e r  i s  q u a l i t a t i v e l y  t h e  s a m e .  T h e  
i n e r t i n i t e  f r a c t i o n  i s  n o t  e x p e c t e d  t o  swe l l  a p p r e c i a b l y .  T h e  
a n t h r a c i t e  s ample  d i d  n o t  show any s w e l l i n g  i n  any  o f  t h e  s o l v e n t s .  
The  b e h a v i o r  of t h e  a n t h r a c i t e  and t h e  i n e r t i n i t e  f r a c t i o n s  i s  e x p e c t e d  
t o  b e  s i m i l a r .  A s e p a r a t e d  s a m p l e  o f  r e s i n i t e  showed h i g h  s o l u b i l i t y  
i n  t h e  more p o l a r  s o l v e n t s .  I t  is n o t  c e r t a i n  w h e t h e r  a t r u e  s o l u t i o n  
was f o r m e d  o r  i f  i t  was  a g e l  o r  c o l l o i d a l  s u s p e n s i o n .  S w e l l i n g  
measu remen t s  c o u l d  n o t  be made on t h e  r e s i n i t e .  

S w e l l i n g  f o r  t h e  l e s s - p o l a r  s o l v e n t s  d o e s  n o t  a p p e a r  t o  b e  t h e  
e q u i l i b r i u m  S w e l l i n g  S i n c e  t h e  s t r u c t u r e  i S  c o n s t r a i n e d  by t h e  
c r o s s l i n k s  and t h e  less  p o l a r  s o l v e n t s  a r e  n o t  s t r o n  enough t o  b r e a k  
t h e s e  c r o s s l i n k s .  S a m p l e s  w e r e  s w o l l e n  w i t h  m i x t u r e s  of THF a n d  
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c y c l o h e x a n e .  S w e l l i n g  f o r  t h e  m i x t u r e s  was i n t e r m e d i a t e  between t h e  
v a l u e s  o b s e r v e d  f o r  t h e  p u r e  s o l v e n t s .  When t h e  s a m p l e  was  s w o l l e n  
w i t h  THF and d i l u t e d  w i t h  c y c l o h e x a n e ,  t h e  s w e l l i n g  r ema ined  n e a r  t h a t  
o f  p u r e  THF f o r  d i l u t i o n s  u p  t o  7 5 %  c y c l o h e x a n e .  O n c e  t h e  
m a c r o m o l e c u l a r  n e t w o r k  i s  e x p a n d e d  by t h e  good s o l v e n t ,  t h e  p o o r e r  
s o l v e n t  w i l l  m a i n t a i n  t h e  s w e l l i n g .  S w e l l i n g  w o u l d  be e x p e c t e d  t o  
i n c r e a s e  t h e  p o r e s  i n  t h e  c o a l  s t r u c t u r e .  S u r f a c e  a r e a s  f o r  c o a l s  and 
s w o l l e n  c o a l s  a r e  shown i n  f i g u r e  2 .  The s u r f a c e  a r e a  is r e l a t e d  t o  
t h e  p o r e  v o l u m e .  The  s u r f a c e  a r e a  f o r  non-swol len  c o a l s  is 230-250 
m2/g .  as  m e a s u r e d  a t  -77OC, f o r  s a m p l e s  t h a t  a r e  h e a t - t r e a t e d  up t o  
400OC. I f  t h e  h e a t - t r e a t e d  s a m p l e s  a r e  s w o l l e n  i n  me thano l  and t h e  
s o l v e n t  removed a t  low t e m p e r a t u r e s ,  t h e  s u r f a c e  a r e a s  i n c r e a s e  t o  300- 
3 5 0  m2/g. T h e  p o l a r  s o l v e n t  is more e f f e c t i v e  t h a n  t e m p e r a t u r e  i n  
c a u s i n g  t h e  ne twork  t o  swell. I f  t h e  s a m p l e  i s  s w o l l e n  and t h e n  h e a t e d  
t o  10OoC t h e  m a c r o m o l e c u l a r  ne twork  r e l a x e s  and t h e  s u r f a c e  a r e a  i s  
s i m i l a r  t o  t h a t  f o r  n o n - s w o l l e n  c o a l s .  The  c o a l s  w i t h  e n h a n c e d  
p o r o s i t y  show t h e  same x- ray  d i f f r a c t i o n  p a t t e r n s  a s  non-swol len  c o a l s .  
The  s o l v e n t  a p p a r e n t l y  does  n o t  d i s r u p t  t h e  s t a c k i n g  of  t h e  condensed-  
r i n g  a r o m a t i c  s t ruc tu res  i n  t h e  c o a l .  

CONCLUSIONS 

The  s w e l i i n g  of b i t u m i n o u s  c o a l s  a s  a f u n c t i o n  o f  s o l u b i l i t y  
p a r a m e t e r  of t h e  s o l v e n t  shows two maxima. O n e  is a t t r i b u t e d  t o  t h e  
s o l v a t i o n  o f  t h e  macromolecu la r  ne twork  by a s o l v e n t  w i t h  s o l u b i l i t y  
p a r a m e t e r  s i m i l a r  t o  t h e  c o a l ,  i n c r e a s i n g  t h e  hydrodynamic  volume o f  
t h e  n e t w o r k .  T h e  o t h e r  maxima i s  a t t r i b u t e d  t o  t h e  b r e a k i n g  o f  
hydrogen  bonds  t h a t  serve a s  c r o s s l i n k s  by p o l a r  s o l v e n t s .  The c o a l  
a p p e a r s  t o  b e  h e l d  i n  a c o n s t r a i n e d  s t a t e  by t h e  p o l a r  c r o s s l i n k s .  
S o l v e n t s  a r e  m o r e  e f f e c t i v e  i n  b r e a k i n g  t h e s e  r e s t r a i n s  t h a n  
t e m p e r a t u r e .  P o r o s i t y  can  be i n c r e a s e d  by s w e l l i n g  c o a l s  and removing  
t h e  s o l v e n t  a t  low t e m p e r a t u r e s .  The c o a l  n e t w o r k  h a s  c o n s i d e r a b l e  
f l e x i b i l i t y  below 100°C, a s  ev idenced  by t h e  r e l a x a t i o n  of  t h e  i nduced  
p o r o s i t y  upon t h e r m a l  t r e a t m e n t .  I n e r t i n i t e  m a c e r a l s  and a n t h r a c i t e s  
show l i t t l e  s w e l l i n g .  V i t r in i t e s  show h i g h  s w e l l i n g  and  e x i n i t e s  show 
enhanced  s o l u b i l i t y .  
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Kar l  S. Vorres  and S t u a r t  K .  Jan ikowski  

Chemis t ry  D i v i s i o n ,  Bu i ld ing  211 
Argonne Na t iona l  Labora to ry  

9700 South Cass Ave. 
Argonne, I L  60439  

INTRODUCTION 

The purpose  o f  t h e  Premium Coal Sample Program (PCSP) i s  t o  
p rov ide  t h e  b a s i c  c o a l  s c i e n c e  r e s e a r c h  community wi th  long  term 
s u p 2 l i e s  of a s m a l l  x m b e z  of preniilm c o a l  sami;?es t h a t  can be  
used  a s  s t a n d a r d s  f o r  c o m p a r i s o n  and c o r r e l a t i o n .  The premiun 
c o a l  samples produced from each  c o a l  and d i s t r i b u t e d  through t h i s  
proqram a r e  chemica l ly  and p h y s i c a l l y  a s  i d e n t i c a l  as  p o s s i b l e ,  
have  w e l l  c h a r a c t e r i z e d  c h e m i c a l  and p h y s i c a l  p r o p e r t i e s ,  and 
w i l l  b e  s t a b l e  o v e r  l o n g  p e r i o d s  of t i m e .  C o a l s  a r e  mined ,  
t r a n s p o r t e d ,  p r o c e s s e d  i n t o  t h e  d e s i r e d  p a r t i c l e  and  sample  
s i z e s ,  and  p a c k a g e d  i n t o  e n v i r o n m e n t s  a s  f r e e  o f  oxygen  as 
p o s s i b l e .  Humidity i s  also t o  be c o n t r o l l e d  t o  keep t h e  c o a l s  a s  
p r i s t i n e  and i n  a s  s t a b l e  a c o n d i t i o n  a s  p o s s i b l e .  

There had been a f e e l i n g  t h a t  such a program was needed f o r  q u i t e  
some t i n e  (1,2,3) - D i f f e r e n t  a u t h o r s  and workers  have expres sed  
a c o n c e r n  o v e r  t h e  d i f f i c u l t y  i n  o b t a i n i n g  w e l l  s e l e c t e d ,  
c o l l e c t e d ,  p r e p a r e d  and c h a r a c t e r i z e d  samples over  a l onc  p e r i o d  
o f  t i m e .  The v a r i a t i o n  i n  p r o p e r t i e s  th rough a c o a l  seam over  
r e l a t i v e l y  s h o r t  d i s t a n c e s  and t h e  s e n s i t i v i t y  of c o a l  samples t o  
o x i d a t i o n  i n  t y p i c a l  sample c o n t a i n e r s  l e a d  t o  d i f f i c u l t i e s  i n  
a t t e m p t s  t o  r e p r o d u c e  t h e  work of o t h e r  c o a l  r e s e a r c h e r s .  The 
PCSP i s  in t ended  t o  r e l i e v e  t h e s e  conce rns .  

A number of s t e ? s  a r e  invo lved  i n  t h e  p r e p a r a t i o n  and d i s t r i b u -  
t i o n  of c o a l  s a m p l e s .  T h e s e  i n c l u d e  s e l e c t i o n ,  c o l l e c t i o n ,  
t r a n s p o r t s t i o n ,  ? r e p a r a t i o n  o r  p r o c e s s i n g  ( i n c l u d i n g  n i x i n q  and  
p a c k a g i n g ) ,  s t o r a g e ,  c h a r a c t e r i z a t i o n ,  s h i p p i n g  and  d a t a  
d i s s e n i n z t i o n .  Each of t h e s e  is n e c e s s a r y ,  and i t  one  of t h e  
cjoals of t h e  PCSP t o  ? r o v i d e  t i e  b e s t  q u a l i t y  p o s s i b l e  i n  each  of 
t h e  s t e p s  t o  = ? t i - a t e l y  p rov ide  t h e  b e s t  q u a l i t y  s a n p l e s  t h a t  can  
be d i s t r i b u t e d .  Accord inqly  c o n s i d e r a b l e  c a r e  and p l ann ing  h a s  
gone i n t o  each  o f  t h e  s t e p s  mentioned. 

SAMPLE SELECTION 

The s u p p o r t  from t h e  Chemical Sc iences  D i v i s i o n  o f  t h e  O f f i c e  of 
Basic Energy Sc ience  w i l l  p rov ide  f o r  a s u i t e  of e i g h t  samples.  
These samples a r e  t o  ? rov ide  as broad a r ange  o f  r e p r e s e n t a t i o n  
a s  p o s s i b l e  of U. S. c o a l s .  The cho ice  of samples  h a s  invo lved  a 
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consideration of the chemical conposition, specifically the 
carbon, hydrogen, sulfur and oxygen contents to obtain repre- 
sentatives of the inaortant ranges available. After considera- 
tion of the chemical composition, some specific coals were 
selected. These include a North Dakota lignite, Wyoming 
subhituninous, Illinois t 6  high volatile bituminous, Upper 
FreeFort nediun volatile bituminous, Pocahontas low volatile 
bituminous, and a Pittsburrjh t 8  bituminous coal. Other coals are 
still under consideration for the remaining two samples. 

SAMPLE COLLECTION 

Sanple collection nust take place in an active commercial mine to 
assure the "freshest" coal possible. The collection is done un- 
der the supervision of at least one person from the U. S.  
Geological Survey. Either or both of Drs. Blaine Cecil and Ron 
Stanton supervise the collection of the whole seam or channel 
sample. For an underground sample, a continuous miner is used to 
ex2ose a fresh Sean face. When possible the miner is used to 
isolate a wedge shape2 or rectangular block of coal. After roof 
bolting the floor around the sample is cleared and ?lastic sheets 
are put down to collect the actual sample. A three man crew from 
the Pittsburgh Testin? Laboratory at Homer City, Pennsylvania led 
by David Allen uses hand picks to remove the samale. Coal is 
placed in double plastic bags in thinner seams (less than 5' 
thick), tied and taken to the surface for transfer to 55 gallon 
stainless steel drums. For thicker seams, the drums are taken 
directly into the mine, and the samples are shoveled carefully 
into the drums. Typical collection periods are 3-4  hours from 
the beginning of the collection to arrival of the sample at the 
surface. 
A core sample was taken for the thick subbituminous sample. A 
contractor was obtained to provide three cores. A 3 "  core was 
taken for the USGS 105, another 3" core was obtained to ?rovide 
chunks of coal for long term storage, and a 6" core was used for 
the coal to be processed. Cores were rinsed anc? loaded into 
drum in the same manner as coal from thinner seans. 

TRANSPORTATION 

A refrigerated seni-truck is used to transport the sample to ANL 
for processing. The truck loads the empty drums, cylinders of 
argon used for ?urging and other necessary equipment at ANL. 
This load is taken to the mine site. At the nine the plastic 
bags of coal are dumped into the drums or the full drums are 
placed on the truck. The druns are purqed with 10 or more 
volumes of argon gas to reduce the oxygen concentration in the 
drums to below 100 ppm. The load is then taken directly back to 
ANL for processing. Typically the sample arrives at ANL within 
24 hours after being loaded on the truck. The truck temperature 
is kept at about 42 F en route. 

PROCESSING 
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A u n i q u e  f a c i l i t y  h a s  b e e n  b u i l t  a t  ANL t o  p r o c e s s  t h e  c o a l  
samples .  I t  is a l a r g e  ? l o v e  box a b o u t  1 2 ’  t a l l ,  5 ’  wide and 4 0  
f e e t  long.  There  are 70 p a i r s  o f  long  r u b b e r  g l o v e s  i n  t h e  w a l l s  
of t h e  box t o  p e r m i t  m a n i p u l a t i o n  o f  t h e  s a m p l e  and  e q u i p m e n t  
d u r i n g  t h e  p r o c e s s i n g .  The oxygen c o n c e n t r a t i o n  i s  main ta ined  
b e l o w  1 0 0  ppm d u r i n g  t h e  p r o c e s s i n g  t h r o u q h  t h e  u s e  o f  a 
c a t a l y t i c  sys tem t o  combine hydrogen w i t h  i m p u r i t y  oxygen. 

A t  ANL t h e  truclk is unloaded and drums are t a k e n  t o  t h e  process-  
i n 9  f a c i l i t y  w i t h  a f o r k l i f t ,  w e i s h e d  a n d  p l a c e d  i n  g r o u 2 s  o f  
t h r e e  i n t o  a n  i n i t i a l  a i r l o c k .  A f t e r  7urginc; t h e  a i r l o c k ,  t h e  
drums a r e  o p e n e d ,  a n d  r o l l e d  on  ca s t e r s  t o  a h y d r a u l i c  drum 
dum2er.  The d.unper  ? i c k s  t h e  clruns u p  and pours  t h e  c o n t e n t s  
i n t o  a c r u s h e r .  The c o a l  is broken i n t o  p i e c e s  no l a r q e r  t h a n  
1/2” t h i c k .  The c r u s h e d  c o a l  p a s s e s  throuqh a c h u t e  t o  a v i b r a t -  
i n q  l i f t  which ra ises  t h e  c o a l  t o  t h e  t o p  of  t h e  box f o r  f e e d i n g  
t o  a p u l v e r i z e r .  I n i t i a l l y  t h e  p u l v e r i z e r  g r i n d s  t h e  coa l  so 
t h a t  t h e  p a r t i c l e s  p a s s  t h r o u g h  a 2 0  mesh s c r e e n .  The ground 
c o a l  i s  accumula ted  i n  a L i t t l e f o r d  S l e n d e r  w i t h  a 2 0 0 0  l i t e r  
c a p a c i t y .  T h i s  w i l l  h o l d  o n e  t o n  o f  c o a l .  A t t e r  t h e  e n t i r e  
b a t c h  h a s  been qround it i s  t h e n  t h o r o u g h l y  mixed i n  t h e  b l e n d e r .  
S p e c i a l  s t u d i e s  w e r e  c a r r i e l  o u t  t o  e s t a b l i s h  t h e  mixing charac-  
t e r i s t i c s  w i t h  c o a l  s a m p l e s  and  s e t  t h e  r e q u i r e d  d u r a t i o n  o f  
n i x i n g .  The mixed coal i s  novee from t h e  b l e n d e r  w i t h  a t u b u l a r  
conveyor t o  e i t h e r  a d i s c h a r g e  c h u t e  used t o  f i l l  5 g a l l o n  n a i l s  
f o r  t r a n s f e r  t o  t h e  i n i t i a l  a i r l o c k  f o r  r e r ; r i n d i n g  t o  p a s s  a 1 0 0  
n e s h  s c r e e n  o r  t o  f i l l  5 g a l l o n  b o r o s i l i c a t e  q l a s s  carboys  f o r  
long t e r n  s t o r a g e .  I n t e r m i t t e n t l y  p o r t i o n s  o f  t h e  s a m 2 l e  a r e  
c o n v e y e d  t o  a n  a m p o u l e  f i l l e r - sea le r .  Here amber b o r o s i l i c a t e  
v i a l s  a r e  f i l l e d  w i t h  e i t h e r  1 0  grams o f  -20  mesh material o r  5 
grams of -100 mesh material .  A hydrogen-oxygen t o r c h  i s  used a t  
s t o i c h i o m e t r i c  f lame c o n d i t i o n s  ( c o n t r o l l e d  w i t h  a ?as mass f l o w  
c o n t r o l l e r )  f o r  t h e  s e a l i n g .  
I n  p r o c e s s i n c ; , i t  i s  p lanned  t o  p r e p a r e  5 , 0 0 0  of  t h e  1 0  gram an- 
p o u l e s  of -20  mesh m a t e r i a l  and 1 0 , 0 0 0  o f  t h e  5 gram ampoules o f  
-100 mesh mater ia l .  About 8 0 %  o f  t h e  coal i s  s t o r e d  i n  carboys  
which  c a n  b e  u s e d  l a t e r  t o  f i l l  a d d i t i o n a l  a % ? o u l e s  w!ien t h e  
su?ply i s  t i e p l e t e d .  

STORAGE 

The a n p o u l e s  and c a r b o y s  are k e p t  i n  a separa . te  s t o r a g e  rooin a t  
about  72 F .  T h i s  room i s  u s u a l l y  d a r k .  

CHARACTERIZATION 

The samples  are c h a r a c t e r i z e d  f o r  t h r e e  purToses.  The f i r s t  pur- 
p o s e  i s  h o m o g e n e i t y  d e t e r n i n a t i o n .  I n i t i a l l y ,  s a m p l e s  t a k e n  
d u r i n g  t h e  f i l l i n g  of  t h e  p a i l s ,  c a r b o y s  and anpoules  a r e  p laced  
i n  h o l d e r s  f o r  i r r a d i a t i o n  i n  t h e  U n i v e r s i t y  o f  I l l i n o i s  T R I G A  
r e a c t o r .  The d i s i n t e 7 r a t i o n  ra tes  of induced  N a ,  I? and As a r e  
neaSUreC f o r  b i tuminous  c o a l s ,  w h i l e  t h e  N a ,  As,  La  and Sc vere 
used f o r  t h e  subbi tuminous  c o a l  due t o  t h e  l i m i t e d  amount of K .  
The rates a r e  compared f o r  t h e  d i f f e r e n t  samples  t o  e s t a b l i s h  t h e  
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homogeneity of the samples. The second purpose for characteriza- 
tion is the establishment of the analytical qualities of the 
coal. Samples are then analyzed in an interlaboratory program 
that is ongoing. Information on the program is available from 
the Procram Manager. Additioal participation is possible. 
Standard ASTM methods or known variations of these are ussd. Tho 
analyses include the ultimate (c,H,N,s), proximate (volatile 
matter, fixed carbon, ash and moisture), calorific or Btu values, 
sulfur forms, major and minor elements in the ash, and ec;Ui- 
librium moisture. Maceral analysis and vitrinite reflectance are 
also carried out. For bituminous coals the free swelling index 
and Gieseler plasticity are also determined. The third type Of 
analysis i s  used to establish the stability of the samnles. The 
Gieseler plasticity is used as a sensitive indicator of oxidation 
for the bituminous samples. This test is done for the initial 
coals and is repeated periodically to establish the constancy of 
the values. For non-bituminous coals other techniques are being 
used and develo7eci. The slurry ?H is used to establish the 
oxidation which results in conversion of pyrite to sulfate. 

AVAILASLE COAL SAMPLES 

1. The first sanple is an Upper Freeport sample collected near 
Honer City Pennsylvania in January 1985. This is a rnedium 
volatile bituminous coal from a 4 '  thick seam at the point of 
collection. The sanple characterization is continuing. The 
preliminary values are: (as received basis) 

carbon : 74-754, 
hydrogen : 4-5% 
total sulfur: 2-3% 
ash: 12-13  
moisture 1-2% 

These san?les are available in 5 Trams of -100 mesh or 10 Trams 
of -20 mesh material. 

2. The second sample, a subbituminous coal from the Wyodalc seam, 
was collected about six miles northeast of Gillette, Wyoming in 
October, 1985. The seam is about 120' thick at the point of 
collection. In this case the sample for processing consisted of 
a 6"  core through the entire seam. The preliminary analysis of 
the sample on an as-received basis is: 

carbon : 63-64% 

sulfur: 0.4-0.6% 
moisture : 28-30% 
ash: 6-7% 

hydrogen: 4-5% 

Due to the high moisture content of this sample, it is beinq of- 
fered only in -20 mesh size, in 5 and 10 gram amnoules. 

3 .  The third san2le is a high volatile bituminous coal, from the 
Illinois # 6  or Herrin seam, and was collected about 60 miles 
southeast of St. Louis in Decenbsr, 1 9 8 5 .  The 5 5  gallon drums 
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u s e d  fo r  t r a n s p o r t i n g  t h e  samples were t a k e n  i n t o  t h e  n i n e  s i n c e  
t h e  seam t h i c k n e s s  was a b o u t  7 ' .  The p r e l i m i n a r y  a n a l y t i c a l  
v a l u e s  on t h i s  coal (on an  a s - r e c e i v e d  b a s i s )  are: 

carbon:  61-62% 
hydrogen : 4-5% 
s u l f u r :  4-5% 
a s h :  15-16 
m o i s t u r e  : 9-10 

T h i s  m a t e r i a l  i s  beiny, o f f e r e d  i n  5 g r a m s  o f  - 1 0 0  mesh and  1 0  
grams of  -20 mesh c o a l .  

4. The f o u r t h  coal i s  a P i t t s b u r g h  8 8  seam s a n p l e  from a b o u t  60 
miles  s o u t h  an2  w e s t  of  P i t t s b u r g h ,  Pennsylvania .  This  was col- 
l e c t e d  i n  March, 1 9 8 6 .  The seam was a b o u t  6 '  t h i c k  a t  t'ne c o l l e c -  
t i o n  p o i n t .    he sanple d r u m s  were t a k e n  i n t o  t h e  mine t o  
f a c i l i t a t e  t h e  l o a d i n ?  an2  purg ing  of t h e  drums on t h e  s u r f a c e .  
T h i s  sample is b e i n g  o f f e r e d  i n  ampoules o f  5 rjrams of  -100 nesh  
a n d  1 0  G r a m s  o f  -20 mesh material .  The 3 r e l i m i n a r y  a n a l y t i c a l  
d a t a  f o r  t h e  a s - r e c e i v e d  samples  were n o t  a v a i l a b l e  a t  t h e  t i m e  
of t h e  n r i t i n q .  

SAMPLE A V A I L A B I L I T Y  

Samples are  a v a i l a b l e  t o  r e s e a r c h e r s  upon comple t ion  of an order  
form. These f o r m s  are  a v a i l a b l e  f rom t h e  ProTram M a n a g e r ,  D r .  
Karl S .  Vorres ,  a t  t h e  a d d r e s s  g i v e n  i n  t h e  heading ,  o r  by c a l l -  
i n 3  (312)  972-7374, o r  FTS 972-7374. The o r d e r  forms accompany 
t h e  p e r i o d i c  P r o d u c t  Announcements. These announcements 
b r i e f l y  d e s c r i b e  t h e  s a n p l e  i n  terms o f  i t s  s o u r c e  a n d  t y p e  o f  
c o a l .  When a v a i l a b l e ,  i n i t i a l  a n a l y t i c a l  d a t a  is i n c l u d e d .  In- 
d i v i d u a l s  may r e q u e s t  t h a t  t h e y  be p l a c e d  on t h e  m a i l i n g  l i s t  t o  
receive these announcements  by w r i t i n g  t h e  Program Manager, i n -  
d i c a t i n g  t h e i r  a d d r e s s ,  t e l e p h o n e  number and r e s e a r c h  i n t e r e s t s .  
Upon r e c e i ? t  o f  t h e  o r d e r  a n d  p a y m e n t  i n  t h e  A s s i s t a n t  
C o n t r o l l e r ' s  o f f i c e ,  t h e  orciers  are  t r a n s m i t t e d  t o  t h e  Program 
ManarJer f o r  p a c k i n n  and s h i p ? i n g .  A nominzl rep lacement  c k a r g e ,  
c u r r e n t l l r  $1.63 p e r  r;ran, i s  made for t h e  s a c p l e s .  An a r k l i t i o n a l  
c h a r o e  is made f o r  f o r e i g n  shigment  t o  d e f r a y  t h e  added s h i p p i n 9  
c h a r g e s .  Sarnples a r e  n o r m a l l y  s e n t  by U n i t e d  P a r c e l  S e r v i c e .  
S a m p l e s  a r e  s h i p p e d  i n  s p e c i a l l y  d e s i g n e d  c o r r u g a t e d  cardboard  
c a r t o n s  w i t h  foam padding above and be low t h e  a m g o u l e s ,  and  an  
a i r  space  a round t h e  o u t s i d e  o f  them. 

S a m p l e s  a r e  a v a i l a b l e  i n  r e a s o n a b l e  q u a n t i t i e s .  The Prograrn 
Manager r e s e r v e s  t h e  r i g h t  t o  l i m i t  q u a n t i t i e s  i n  o r d e r  t o  
p r o v i d e  a c o n t i n u i n c ;  s u p p l y  t o  a l l  workers  i n  t h e  f i e l d  o v e r  a 
decade o r  more. 

USERS ADVISORY COMMITTEE 

A Users  Advisory  Committee s e r v e s  t o  p r o v i d e  a range  of  comments 
and s u g g e s t i o n s  o n  the  Program t o  maximize i t s  v a l u e  t o  t h e  u s e r s  
community. The i n d i v i d u a l s  come from a r a n g e  o f  backgrounds t o  
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permi t  a v a r i e t y  of i n p u t  on t h e  many a s p e c t s  of t h e  sequence  of 
e v e n t s  from t h e  sample s e l e c t i o n  through d i s t r i b u t i o n .  The i n i -  

c a l  S u r v e y ,  Marvin  Poutsrna of Oak R i d o e  N a t i o n a l  L a b o r a t o r y ,  
Ronald  P u q m i r e  o f  t h e  U n i v e r s i t y  o f  Utah ,  Wil l iam S3ackman of 
Penns:.lvania S t a t e  U n i v e r s i t y ,  I rvincj  Wender o f  t h e  U n i v e r s i t y  of 
P i t t s b u r g h ,  Randal l  Winans  and  J o h n  Young of Argonne  N a t i o n a l  
L a b o r a t o r y .  The committee does  r o t a t e  a f t e r  a p e r i o d  o f  time. 
Newcomers t o  t h e  g r o u p  are:  John Larsen  of Lehigh U n i v e r s i t y  and 
Leon Stoc!c of  t h e  U n i v e r s i t y  of Chicaqo. The Program Manager is 
deeply  a p p r e c i a t i v e  o f  t h e  c o u n s e l  and s u g q e s t i o n s  rjiven by t h i s  
group.  

tial Cornnittee i n c l u d e d :  D r s .  B l a i n e  C e c i l  of the u .  s .  Geologi-  

CURRENT RESEARCH 

A wide range  o f  proqrams i s  makina u s e  of t h e  samples .  Sone ex- 
amples i n c l u d e :  new ne thods  f o r  d i r e c t  d e t e r m i n a t i o n  of o x y g e n  
and  o r g a n i c  s u l f u r  i n  t h e  c o a l  mat ter ,  new methods of charac-  
t e r i z a t i o n  u s i n g  i n v e r s e  c h r o m a t o g r a p h y ,  s o l v e n t  s w e l l i n g  
s t u d i e s ,  r e a c t i o n s  of o r g a n i c  s u l f u r  s p e c i e s  i n  t h e  c o a l .  A num- 
b e r  of  p r o p o s a l s  t o  d i f f e r e n t  f u n d i n g  a g e n c i e s  have  s p e c i f i e d  
t h a t  t h e  i n v e s t i g a t o r s  were ? l a n n i n g  t o  u s e  t h e s e  s a m p l e s  i n  
t h e i r  work. 
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d i v i d u a l s  who have c o n t r i b u t e d  t o  t h e  d e s i g n  and c o n s t r u c t i o n  of 
t h e  p r o c e s s i n r j  f a c i l i t y  a n d  t h e  o n c j o i n q  o > e r a t i o n s  i s  
a ? p r e c i a t e d .  J o s e p h  G r e g a r  c o n t r i b u t e d  t o  t h e  d e s i g n  a n d  
development o f  t h e  l o n g  term s t o r a r ~ e  i n  g l a s s  c a r b o y s .  A l l a n  
Y o u n g s  h a s  h e l p e d  w i t h  s o l u t i o n s  t o  many of t h e  m e c h a n i c a l  
? r o b l e n s  t h a t  have o c c u r r e d  i n  t h e  c o u r s e  o f  o p e r a t i o n .  F. G a l e  
T e a t s  c a r r i e d  o u t  much of t h e  c o n s t r u c t i o n  o f  t h e  p r o c e s s i n g  
f a c i l i t y .  P e t e r  L i n d a h l  of  t h e  A n a l y t i c a l  Chemis t ry  L a b o r a t o r y  
h a s  c o o r d i n a t e d  t h e  a n a l y t i c a l  e f f o r t .  Elany a c l d i t i o n a l  i n -  
d i v i d u a l s  have g i v e n  t i n e  anc! energy  i n  d i f f e r e n t  a s p e c t s  o f  t h e  
prorJram a n d  e a c h  o n e  merits an  e x p r e s s i o n  of a p p r e c i a t i o n ,  b u t  
s p a c e  w i l l  n o t  p e r n i t  a comgle te  l i s t i n g .  
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